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Abstract: Underground cable installation in historical areas, natural protected areas, narrow streets, or
residential areas with high traffic flows is very difficult due to both legal permits and the conditions of
the work sites. The trefoil layout requires a smaller channel than the flat layout. However, the trefoil
layout carries some risks, such as damage to the cables together in the event of short circuit faults and
reduced ampacity in single-side-bonded systems. This study’s scope examines the current carrying
capacities and thermal effects of directly buried underground cables in trefoil and vertical layouts
using CYMCAP power cable analysis software. A field investigation was also carried out to verify
the analysis results. The performance of the recommended method was evaluated by considering
current and temperature measurements from the fieldwork and analysis. According to the studied
cable design, the current carrying capacities of the cables in flat and vertical layouts are similar and
higher than in the trefoil layout. However, it should be taken into consideration that these results will
vary depending on a cable system’s design parameters. As a result, this article emphasizes that a
vertical layout can be considered as a layout option in certain areas.

Keywords: ampacity; directly buried layout; high-voltage underground cable; temperature monitoring;
thermal analysis

1. Introduction

Residential areas are rapidly changing from villages and rural areas to cities. With this
population movement, the energy needed in urban areas will inevitably increase. To meet
this need, new energy transmission lines are being installed as underground cables because
overhead lines frequently malfunction due to bird strikes or branch falls. Finding the
needed distribution line corridors in cities is difficult, and using high-voltage underground
cables does not create visual pollution [1].

Numerous studies in the literature investigate the changes in the current carrying
capacity of cables in the case of directly buried or thermally filled materials using either
flat or trefoil placement methods [2]. Previous research studies [3–5] have focused on
examining the impact of different factors on the ampacity of cables in varying thermal
conditions. These factors include cable placement near heat sources, like steam pipes, using
different backfill materials for underground cables, and air temperature for free-air cables.
The studies conducted in [6–9] have examined changes in the thermal properties of different
cable layers when the cable is placed in various environments, such as inside a tunnel or
casing pipe or submerged in water. These studies also investigated the effects of changes
in phase sequences on the cable. Various studies have highlighted the advantages of
computer-based calculators and finite element methods for thermal calculations regarding
cables. The reliability and accuracy of the results acquired using these methods have
been demonstrated [10,11].

Energies 2024, 17, 674. https://doi.org/10.3390/en17030674 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en17030674
https://doi.org/10.3390/en17030674
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/0000-0002-4798-0005
https://orcid.org/0000-0002-1117-0326
https://doi.org/10.3390/en17030674
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17030674?type=check_update&version=1


Energies 2024, 17, 674 2 of 16

Thermal monitoring is a popular subject in the literature related to cable studies.
By constantly monitoring the temperatures of cables online, studies could calculate the
remaining life of the cables, perform dynamic calculations of ampacity values, plan dynamic
line loading, and analyze critical loading conditions [12].

According to a review of the literature, much research has been conducted on the
installation and operation phases of underground cables, and solutions have been inves-
tigated to solve many problems [13]. However, some difficulties have been encountered
during the installation of underground cables [14].

Field installation of medium-voltage underground cable systems in Turkey is carried
out according to standards set by the Turkey Electricity Distribution Company (TEDAS).
The scope of these standards is limited for special cases. To install a new underground cable
system, it is necessary to intervene in traffic flow and social life during the excavations.
Another difficulty is that acquiring the permits necessary for excavation works to be carried
out in protected areas has become very difficult in terms of the procedures involved. When
all these difficulties were considered, our aim became to carry out an installation different
from the usual installations and to examine the results.

In this article, a vertical layout method that requires a narrower cable duct to facilitate
excavation works was studied to solve the problem. The current carrying capacities of
the cables for the vertical and trefoil layouts were examined in CYMCAP V8.2 Rev.3
power cable analysis software. In this context, the methodology is explained in detail in
Section 2. Also, the modeling studies carried out with CYMCAP power cable analysis
software are explained in Section 3. The channel dimensions of the relevant layouts were
calculated according to the analysis results. Field installation was carried out for these
determined channel structures and layouts, as explained in Section 4. The performance of
the recommended method was evaluated by taking current and temperature measurements
from the field installation.

2. Methodology

This section explains the general structure of medium-voltage cables, frequently used
cable installation systems, current carrying capacity calculation methods, and temperature
monitoring techniques.

2.1. Cable Structure

Underground power cables used at medium-voltage levels are generally made of
copper or aluminum conductors. The cables have conductive and insulating parts. Also,
they contain semiconductor transition layers to regulate the electric field and minimize
electrostatic stresses. Generally, a medium-voltage power cable has the following layers
from inside to outside: conductor core (copper or aluminum), inner semiconductor, insu-
lation (XLPE or PVC), outer semiconductor, metallic screen (copper or aluminum), inner
sheath (PVC or PE), armor (copper or aluminum), and outer sheath (PVC or PE). Cables
are also produced without armor, covered with an outer sheath over a metallic screen,
and the most common types are these two cable structures [15]. The general structure of a
medium-voltage cable is shown in Figure 1.

The insulating layer material determines the maximum allowed temperatures of the
cable core. The allowed operating temperature for the cable core is 90 ◦C, and 70 ◦C for the
cables with XLPE and PVC insulation material, respectively. The current carrying capacity
of the cable depends on the permissible operating temperature.

The cable layout, soil thermal resistance, burial depth, and many other parameters
affect the current carrying capacity. If a current flows over the current carrying capacity of
a cable, the cable layers will not be able to withstand the heat and will be damaged. Over
time, there will be malfunctions, such as partial discharge and cable bursts. For this reason,
it is very important to calculate the current carrying capacity [16].



Energies 2024, 17, 674 3 of 16Energies 2024, 17, x FOR PEER REVIEW 3 of 16 
 

 

 
Figure 1. General cable layers. 

The insulating layer material determines the maximum allowed temperatures of the 
cable core. The allowed operating temperature for the cable core is 90 °C, and 70 °C for 
the cables with XLPE and PVC insulation material, respectively. The current carrying 
capacity of the cable depends on the permissible operating temperature. 

The cable layout, soil thermal resistance, burial depth, and many other parameters 
affect the current carrying capacity. If a current flows over the current carrying capacity 
of a cable, the cable layers will not be able to withstand the heat and will be damaged. 
Over time, there will be malfunctions, such as partial discharge and cable bursts. For this 
reason, it is very important to calculate the current carrying capacity [16]. 

2.2. Cable Installation Systems 
The installation method of the cable and the environmental conditions are very 

important regarding the current carrying capacity. The known cable layouts are flat and 
trefoil, and the generally preferred cable installation environments are as follows [17]: 
• Burying directly under the ground; 
• Tunnel; 
• Troughs; 
• Duct bank; 
• Casing pipe; 
• Free air. 

When installing medium-voltage underground cables in Turkey, the observance of 
the conditions specified by TEDAS is compulsory for electricity distribution companies. 
The excavation works for the currently used cable channels affect the residential 
environment and take long time because the channel is wide and deep. The minimum 
dimensions of the standard cable channel specified in the legislation published by TEDAS 
are shown in Figure 2. In the legislation, it is stated that the depth of the cable channel 
should be at least 80 cm, the bottom width should be 40 cm, and the top width should be 
60 cm [18]. 
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2.2. Cable Installation Systems

The installation method of the cable and the environmental conditions are very impor-
tant regarding the current carrying capacity. The known cable layouts are flat and trefoil,
and the generally preferred cable installation environments are as follows [17]:

• Burying directly under the ground;
• Tunnel;
• Troughs;
• Duct bank;
• Casing pipe;
• Free air.

When installing medium-voltage underground cables in Turkey, the observance of the
conditions specified by TEDAS is compulsory for electricity distribution companies. The
excavation works for the currently used cable channels affect the residential environment
and take long time because the channel is wide and deep. The minimum dimensions of
the standard cable channel specified in the legislation published by TEDAS are shown in
Figure 2. In the legislation, it is stated that the depth of the cable channel should be at least
80 cm, the bottom width should be 40 cm, and the top width should be 60 cm [18].
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2.3. Ampacity Equations

The current carrying capacity calculation is based on the IEC 60287 standard. The
calculation method is similar to calculating the voltage drop in an electrical circuit. Since
the cable layers’ conductive parts (core, metallic screen, and armor) generate heat, they are
similar to a current source. Electrical resistances represent insulating layers due to their
resistance to heat spreading [19–21]; this analogy is shown in Figure 3.
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Figure 3. Electrical equivalent thermal model of cable layers. T1: Thermal resistance of the insulation
(◦C m/W). T2: Thermal resistance of the inner sheath (◦C m/W). T3: Thermal resistance of the
outer sheath (◦C m/W). T4: Thermal resistance of the soil (◦C/W). Wc: Thermal loss of the core (W).
Wd: Thermal loss of the semiconductor (dielectric) (W). Ws: Thermal loss of the metallic screen (W).
Wa: Thermal loss of the armor (W).

T resistances are calculated as in Equation (1):

T =
ρ

2π
ln
(

r2

r1

)
(1)

where
ρ: Thermal conductivity of the layer (Wm−1K−1).
r1: Inner radius of the layer (mm).
r2: Outer radius of the layer (mm).
The thermal loss of the core is calculated as in Equation (2):

Wc = RacI2 (2)

where
Rac: AC resistance of the core (Ohm).
I: Current flowing through the core (A).
The thermal loss of the metallic screen is calculated as in Equation (3):

Ws = λ1Wc (3)

where
λ1: Loss factor of the metallic screen.
The thermal loss of the armor is calculated as in Equation (4):

Wa = λ2Wc (4)

where λ2: Loss factor of the armor.
The thermal loss of the semiconductor is calculated as in Equation (5):

Wd = 2πf U2
0tan(δ) (5)

where
f: Frequency (Hz).
U0: Phase to ground voltage (V).
tan(δ): Insulator loss factor.
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After the values of the resistances and current sources are calculated, the current
carrying capacity is calculated as in Equation (6):

I =

√√√√ ∆t − Wd

(
1
2 T1 + T2 + T3 + T4

)
RacT1 + Rac(1 + λ1 + λ2)(T3 + T4)

(6)

The ∆t in Equation (6) is the difference between the ambient temperature and the
maximum permissible operating temperature, and it is calculated as in Equation (7):

∆t = ti − ta (7)

where
ti: Maximum permissible operating temperature.
ta: Ambient temperature.
Although the IEC method is the most preferred method for calculating the current-

carrying capacity of cables, there are also up-to-date studies on how to calculate the
ampacity more precisely. In the CIGRE technical brochure 640 shared in 2015, the deficien-
cies of existing methods and suggestions to eliminate these deficiencies were made [22].
Also, other popular methods for current carrying capacity calculation are computer-based
analytical and numerical (finite element method) programs [23,24].

2.4. Cable-Monitoring Techniques

The thermal monitoring of cable temperatures is becoming increasingly popular as
it improves system security and efficiency. By monitoring the cable temperature, the
remaining cable life can be calculated, and investment costs can be evaluated. By plan-
ning predictive maintenance applications according to temperature values, malfunctions
can be prevented, and safer energy transmission can be achieved. In addition, tem-
perature monitoring systems provide advantages such as dynamic loading and flexible
feeding conditions.

There are two thermal monitoring methods that can be utilized. One is the Distributed
Temperature Sensing (DTS) method, which measures the temperature inside the cable
directly with the fiber line along the cable. The other is the Real-Time Temperature Rating
(RTTR) method, in which the cable’s internal temperature is calculated with the temperature
measurements taken from the cable sheath [25,26].

3. Modeling Studies

For directly buried underground cables, the flat and trefoil layouts could be preferred
for installations. This study examined the vertical layout as an alternative to these two
layout methods. CYMCAP Power Cable analysis software was used in the analyses to
evaluate the electrical performances of the different layout methods [27].

During the simulation study, (N)A2XSY 150 mm2 cable was used. The dimensions of
the cable are shown in Table 1.

Table 1. Cable dimensions.

Cable Layer Material Diameter (mm)

Core Aluminum 14.1
Inner semiconductor Semiconductor 15.0

Insulation XLPE 33.0
Outer semiconductor Semiconductor 33.9

Metallic screen Copper 35.9
Outer sheath PVC 40.5

The cable model created in CYMCAP software for the dimensions in Table 1 is shown
in Figure 4.
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Figure 4. CYMCAP model of the (N) A2XSY 150 mm2 cable.

The conditions and assumptions created for the analyses are as follows:

• According to the IEC 60287 standard, the ambient temperature of soil is assumed to
be 20 ◦C.

• According to the network regulation, the frequency and voltage levels are 50 Hz and
34.5 kV, respectively.

• The cables are grounded at both ends.
• The burial depth is 1 m.
• For vertical and flat layouts, the distance between phases is 7 cm.
• The soil thermal resistance is 1 ◦C m/W.

The results of the current carrying capacity analysis for the flat, trefoil, and vertical
layout situations are shown in Figures 5–7, respectively.
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The calculated current carrying capacities are shown in Table 2. According to the
results, the current carrying capacity does not change for the flat and vertical layouts. How-
ever, the trefoil layout’s current carrying capacity is slightly less for the analyzed design.
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Table 2. Analysis results.

Layout Ampacity
(A)

Maximum Screen Current
(A)

Total Losses of Three Phase
(W/m)

Flat 336.0 59.3 96.27
Trefoil 318.0 19.9 81.61
Vertical 336.1 59.2 96.29

The screens of cables are grounded at both ends, and it should be considered that
in the flat and vertical layouts, screen currents affect the current carrying capacity more
negatively than the trefoil method. In applications where the screens of cables will be
grounded from one side, better results will be obtained with the vertical method than
with the trefoil method regarding the current carrying capacity. On the other hand, since
all three phase cables come into contact with each other in the trefoil layout, the other
two cables will be affected by any negative effects, such as burning or an explosion, that
may occur in one cable. However, there is no such problem in a vertical layout.

The trefoil layout can be preferred when narrower cable ducts are needed where exca-
vation work is difficult, but the mentioned risks necessitated the search for an alternative
to this layout. For this reason, field studies were carried out to evaluate the application
performance of the vertical layout, which was analyzed within the scope of this study.

4. Field Studies

According to the analysis results shown in Section 3, the vertical method is applicable
regarding the electrical parameters. Thereupon, its performance was evaluated using
field application.

4.1. Channel Scheme and Excavations

Applying the existing channel structure shown in Section 2 affects daily life in a
wider environment and for a longer period. It is also very difficult to obtain the necessary
permissions for excavation operations to be carried out in such dimensions in areas with
many protected areas and historical buildings, such as Konya, the application region.

As can be seen in Figure 2, in standard cable ducts, approximately 65 cm should be
left between the top of the channel and the cable. This study proposes an alternative to
underground cable installation by reducing channel sizes in harsh environments where
large channels cannot be excavated. However, using double rows of bricks in the channel,
considering the risks that mechanical effects may cause, these bricks should be 5 cm thick,
as defined in the standards. The recommended channel dimensions for vertical and trefoil
cable installations that require less depth and narrower channels are calculated as follows.
For the vertical layout, the necessary cable channel to be excavated is shown in Figure 8.

The 10 cm filling material should be laid on the channel floor for bedding. Then, each
cable should be pulled one by one and covered with filler. After the last cable is pulled
and covered with filling material, the brick used for security purposes should be placed
on top of each other in double rows. The channel should be filled and closed with 5 cm
between the brick and the warning tape, and 10 cm between the warning tape and the floor.
Accordingly, the channel height is calculated as in Equation (8):

H = 25 cm + 3d + 3k + 2t (8)

k =

{
7 cm, d < 7 cm

d, d ≥ 7 cm
(9)

where
H: Channel depth (cm).
d: Cable diameter (cm).
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k: Distance between the cables and between the top cable and brick (if the cable
diameter d is less than 7 cm, then k = 7 cm; if cable diameter d is greater than 7 cm, then
k = d).

t: The height of the protective brick (cm).
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The channel width was determined as minimum 30 cm considering the excavation pos-
sibilities and the risk of slipping of the soil. Channel width is calculated as in Equation (10):

G =

{
30 cm, d < 7 cm
d + 2a, d ≥ 7 cm

(10)

a = 2d (11)

where
G: Channel width (of the cable diameter d is less than 7 cm, then G = 30 cm; if cable

diameter d is greater than 7 cm, then G = d + 2a).
d: Cable diameter.
a: Distance between the cable and channel wall.
Since the diameter of the 150 mm2 aluminum cable that is used in the application is

4 cm, the channel height is calculated as 68 cm according to Equation (8). The channel
width is calculated as 30 cm according to Equation (10).

For the trefoil layout, the cable channel to be excavated is shown in Figure 9.
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The 10 cm filling material should be laid on the channel floor for bedding. Then,
two cables should be laid side-by-side and adjacent, and the third one should be laid on
them in a triangular bundle. The cables should be covered with filling material. The bricks
used for security purposes should be placed on top of each other in double rows. Finally,
the channel should be filled and closed with 5 cm between the brick and the warning tape,
and 10 cm between the warning tape and the floor. Accordingly, the channel height is
calculated as in Equation (12):

H = 25 cm + 2d + k + 2t (12)

k =

{
7 cm, d < 7 cm

d, d ≥ 7 cm
(13)

where
H: Channel depth.
d: Cable diameter.
k: Distance between the cables and between the top cable and brick (If the cable diameter

d is less than 7 cm, then k = 7 cm; if cable diameter d is greater than 7 cm, then k = d).
t: The height of the protective brick.
The channel width was determined as minimum 30 cm considering the excavation pos-

sibilities and the risk of slipping of the soil. Channel width is calculated as in Equation (14):

G =

{
30 cm, d < 5 cm

2d + 2a, d ≥ 5 cm
(14)

a = 2d (15)

where
G: (If the cable diameter d is less than 5 cm, then G = 30 cm; if cable diameter d is

greater than 5 cm, then G = 2d + 2a).
d: Cable diameter.
a: Distance between the cable and channel wall.
Since the diameter of the 150 mm2 aluminum cable is 4 cm, the channel height is

calculated as 50 cm according to Equation (12). The channel width is calculated as 30 cm
according to Equation (14).

In the application, a channel is proposed with a narrower structure than the previously
used cable channels. Digging equipment suitable for excavation is not available since these
channels have not been applied before. For this reason, a 30 cm wide digger mouth was
produced specifically to dig the proposed channels (Figure 10).
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4.2. Measurement System and Data

After the cables were laid in the opened channel, the necessary systems were es-
tablished to record the data. The temperatures of the cables were measured with PT100
temperature sensors fixed to the cable surfaces (Figure 11).
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The temperature values measured with the sensors were recorded with a data logger
device that recorded minute averages. A web-based remote monitoring interface was
designed to continuously monitor the recorded data (Figure 12).
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During the measurement, an energy analyzer communicating with the SCADA system
was placed in the medium voltage cell, to which the cables were connected. With this
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energy analyzer, the current flowing through the cable was recorded in 10 min averages.
The measured current value was also applied on the same scale in the analysis studies.

Soil thermal resistance, a very important parameter in current carrying capacity, was
measured at the beginning of the field studies. Information on the thermal resistance of the
backfill used in the bedding process, which can affect the cables thermally, was obtained
from the material supplier. The two materials have similar thermal properties, and the
thermal resistance for both is 1 ◦C m/W.

The measurement data includes the dates between 24 July 2020 and 17 September 2020.
However, the measurement data for one day were shared on the charts for a simple narra-
tive. The dashed line in the graphs shows phase currents, the dashed lines marked with
shapes show the cable’s surface temperatures for the trefoil placement, and the straight
lines marked with shapes show the cable’s surface temperatures for the vertical place-
ment. The current and temperature measurement for the day dated 27 July 2020 is shown
in Figure 13.
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Figure 13. Current and temperature measurements dated 27 July 2020 for vertical- and trefoil-
placed cables.

It is seen that the current value flowing through the cables peaked at 21:00:00 and
reached 285.5 amperes. At this moment, the highest temperature measured from the cable
surfaces for the vertical layout is 43.9 ◦C. For the trefoil layout at the same time, the highest
temperature of the cable surface is 50.0 ◦C.

4.3. Analysis Results

The data shared by the Turkish State Meteorological Service was considered for
ambient temperature information, which is one of the most important parameters affecting
the analysis results. Based on the data, the soil temperature remained at 27 ◦C throughout
the day with no significant fluctuations. For this reason, the analysis studies were conducted
at an ambient temperature of 27 ◦C.

According to the measurement data, the load profile was defined to the vertical and
trefoil layout models created in CYMCAP analysis software. Analysis results were obtained
for the cable’s surface temperature according to time and the applied load profile. On
27 July 2020, the cable surface temperature results obtained for the trefoil and vertical
layouts are shown in Figure 14.
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The measurement and analysis data show that the surface temperature results were
consistent. Both the shared measurement data and the analysis result show that the moment
when the cable surface reaches the highest temperature value is 21:00:00. The measurement
and analysis results at this moment were determined for both placement methods and are
shown in Table 3.

Table 3. Temperature measurement and analysis results dated 27 July 2020—21:00.

Layout Result Type
Temperature (◦C)

Phase A Phase B Phase C

Trefoil Measurement 49.94 49.88 49.48
Trefoil Analysis 49.97 49.97 49.91
Vertical Measurement 43.52 46.06 44.73
Vertical Analysis 43.80 45.45 44.27

Even the highest difference observed between the measurement data and analysis
results does not exceed 2%. Thus, the analyses were confirmed with measurement data.

As it is known, compared with the surface temperature of the cable, the core tem-
perature of the cable is a more critical value in terms of both current carrying capacity
and life studies. However, if a temperature sensor is not placed inside the cable during
manufacturing, the core temperature can be determined using analysis and calculation
methods instead of direct measurement. For this reason, the analyses were repeated for
the same current profile, and the temperatures of the cable cores were determined for both
layout methods. According to the analysis, the results obtained for the trefoil and vertical
layouts are shown in Figure 15.
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When the results are examined, the cable cores in the trefoil layout reach a maximum
of 63 ◦C, and in the vertical layout, the highest core temperature is 56 ◦C. As seen in the
analysis results, cables in vertical layout heat less with the same current profile. In this case,
the vertical layout emerges as an advantage regarding providing optimum benefit from
cables and a sustainable energy distribution system.

5. Discussion

In this study, the layouts of underground power cables were examined. This study
was carried out for a single-core, solidly bonded, three-phase, and single-circuit cable
system. For power cables, side-by-side and 7 cm distances between phases are widely
used. However, it becomes difficult to apply a flat layout in places such as narrow streets
or historically protected areas where there is not enough excavation area. Within the scope
of this study, the vertical and trefoil layout methods were evaluated as alternatives to flat
layouts. Current carrying capacities and thermal effects were analyzed for the proposed
methods. CYMCAP analysis software was used to calculate the current carrying capacity
in non-standard layouts.

Based on the results of the analysis, a field application was carried out in the Konya
state of TURKEY using the vertical and trefoil layout methods. In the application, tem-
perature and current measurements were taken from the cables for the vertical and trefoil
layouts. The application conditions performed with the obtained data were modeled again
in CYMCAP software, and the accuracy of the analysis was verified.

As a result of this study, it was concluded that cables in the vertical layout have the
same current carrying capacity as cables in the flat layout. In contrast, the current carrying
capacity of cables in the trefoil layout changes slightly. For the trefoil layout, the change in
current carrying capacity may increase or decrease depending on the cable structure, the
ratio between the core cross-section and the metallic screen cross-section, and the bonding
type. It is seen that vertical and trefoil layouts can be an alternative to flat layouts.

It is observed that the current carrying capacities of cables can vary based on their
layout and ambient conditions. It is recommended to model the cable system and envi-
ronmental conditions with analysis software. This will determine the most efficient cable
assembly method and ensure correct cable operation for years.
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