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Abstract: This article presents the electric field distribution E and dielectric losses ∆Pdiel. in the
insulation system of high-voltage cables. Such a system consists of inner and outer semiconductor
screens and XLPE insulation. The aim of this study was to compare the values of E and ∆Pdiel.

between semiconductor screens and XLPE insulation. The objects of the research were high-voltage
cables of 110 kV, 220 kV, 400 kV, and 500 kV. The geometrical dimensions of the cables, especially
the radii of individual layers of insulation, as well as the electrical properties of the screens and
XLPE, were taken from the literature. Semiconductor screens and XLPE insulation were treated
as a system of three concentric cylinders. When determining the electric field distribution, both
the electrical permittivity and electrical conductivity, which, in the case of semiconductor screens,
play important roles, were taken into account. The obtained results prove that both the electric
field distribution E and dielectric losses Pdiel. are significantly larger in XLPE insulation than in
semiconductor screens. The intensity E in XLPE insulation is about four orders of magnitude greater
than the intensity in semiconductor screens. Dielectric losses ∆Pdiel. in XLPE insulation are about
eight orders of magnitude greater than the losses occurring in semiconductor screens.

Keywords: high-voltage cable; electric field distribution; dielectric losses; electrical permittivity;
electrical resistivity; tan(delta); XLPE insulation; semiconductor screens

1. Introduction

Cross-linked polyethylene (XLPE) is the most commonly used material in the insula-
tion system of high-voltage cables. Despite the relatively short duration of XLPE use, this
material is one of the most recognized materials used in high-voltage insulation systems.
There have been countless scientific articles describing the various properties of XLPE, such
as mechanical, chemical, physical, and thermal properties, but, above all, its electrical prop-
erties. Scientists have analyzed the impacts of temperature, frequency, water, nanoparticles,
and electric stress on properties such as electrical permittivity, electrical conductivity, and
tan(delta). Additionally, the influence of the aforementioned factors on thermal conductiv-
ity, space charge density, breakdown voltage, activity of partial discharges, and dielectric
losses has also been investigated.

In papers [1–21] the authors described the effect of selected factors on the electrical
permittivity ε of XLPE. These factors most often include frequency, but also include the
XLPE aging time, temperature, and insulation thickness.

Many articles have described the effect of various factors on the electrical conductivity
γ of cross-linked polyethylene [1,4–7,9–12,18,21–42]. These factors include electric field
stress, percentage of nanoparticles (most commonly Al2O3), distance from the high-voltage
conductor, temperature, aging time, degassing time, frequency, and insulation thickness.

The most-studied property of XLPE is its dielectric loss coefficient tan(delta) [2,4,8,9,12–
21,23,27,33,34,39,41–58]. Authors have analyzed the effects of frequency, aging time, cable
life, voltage test, and temperature on the tan(delta) distribution and value.

Energies 2022, 15, 4692. https://doi.org/10.3390/en15134692 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15134692
https://doi.org/10.3390/en15134692
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-9335-1023
https://doi.org/10.3390/en15134692
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15134692?type=check_update&version=2


Energies 2022, 15, 4692 2 of 14

Relatively little attention has been paid to electric field distributions and dielectric
losses in XLPE insulation. In the scientific literature, we can find only a few articles from the
last few decades referring to these topics. This remark applies especially to semiconductor
screens located directly in pure XLPE insulation.

The electric field distribution in the insulation of a high-voltage cable plays an impor-
tant role in the context of its reliable and long-term operation. Of particular importance
is the maximum value of electric field stress Emax. An underestimated maximum value
can consequently lead to the rapid development of partial discharges, which can cause the
cable to fail. In the case of high-voltage cables, electrical insulation usually consists of main
insulation (XLPE) and semiconductor screens whose task it is to properly control (reduce)
the electric field stress in the area of the high-voltage and return conductors. When deter-
mining the electric field distribution, a certain simplification is usually used, assuming that
the main insulation (XLPE) and semiconductor screens have the same electrical properties
(electrical permittivity and electrical conductivity) that have an impact on electric field
stress. Meanwhile, these properties can differ significantly, which influences the values of
electric field stress in the main insulation (XLPE) and semiconductor screens.

Dielectric losses in the insulation of high-voltage cables are manifested in the form of
thermal energy, which can lead to the deterioration of many of the electrical properties of
insulation, such as electrical resistivity, electrical strength, and the dielectric loss coefficient.
Few scientific centers have conducted research on dielectric losses in the insulation of
high-voltage cables. A few studies on this subject used a simplification that did not
distinguish between the dielectric losses that are emitted in the main insulation (XLPE) and
semiconductor screens.

In article [5], the authors presented the voltage distribution in pure XLPE insulation
and semiconductor screens for 320 kV and 500 kV high-voltage cables. The distribution
showed that the authors made a simplification, assuming that the distributions of the
potential, and thus the electric field stress, in both semiconductor screens and pure XLPE,
were similar. Thus, the authors did not take into account the differences between the
properties of the semiconductor screens and pure XLPE that determine the electric field
distribution and dielectric losses. The maximum value of electric field stress for a 320 kV
cable was equal to 17 kV·mm−1, and for a 500 kV cable, Emax = 18 kV·mm−1.

In papers [5,15,58,59], the authors, determining the losses in cable insulation, analyzed
only the losses in XLPE insulation, omitting losses in semiconductor screens. In publica-
tion [15], the authors presented the results of the analysis of dielectric losses for a 30 kV
cable. The value of these losses for that type of high-voltage cable was equal to 250 W·km−1.
In publication [59], the authors presented the results of calculations of dielectric losses for a
110 kV cable, which amounted to 239 W·km−1. In publication [5], the authors presented
the results of calculations of dielectric losses in the insulation of 320 kV and 500 kV cables.
These losses amounted to 60 and 100 W·km−1, respectively. In publication [58], the authors
presented dielectric losses not depending on the voltage, but depending on electric field
stress equal to 5, 10, and 15 kV·mm−1, which, according to the author, may correspond to
cables with voltages in the range of 200 kV to 500 kV. These losses were equal to 1000, 2000,
and 4000 W·km−1, respectively. As you can see, there are significant discrepancies in the
presented values of dielectric losses. For example, for a 110 kV cable, the dielectric losses
exceed 200 W·km−1 [59], and for a 500 kV cable, the losses are only 100 W·km−1 [5].

In article [50], the authors, determining the financial costs that result from losses in
cable insulation, focused only on losses in XLPE insulation. In article [52], the authors
described the effect of semiconductor screens on losses in cables. However, the considera-
tions ended with the analysis of the tan(delta) coefficient, without specifying the impact of
semiconductor screens on the value of losses expressed in Watts.

In summary, it is difficult to find research results showing the electric field distributions
and dielectric losses in cable insulation that would take into account the differences between
the properties of semiconductor screens and pure XLPE. For this reason, the author of this
article fills this gap.
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The electric field distribution in series-stratified insulation systems depends on the
relationship between the electrical permittivity and electrical conductivity of the materials
from which the individual layers are designed. The permittivity and the conductivity of the
semiconductor screens are significantly higher than the permittivity and the conductivity
of pure XLPE. This means that the electric field will be displaced from the semiconductor
screens to pure XLPE. Therefore, the author puts forward the thesis that the electric field
stress in semiconductor screens will be much smaller than that in pure XLPE.

Dielectric losses in an insulating material depend on a number of factors, such as the
electric field stress (square dependence), pulsation, electrical permittivity, and dielectric
loss coefficient tan(delta). The greater these properties, the greater the dielectric losses. It is
true that the permittivity and tan(delta) of semiconductor screens are greater than those of
pure XLPE. However, the electric field stress in pure XLPE is probably much higher than
that in semiconductor screens. Therefore, the author puts forward the thesis that dielectric
losses in semiconductor screens will be significantly lower than those in pure XLPE.

2. Materials and Methods
2.1. Materials

The electric field distribution E and dielectric losses ∆Pdiel. were determined for four
typical voltage values: 110 kV, 220 kV, 400 kV, and 500 kV (phase-to-phase voltage).

The author’s intention was not to analyze the electric field distribution and dielectric
losses for the selected cable manufacturer. Therefore, the geometrical parameters of the
cables (Table 1) and the properties of the semiconductor screens and XLPE insulation
(Table 2) were taken from the rich scientific literature.

Table 1. Geometrical parameters of semiconductor screens and pure XLPE insulation used to calculate
the electric field distribution and dielectric losses in high-voltage cables [5,55,60,61].

Radius 110 kV 220 kV 400 kV 500 kV

R0—radius of conductor (mm) 7.20 11.80 15.20 24.80
R1—radius of inner semiconductor screen (mm) 7.25 12.60 16.20 26.35

R2—radius of XLPE insulation (mm) 26.65 36.60 48.20 58.35
R3—radius of outer semiconductor screen (mm) 26.70 37.40 49.20 59.90

Table 2. Properties of semiconductor screen and pure XLPE used to calculate the electric field
distribution and dielectric losses in high-voltage cables [1,4–6,22–24].

Properties Semiconductor Screen XLPE

Relative electrical permittivity ε (-) 20.0 2.3
Electrical conductivity γ (S·m−1) 10−4 10−13

Dielectric loss coefficient tan(delta) (-) 0.002 0.002

On the basis of the data in Table 1, it is possible to determine the thickness of the
inner semiconductor screen (R1–R0), XLPE insulation (R2–R1), and the outer semiconductor
screen (R3–R2). The voltage values given in Table 1 are the phase-to-phase voltages. When
determining the electric field distributions and dielectric losses, the phase voltage values
were used.

2.2. Methods
2.2.1. Calculation of Electric Field Distribution

The electric field distribution E between two concentric cylinders is described by a
well-known formula [15,34]:

E =
U

r· ln
(

ri+1
ri

) (1)
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where: U—phase voltage (V), r—distance from the center of the cylinder (m), ri < r < ri+1,
ri+1—radius of the larger cylinder (m), and ri—radius of the smaller cylinder (m).

For a larger number of layers, designed from different insulating materials, the follow-
ing formula is used [62–64]:

Ek(r) =
U

r·
√
(ω·εk)

2 + (γk)
2·∑n

i=1
ln
( ri+1

ri

)
√

(ω·εi)
2+(γk)

2

(2)

where: Ek(r)—electric field stress in layer k (V·m−1), U—phase voltage (V),ω—pulsation
(1·s−1), εk—absolute electrical permittivity of the material of layer k (F·m−1) (ε = εo·εr,
εo—absolute electrical permittivity of vacuum equal to 8.85× 10−12 F·m−1 and εr—relative
electrical permittivity of the insulating material), γk—electrical conductivity of layer k
(S·m−1), ri+1—outer radius of layer i (m), ri—inner radius of layer i (m), εi—absolute
permittivity of layer i (F·m−1), and γi—electrical conductivity of layer i (S·m−1). In the
analyzed case, there were three layers (the inner layer of the semiconductor screen, XLPE
insulation, and the outer layer of the semiconductor screen). Thus, i = 1, 2, and 3, while
n = 3.

In insulating systems layered in series, the equation describing the electric field distri-
bution in individual layers usually takes into account only the different permittivities of
insulating materials. This situation occurs when the electric field distribution is capacitive.
A capacitive field occurs when the electrical conductivity of insulating materials is relatively
small and the condition is met:

ω·ε� γ (3)

This is the most common case in insulation systems designed from materials with very
high electrical resistivity.

Table 3 shows the parametersω·ε and γ for the semiconductive material and XLPE
insulation for frequency f = 50 Hz. In the case of cross-linked polyethylene, ω·ε is actually
4 orders of magnitude greater than the electrical conductivity γ. In this case, the resistive
field may be ignored. However, in the case of a semiconductive material, the parameter
ω·ε is as much as 5 rows smaller than γ. This means that the electric field distribution in
the semiconductive material will be resistive. For the above reasons, the author decided
to take into account both the electrical permittivity and electrical conductivity of both
insulating materials.

Table 3. Parametersω·ε and γ for the semiconductor screen and pure XLPE for f = 50 Hz.

Properties Semiconductor Screen XLPE

Electrical permittivity of vacuum εo (F·m−1) 8.84 × 10−12

Relative electrical permittivity εr (-) 20.0 2.3
Electrical permittivity ε (F·m−1) 177 × 10−12 20 × 10−12

Electrical conductivity γ (S·m−1) 0.1 × 10−3 0.1 × 10−12

ω·ε (S·m−1) 55 × 10−9 6 × 10−9

2.2.2. Calculation of Dielectric Losses

The dielectric losses in insulation systems shall be determined using the following
formula [15,58,59]:

∆Pdiel. = ε·C·U2· tan(delta)·L (4)

where: ∆Pdiel.—dielectric losses (W), ε—absolute electrical permittivity of the insulating
material (F·m−1), U—phase voltage (V), C—electrical capacity of cable insulation (F),
tan(delta)—dielectric loss coefficient (-), and L—cable length (m).

On the basis of Formula (4), it can be concluded that losses should be determined
separately for the three analyzed layers. This involves the determination of three voltage
drops, giving the total U value, in three individual layers, which is quite a difficult task. The



Energies 2022, 15, 4692 5 of 14

three C capacitance values should also be determined for each layer. For this reason, the
author proposes to use a different version of Formula (4) to determine dielectric losses [65]:

∆pdiel. = E2·ω·ε· tan(delta) (5)

where: ∆pdiel—unit dielectric losses in the insulating material (W·m−3), E—electric field
stress (V·m−1), ω—pulsation (1·m−1), ε—absolute electrical permittivity of the insulating
material, and tan(delta)—coefficient of dielectric losses of the insulating material.

Formula (5) describes the dependence of the unit dielectric losses on the electric field
E in individual layers, and not on the voltage and capacitance drop of the individual layers.
One of the objectives of the research is to determine the electric field distribution in the
analyzed layers, as described in Section 2.2.1. Thus, determining dielectric losses using
Formula (5) is a simpler task compared with Formula (4).

After substituting Formula (2), describing the electric field distribution, to Formula (5),
we get the formula:

∆pdiel.−k(r) =

 U

r·
√
(ω·εk)

2 + (γk)
2·∑n

i=1
ln
( ri+1

ri

)
√

(ω·εi)
2+(γk)

2


2

·ω·εk· tan(delta)k (6)

Formula (6) describes the unit losses ∆pdiel.k for the k layer, expressed in W·m−3. Thus,
this formula should be integrated into region V described in the cylindrical coordinates
r ε (ri, ri+1), ϕ ε (0, 2π), and z ε (0, L) to obtain a final formula for dielectric losses in three
analyzed layers. Since Formulas (5) and (6) are expressed for the Cartesian system, the
Jacobian J should be used to change from the Cartesian to the cylindrical system (J = r).

∆Pdiel.−k =
y

Vk

 U

r·
√
(ω·εk)

2 + (γk)
2·∑n

i=1
ln
( ri+1

ri

)
√

(ω·εi)
2+(γk)

2


2

·ω·εk· tan(delta)k·r·dr·dϕ·dz (7)

After simplification, we get the formula:

∆Pdiel.−k =
y

Vk

 U√
(ω·εk)

2 + (γk)
2·∑n

i=1
ln
( ri+1

ri

)
√

(ω·εi)
2+(γk)

2


2

·1
r
·ω·εk· tan(delta)k·dr·dϕ·dz (8)

After integration, we get the final formula for dielectric losses in individual layers:

∆Pdiel.−k =

 U√
(ω·εk)

2 + (γk)
2·∑n

i=1
ln
( ri+1

ri

)
√

(ω·εi)
2+(γk)

2


2

· ln
(

ri +1

ri

)
·ω·εk· tan(delta)k·2·π·L (9)

3. Results and Discussion
3.1. Electric Field Distribution in Semiconductor Screens and XLPE Insulation in
High-Voltage Cables

On the basis of Formula (2), the electric field distributions E in the three analyzed
layers (inner semiconductor screen, XLPE insulation, and outer semiconductor screen)
for four voltage values of 110, 220, 400, and 500 kV were determined. The electric field
distribution in the individual layers differed significantly. The values of electrical field
stress in the semiconductor screen were about four orders of magnitude lower than the
intensity in XLPE insulation, which proves the thesis put forward by the author. For this
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reason, it was decided to present the results of the calculations only in a table that contains
the maximum Emax and minimum Emin values of electric field stress in the analyzed layers
(see Table 4). The graph of the electric field distribution in the three analyzed layers would
be illegible due to the very large differences in values. The values of the electric field stress
E in the inner semiconductor screen were about three times greater than those of the stress
E in the outer semiconductor screen.

Table 4. Maximum Emax and minimum Emin values of electric field stress in semiconductor screens
and XLPE insulation of high-voltage cables with 110, 220, 400, and 500 kV.

Radius Inner Semiconductor
Screen

XLPE
Insulation

Outer Semiconductor
Screen

R mm V·m−1 V·m−1 V·m−1

110 kV

R0 0.00
R1 7.20 433
R2 7.25 430 6,729,049
R3 26.65 1,830,604 117
R4 26.70 117

220 kV

R0 0.00
R1 11.80 645
R2 12.60 604 9,453,419
R3 36.60 3,254,456 208
R4 37.40 203

400 kV

R0 0.00
R1 15.20 890
R2 16.20 835 13,074,261
R3 48.20 4,394,254 281
R4 49.20 275

500 kV

R0 0.00
R1 24.80 935
R2 26.35 880 13,780,452
R3 58.35 6,223,049 397
R4 59.90 387

Based on the obtained results, it can be concluded that, as the distance from the high-
voltage conductor increased, the electric field stress E in all three analyzed layers decreased.
As the cable voltage U increased, the values of the electric field stress E also increased.

The values of electric field stress in semiconductor screens were about four orders of
magnitude lower than those of the stress E in XLPE insulation. Thus, the thesis has been
proven that the electric field stress in semiconductor screens would be much lower than the
stress E in XLPE insulation. The stress E in semiconductor screens was equal to thousandths
of parts kV·mm−1, and in XLPE insulation, it was several kV·mm−1. This is certainly due
to the very large difference in electrical conductivity γ, which, for semiconductor screens,
was about nine orders of magnitude larger than that in XLPE (Table 3). This resulted in the
displacement of the electric field from the semiconductor screens to the XLPE insulation. In
contrast, the difference in electrical permittivity ε was equal to one order of magnitude and
did not have a significant impact on the electric field distribution. Therefore, it was right to
assume that the analyzed electric field distribution would be resistive–capacitive.

If we assume that the electric field distribution in the analyzed layers is only capacitive,
as can be found in the literature, then the electric field stress E in semiconductor screens
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would be about 10 times lower than the intensity E in XLPE insulation. Thus, the results
obtained would be wrong.

Figure 1 shows the electric field distributions E for four cable voltage values U only in
XLPE insulation. The E values decreased as the distance from the high-voltage conductor
and the voltage of the cable increased. The maximum values Emax were rounded to
7 kV·mm−1 (110 kV), 10 kV·mm−1 (220 kV), 13 kV·mm−1 (400 kV), and 14 kV·mm−1

(500 kV).
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Figure 1. Electric field distribution E in XLPE insulation as a function of radius r for various high-
voltage cables (110, 220, 400, and 500 kV).

There is some coincidence between the obtained results and the data contained in the
literature. In article [5], the authors provided the maximum values of electric field stress for
a 500 kV cable (Emax = 18 kV·mm−1) and for a 320 kV cable (Emax = 17 kV·mm−1). Mean-
while, the Emax obtained in these investigations for a 500 kV cable was about 14 kV·mm−1,
and for 220 kV and 400 kV cables, the maximum value of electric field stress was equal to
10 and 13 kV·mm−1, respectively. Some differences may have resulted from the different
geometric dimensions of the cables.

3.2. Dielectric Losses in Semiconductor Screens and XLPE Insulation of High-Voltage cables

Table 5 shows the determined dielectric losses in the analyzed layers of high-voltage
cables, based on Formula (9). A cable length of 1000 m (1 km) was assumed. As the cable
voltage increased, losses increased both in the semiconductor screens and XLPE insulation.

Table 5. Dielectric losses in semiconductor screens and XLPE insulation of high-voltage cables with
110, 220, 400, and 500 kV for 1 km of cable.

Dielectric Losses (W·km−1)

Cable Voltage (kV) Inner Semiconductor
Screen XLPE Insulation Outer Semiconductor

Screen

110 0.000000047 62 0.000000013
220 0.000002650 304 0.000000874
400 0.000008140 982 0.000002623
500 0.000022763 2103 0.000009844



Energies 2022, 15, 4692 8 of 14

Losses in semiconductor screens were about nine orders of magnitude lower than the
losses in XLPE insulation. The reason for this was the much lower electric field stress E in
semiconductor screens compared with the intensity E in XLPE (Table 4). The intensity E in
the semiconductor screens was four orders of magnitude less than that in XLPE. Dielectric
losses depend on the square of the electric field stress (Formula (5)). Therefore, losses
in semiconductor screens were about nine orders lower than those in XLPE. Losses in
semiconductor screens were equal to millionths of watts, and in XLPE, these losses were
equal to a dozen to several thousand watts. This means that the thesis that dielectric losses
in semiconductor screens will be much smaller than those in XLPE has been proven.

Figure 2 shows dielectric losses only in XLPE insulation depending on the cable
voltage. These losses increased with the increase in cable voltage from several dozen to
two thousand watts. The increase in losses was approximately proportional to the square
of the increase in cable voltage, which is consistent with Formula (9).
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in semiconductor screens will be much smaller than those in XLPE has been proven. 

Figure 2 shows dielectric losses only in XLPE insulation depending on the cable volt-
age. These losses increased with the increase in cable voltage from several dozen to two 
thousand watts. The increase in losses was approximately proportional to the square of 
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Figure 2. Dielectric losses in XLPE insulation for various high-voltage cables (110, 220, 400, and
500 kV).

Comparing the obtained results with data from the literature, it can be said that there
were some discrepancies. In publication [59], the authors determined the dielectric losses
for a 110 kV cable, which were equal to 239 W·km−1. Meanwhile, in this study, the losses
for the 110 kV cable were several times lower, equal to only 62 W·km−1. In publication [5],
the authors presented dielectric losses for a 320 kV cable, which were equal to 60 W·km−1.
On the other hand, the results of the loss calculations obtained by the author for 220 kV and
400 kV cables were equal to 304 and 982 W·km−1, respectively. This means that, this time,
the obtained results were several times greater. In the same publication [5], the authors
gave the dielectric losses for a 500 kV cable, which amounted to 100 W·km−1. Meanwhile,
the author obtained a loss value for such a cable equal to over 2000 W·km−1. This means
that, this time, the obtained values were higher than the results of other researchers. In
turn, in publication [58], the authors gave the value of dielectric losses for a cable in which
the maximum electric field stress was equal to 15 kV·mm−1, which allowed us to assume
that it was a cable for a voltage of 500 kV. The value of the losses was equal to as much as
4000 W·km−1. Meanwhile, the author obtained a dielectric loss value for a 500 kV cable
equal to just over 2000 W·km−1. This means that, this time, the obtained loss values were
lower than the literature data.
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It can be concluded that there were some discrepancies between the obtained values of
dielectric losses compared with the literature data. The obtained loss values were greater or
less than the literature data. The reason for this may be the different geometric parameters
of the compared cables, which determined, among other things, the electric field stress,
which has a significant impact on the value of dielectric losses (quadratic dependence).

3.3. Effect of Electrical Conductivity Not Taking into Account the Electric Field Distribution and
Dielectric Losses in Semiconductor Screens and XLPE Insulation of High-Voltage cables
3.3.1. Fundamental Information

In most articles on the electric field distribution E and dielectric losses ∆Pdiel. in the
insulation of high-voltage cables, the influence of electrical conductivity is ignored. Usually,
this approach is right, because the conductivity of insulation materials is very low. However,
if semiconductive layers whose electrical conductivity is no longer omitted are analyzed,
this property shall be taken into account, as shown in Sections 3.1 and 3.2.

In this subsection, the author presents the results of calculations of the electric field
distribution and dielectric losses in semiconductor screens and XLPE insulation, assuming
the existence of only a capacitive field. This means that the effect of electrical conductivity
(γ = 0) was omitted. Subsequently, the results obtained, subject to some error, were
compared with the results presented in Sections 3.1 and 3.2.

3.3.2. Electric Field Distributions

The electric field distributions E in semiconductor screens and XLPE insulation were
determined from Formula (10). This formula is a form of Formula (2) and determines the
electric field distribution assuming that the electrical conductivity γ is zero.

Ek(r) =
U

r·εk·∑n
i=1

ln
( ri+1

ri

)
εi

(10)

Table 6, as in Table 4, shows the maximum values of Emax and minimum Emin values
for individual layers and the voltage values of high-voltage cables. For easy comparison of
the results in Tables 4 and 6, the same units of electric field stress V·m−1 are retained.

Table 6. Maximum Emax and minimum Emin values of electric field stress in semiconductor screens
and XLPE insulation of high-voltage cables with 110, 220, 400, and 500 kV in case γ = 0.

Radius Inner Semiconductor
Screen

XLPE
Insulation

Outer Semiconductor
Screen

R mm V·m−1 V·m−1 V·m−1

110 kV

R0 0.00
R1 7.20 778,610
R2 7.25 773,240 6,723,828
R3 26.65 1,829,184 210,356
R4 26.70 209,962

220 kV

R0 0.00
R1 11.80 1,150,036
R2 12.60 1,077,018 9,365,376
R3 36.60 3,224,146 370,777
R4 37.40 362,846
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Table 6. Cont.

Radius Inner Semiconductor
Screen

XLPE
Insulation

Outer Semiconductor
Screen

R mm V·m−1 V·m−1 V·m−1

400 kV

R0 0.00
R1 15.20 1,588,351
R2 16.20 1,490,305 12,959,171
R3 48.20 4,355,572 500,891
R4 49.20 490,710

500 kV

R0 0.00
R1 24.80 1,662,921
R2 26.35 1,565,102 13,609,583
R3 58.35 6,145,887 706,777
R4 59.90 688,488

Based on the data in Table 6, it can be concluded that the electric field stress in
semiconductor layers was about one order of magnitude lower than the intensity E in XLPE
insulation. This is consistent with the ratio of electrical permittivity of the semiconductive
material (εsemic = 20) and XLPE (εXLPE = 2.3). In the case of a capacitive field only, the
electric field distribution in stratified systems is determined only by the ratio of electrical
permittivity of individual materials.

Comparing the values of electric field stress in Tables 4 and 6, it can be concluded that
failure to take into account the electrical conductivity γ resulted in an increase in stress E of
four orders of magnitude in semiconductor screens and a minimal decrease in stress E in
XLPE insulation.

3.3.3. Dielectric Losses

Dielectric losses ∆Pdiel. in semiconductor screens and XLPE insulation were deter-
mined using the Formula (11), which is a form of Formula (9), for which it was assumed
that the electrical conductivity γ = 0.

∆Pdiel.−k =

 U

εk·∑n
i=1

ln
( ri+1

ri

)
εi


2

· ln
(

ri+1

ri

)
·ω·εk· tan(delta)k·2·π·L (11)

Table 7, similar to Table 5, shows the dielectric losses in the analyzed layers of high-
voltage cables. Comparing the results in Tables 5 and 7, it can be concluded that the
losses of ∆Pdiel. in semiconductor screens increased significantly and were no longer nine
orders smaller, but two orders smaller than the losses in XLPE. Losses in XLPE insulation
decreased slightly.

Table 7. Dielectric losses in semiconductor screens and XLPE insulation of high-voltage cables with
110, 220, 400, and 500 kV for 1 km of cable in case γ = 0.

Dielectric Losses (W·km−1)

Cable Voltage (kV) Inner Semiconductor
Screen XLPE Insulation Outer Semiconductor

Screen

110 0.15 62.08 0.04
220 8.43 297.97 2.78
400 25.92 964.34 8.35
500 71.97 2051.60 31.12
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4. Conclusions

The electric field stress in the semiconductor screens was four orders of magnitude
lower than the intensity E in XLPE insulation. The intensity E in the semiconductor
material was equal to thousandths of parts kV·mm−1, and in XLPE, it ranged from a
few to a dozen kV·mm−1. The reason for this was the very large differences in electrical
conductivity γ of the individual materials. The conductivity of the semiconductor material
was nine orders of magnitude greater than that of XLPE. The result was the displacement
of the electric field from the semiconductor material to the XLPE.

Dielectric losses ∆Pdiel. in semiconductor screens were nine orders of magnitude lower
compared with losses in XLPE insulation. The reason for this was the much lower intensity
E in the semiconductor material compared with the intensity E in XLPE, since the losses
depend on the square of the electric field stress E.

Dielectric losses ∆Pdiel. in XLPE insulation ranged from several tens to several thou-
sands of watts per km of cable length and should not be neglected in the overall energy
balance of high-voltage cable lines. On the other hand, the losses in the semiconductor
screens had a very small value, in the order of millionths of watts, and can be omitted from
a practical point of view.

Failure to take into account the resistive field had a large impact on the results of the
calculations of both the electric field distribution E and dielectric losses ∆Pdiel. In this case,
the stress E in semiconductor screens was much higher, and slightly lower in XLPE. On the
other hand, the losses of ∆Pdiel. in semiconductor screens were orders of magnitude larger,
and in XLPE insulation, they were slightly smaller.
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