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ABSTRACT

This study evaluates the thermal impact of harmonic distortion on underground power cables through a real-life case
study conducted at the Zummar 33/11 kV substation. Field measurements indicated that the cable most exposed to
thermal stress was the one supplying an industrial area, where a Total Harmonic Distortion (THD) level of 23.8% was
recorded due to nonlinear loads. Numerical simulations were carried out using the Finite Element Method (FEM) to
analyze the thermal performance of the cable system under different seasonal loading conditions. The results showed
that harmonics not only increased the temperature of the affected cable but also indirectly raised the temperatures of
adjacent cables, leading to partial thermal redistribution within the system. These findings highlight the importance of
integrating harmonic analysis with thermal modeling to achieve accurate current rating assessments and ensure the safe
and efficient design of underground power cables, particularly in substations supplying nonlinear industrial loads.
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1. Introduction

The increasing demand for electric power, among
other factors, has led to the expanded use of power
cables [1-3]. In areas such as city centers, overhead
lines are often undesirable or even impractical; there-
fore, underground cables are widely used for electric
power transmission [4, 5]. The proper selection of
cable size, insulation type, and number of insula-
tion layers significantly affects the cable’s current-
carrying capacity (ampacity), and improving the
cable’s thermal performance substantially enhances
system reliability [6]. The conductor’s cross-sectional
area, electrical conductivity, and operating temper-
ature are the primary determinants of the cable’s
ampacity, or the maximum safe current. While direct
current (DC) cables follow a linear relationship be-
tween cross-section and ampacity, alternating current

(AC) cables behave differently due to non-uniform
current density distribution caused by electromag-
netic phenomena such as the skin and proximity
effects. The current flowing through the conductor
generates heat, which raises its temperature and af-
fects the surrounding insulation. Long-term exposure
to high temperatures can lead to insulation deterio-
ration and permanent cable failure [7-9]. Assuming
uniform soil conditions with consistent thermal char-
acteristics, international standards such as IEEE and
IEC provide methods for calculating cable current
ratings, conductor and insulation resistance, and the
thermal resistance between the cable system and its
surroundings [10, 11]. During real-time operation,
the soil around the buried cable tends to dry and
heat up, which reduces its thermal conductivity and
directly affects the cable system’s ability to dissipate
heat [12, 13]. To ensure effective and long-lasting
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operation of underground cable systems, heat must
be transferred from the conductor through the struc-
tural layers of the cable into the surrounding soil
[14]. Increasing the spacing between underground
cables helps prevent thermal accumulation, and al-
tering cable configurations can reduce heat retention.
For example, flat arrangements offer higher ampacity
than trefoil arrangements due to improved heat dissi-
pation [15]. Ambient temperature is another crucial
factor in conductor cooling; as it rises, the cable’s abil-
ity to dissipate heat decreases, thereby reducing its
current-carrying capacity [16]. Nonlinear loads, such
as power electronics and induction furnaces, are com-
monly used in industrial and urban environments.
Consequently, the presence of high-frequency com-
ponents produced by such loads has made harmonic
distortion a critical concern [17, 18]. Total har-
monic distortion (THD) often exceeds the acceptable
limits set by IEEE 519-1992 in residential, commer-
cial, and industrial installations [19]. The increasing
conductor temperatures of underground cables un-
der steady state conditions are assessed using IEC
60287 standards at 100% loading factors [20]. Am-
pacity is widely recognized as a vital aspect of cable
design and is influenced by structural parameters,
soil thermal properties, burial depth, and harmonic
distortion [21, 22]. When conductor temperatures
exceed permissible limits, insulation aging accel-
erates, significantly shortening the cable’s lifespan
[23]. Numerous studies in the literature investigate
changes in ampacity for cables buried either directly
or in thermally backfilled soil, using flat or trefoil
arrangements [24]. Previous research [25-27] has
examined how different parameters—such as prox-
imity to steam pipes, alternative backfill materials,
and ambient air temperature—affect cable perfor-
mance. A. Cichy et al. [23, 28] optimized installation
parameters for both flat and trefoil arrangements us-
ing genetic algorithms (GA). Sakis Meliopoulos and
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his team [29, 30] proposed mathematical models
to estimate harmonic losses in cable loading. Sev-
eral researchers have employed different techniques
to calculate conductor resistance, cable temperature,
and ampacity in the presence of harmonics [31, 32].
Judah et al. emphasized the need to account for
harmonic effects when calculating ampacity for un-
derground cables to ensure both accuracy and safety
[33, 34]. High-reliability active harmonic filters that
comply with IEEE 519 and EN-50160 standards repre-
sent one of several approaches to mitigate the impact
of harmonics on power systems [35].

This study aims to evaluate the thermal impact
of harmonics on underground power cables at the
Zummar substation through a real-life case study in-
volving five cables arranged in a configuration of
three at the bottom and two at the top. It was
observed that the middle bottom cable, which sup-
plies power to an industrial zone, experiences a
total harmonic distortion (THD) of 23.8%, result-
ing in a thermal imbalance that affects adjacent
cables. This research seeks to thoroughly analyze
this phenomenon using numerical thermal modeling,
addressing a notable gap in the current literature
concerning the localized effects of harmonics in
asymmetrical cable configurations and their overall
thermal performance.

2. Methodology

Three-phase Fanar-type subterranean power lines
constructed at the Zummar 33/11 kV substation were
the subject of an analytical investigation. As shown
in Fig. 1, the system is made up of five cables, and
operating at a nominal voltage of 11 kV.

A copper conductor, XLPE insulation, copper
screen, PVC bedding, aluminum tape shield, and an

cable (3}

Fig. 1. Power cable in Zummar substation.
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outer protective PVC sheath are among the nine main
layers of the cables’ multi-layered design, and they
are all buried straight into the earth.

This study focuses on cables that are placed in
a non-standard geometric configuration—that is, in
close proximity to one another within a narrow
underground trench—without adhering to globally
recommended spacing guidelines. The system’s ther-
mal performance and operational safety are affected
by the mutual thermal influence created by the
proximity of the cables, which leads to cumulative
heat buildup and elevated operating temperatures,
even under rated current conditions. Additionally,
one of the five cables supplies power to an indus-
trial region with nonlinear electrical loads, including
rectifiers and variable-speed drives. Field tests con-
firmed that this particular cable exhibits a total
harmonic distortion (THD) of up to 23.3%. Due
to skin and proximity effects, these harmonic cur-
rents introduce higher-frequency components that
significantly increase power losses. Consequently,
the temperature of the harmonic-loaded cable rises
noticeably compared to the others. This scenario
highlights the importance of integrating conventional
thermal analysis with harmonic effect assessment
when evaluating underground cable performance in
real-world scenarios—particularly in complex config-
urations such as those found in industrial feeders and
secondary substations.

To analyze heat transfer from the conductor
through the cable layers and into the surrounding
soil, the heat conduction equation is solved using the
finite element method (FEM). The two-dimensional
heat conduction model used in this study is based
on the heat diffusion Eq. (1), as described in the
literature [36, 371].

Where:

d dT d dT dT

—[K— )+ —K— | +Q = pc— D)
dx( dx> dy< dy) Q=rey,

where: T is temperature in (K), x and y are spatial
coordinates in (m), K is the thermal conductivity in
(W/m. K), Q is the volume power of heat sources in
(W/m3), p is the density in (kg/m3), c is the specific
heat in (J/kg.K) and is the time in seconds (s).

3. Power losses in underground cables

Power losses in underground cables arise from mul-
tiple factors, primarily due to the heat generated
within the cable structure. The main sources of
these losses include:

» Conductor Losses: These occur due to the elec-

tric current flowing through the conductor,

leading to Joule heating (IR losses), which is
directly proportional to the conductor resistance
and current magnitude.

Dielectric Losses: These losses result from volt-

age stress across the insulation, causing energy

dissipation within the dielectric material. The
extent of dielectric losses depends on the operat-
ing voltage and insulation properties.

» Sheath and Eddy Current Losses: These are
induced by circulating currents and eddy cur-
rents in the metallic sheath and armor, which
contribute to additional heat generation and af-
fect the thermal performance of the cable system
[11, 38].

Accurately evaluating these losses is essential for
improving the efficiency, thermal performance,
and operational reliability of underground power
cables.

3.1. AC conductor losses

The DC resistance of a conductor is determined
using Eq. (2)

1.02 x 10%py

Rdc =
¢ Ac

[1+ «20) (Tc — 20) 2)

Where: p20 is conductor resistivity at 20°C, «20
is temperature coefficient at 20°C, where Ac is the
conductor’s cross-sectional area in millimeters and Tc
is the conductor temperature in degrees Celsius.

It only gives the precise resistance value when the
current is evenly dispersed across the conductor. In
the case of direct current (DC), this requirement is
rigorously satisfied.

However, in alternating current (AC) systems,
the effective resistance of the conductor increases
due to the skin effect and proximity effect. The skin
effect causes the current to concentrate near the con-
ductor’s surface, reducing the effective cross-sectional
area available for conduction. Additionally, the prox-
imity effect occurs when conductors are placed close
to each other, leading to uneven current distribution
due to electromagnetic interactions [11, 38].

These phenomena contribute to higher resistance
in AC conductors in Eq. (3), influencing power
losses and the thermal performance of underground
cables.

Rac = Rdc (1 +ys + yp) 3)

The skin effect factor ys and the proximity effect
factor yp can be calculated as in [11, 38].
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The volume power of heat source for each conduc-
tor (c) could be estimated as follows:

IB%Rac
TV Ac = nr?

Qc = @

Where: IB is the RMS base current value (A), Ac is
the cross sectional area of the conductor (m2), and Ac
is the radius of the conductor (m)

3.2. Dielectric loss

The dielectric bears significant dielectric losses.
Dielectric loss is influenced by voltage and be-
comes significant at voltage levels corresponding
to the properties of the insulation material. The
heat generation per unit volume within the insula-
tion (Qd) is determined using the following Eq. (5)
[39, 40].

27fCU0? tan § )

, Ains = nr(ry, —rc?) (5)

Qd = Ains
capacitance of the insulation (F), Uo is the phase
operating voltage (V), tan § is the loss factor of the
insulation at power frequency and operating temper-
ature, Ains is the insulation area (m2), and rins is the
outer radius of the insulation (m).

3.3. Sheath loss

Sheath loss is the result of losses in the sheath or
screen brought on by the loss ratios of circulation cur-
rents (A') and eddy currents (") [39]. Shows how to
calculate A’ and 1" for sheaths that are cross-bonded
or single-point bonded. The sheath’s heat source’s
volume power (Qs) equals

(A 4+ ") x IB 2Rac
Ash

Qs =

. Ash = nr (13, —r2)
(6)

where: Ash is the sheath area (m2), rsh is the outer
radius of the sheath (m), A’ and A" can be calculated
as in [40].

The heating of cable lines has been the subject
of dozens of research papers in recent years. The
thermal characteristics of analytical and numerical
studies of high- and medium-voltage cables have been
conducted [41, 42] and [42-44]. Power cable heat
analysis has used numerical techniques like the finite
element and finite difference methods.

Several studies have focused on power cables
buried in the ground or installed in tunnels [45, 46].
In calculations found in the literature, power losses

generated in the cable conductor are typically deter-
mined using Joule’s law for AC resistance, without
considering the effect of the surrounding soil in which
the cable is buried [47].

Soil properties play a crucial role in the thermal
performance of underground power cables, as they
influence heat dissipation resulting from the current
flow in the cable. This, in turn, affects the cable’s
temperature and its long-term performance. There-
fore, the influence of soil must be included in an
accurate thermal analysis of electrical lines. Usually,
these impacts are taken into account by adding par-
ticular parameters to the computational model. This
approach, which is popular, is the simplest way to
include the previously described impacts in thermal
calculations [42-44]. The method suggested in this
study, on the other hand, is predicated on the ap-
plication of various forms of artificial soil (backfill
materials) to examine their influence on the cable’s
thermal behavior.

4. Theoretical model

According to IEC60287-1-1 [10, 20], to calculate
the permissible current rating, it is necessary to cal-
culate the conditions of partial soil drying and under
conditions when the lesser of the two currents mea-
sured is employed, and soil dryness does not occur.
For underground cables in areas without soil drying,
the allowable AC rating is provided:

I=

AO —Wd [0.5T1 + n (T2 + T3 4 T4)] ]0'5

RT1+n(1+21)T2+4+nR (1 + A1 4+22) (T3 4+ T4)
)

Where R is the resistance to current per unit length
of the conductor at maximum operating temperature
(©2/m), I is the current flowing in a single conductor
(A), and A# is the conductor’s temperature increase
above ambient temperature (K).

T1, T2, T3, and T4 are the thermal resistances per
unit length between a single conductor and the jacket,
the bedding between the heat shield, and Wd, which
is the dielectric loss per unit length of the insulation
surrounding the conductor (W/m). n is the number
of load-carrying conductors in the cable (equal-sized
conductors carry the same load); A1 is the ratio of
losses in the jacket to the outer service of the ca-
ble and between the cable surface and the ambient
in the center (K m/W), respectively. The number of
load-carrying conductors in the cable is denoted by n,
where all conductors of the same size bear the same
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weight. The ratios of jacket losses to total losses in all
conductors in this cable are denoted by A1 and 12,
respectively.

When soil partially dries out, a buried cable’s al-
lowable AC rating is assigned a

I=

AO —WA[0.5T1 +n (T2 + T3+ T4) + (v — 1) A6 ] 1°°
R[T1 +n(1 + A1)T2 +nR (1 + A1 + A2) (T3 +vT4)
€))

Where v is the ratio of the thermal resistivity of
the dry and moist soil zones (v = /’)’—i) pq is thermal
resistivity of dry soil (K.m/W) p,, is rise of boundary
between the try and moist zones above the ambient
temperature of the soil.

The thermal resistivity of moist soil 8 (K-m/w), Ax
is the temperature (6, — 6,) (K) 6y is critical temper-
ature zones (°C), and 6, is ambient temperature (°C).

5. Impact of harmonics on cable losses

The total conductor loss of each phase at any har-
monic order can be calculated using the following
equations:

W (h) = I(h)* # rac () (9)

W, (h) = oL funa2 * Tac () (10)

Where I(h) is the cable current component that con-
tains h th harmonic order, Ii,fund is the fundamental
current of the cable in RMS, and rac(h) is the AC
resistance of cable conductor at the hth harmonic in
(£2/m). It can be obtained by Eq. (11)
rac (h) = rdc (1 +ys (h) +yp (h)) an

Where rdc is the DC resistance of the cable conduc-
tor at the ambient temperature in ohms per meter,
Yp(h) is the proximity effect factor, Al(h) is the
sheath loss factor, Ys(h) is the skin effect factor,
which, in IEC60287-1-2, [18] is defined as

4

Y, (h) = X—S (12)
192 +0.8X}

o 8f (h) ks1077 13)

s
Tdc

Where ks is the coefficient factor of the skin effect
and f (h) is the harmonic frequency at order h.

Y,(h) is the proximity factor which is defined by
IEC60287 [10, 20]

Y, (h) =
X2 2 2 1.1
wrroaa(s) |02(s) * e or
+0. P m+0.27
14
87 f (h) k,1077
X3 (h) = L (15)

Rdc

in which S is the space in meters between cables’ core
axes, kp is the coefficient factor of the proximity ef-
fect, «20 is the coefficient of conductor temperature,
and 6 is the conductor temperature. The dielectric
loss at each harmonic order is calculated as follows:

27f (h) CUo? tan §
Ains

Qd =

, Ains = nr(r}, —rc?)

(16)

where f(h) means the harmonic order frequency, UO
depicts the rated voltage per phase, and C represents
the electrical capacitance

6. COMSOL program

COMSOL Multiphysics 6.2 is an advanced nu-
merical simulation software based on the Finite
Element Method (FEM), widely used for multi-physics
modeling in engineering applications. In electrical en-
gineering, COMSOL enables the simulation of power
cables, transformers, and electromagnetic field in-
teractions, providing insights into their performance
under various operating conditions. For the ther-
mal analysis of power cables, the software facilitates
the study of temperature distribution, heat dissipa-
tion mechanisms, and the impact of surrounding soil
properties, which are critical factors in ensuring ef-
ficient cable operation. By coupling electromagnetic
and thermal simulations, COMSOL allows for a com-
prehensive evaluation of harmonic effects, dielectric
losses, and soil thermal conductivity, aiding in the
optimization of underground power cable design and
enhancing the reliability of electrical power transmis-
sion systems.

7. Validation
71 First validation

A high-voltage, three-phase, single-core, 220 kV
XLPE-insulated copper cable with a rated power of
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Table 1. Comparison of conductor temperatures between the proposed numer-
ical model and the reference model under the same operating conditions.

Soil Conductor  This Study Conductor
Formation Temp ("C) Current (A) Temp (°C) Temp (°C)
Flat 25 1210 87.95 87.952
Flat 35 1120 89.26 88.92
Trefoil 25 1210 97.674 96.6

Surface: Temperature {degC)

Surface: Temperature {degl)
T

Suface; Temperature {degl)
T T

Fig. 2. This figure shows the simulated temperature distribution of the cables and soil.

a. At load 1210A 25°C Flat Formation.
b. At load 1120A 35°C Flat Formation.
c. At load 1210A 25°C Tryfoil Formation.

340 MVA and a rated current of 1210 A [48] was
utilized in this study to validate the model. The
Egyptian-Chinese Company produced it for UHV Net-
works (ECC). Each cable core consists of a segmental
stranded copper conductor with a nominal cross-
sectional area of 1200 mm?. It is encased in a 4.5
mm high-density polyethylene (HDPE) outer jacket
for corrosion resistance and mechanical protection, a
3 mm lead sheath, and a 25 mm thick XLPE insulation
layer [48].COMSOL Multiphysics (version 6.2) was
used to model the cable’s thermal behavior using
the heat diffusion equation and the finite element
method (FEM). Automatic meshing using triangular
components was applied for both flat and trefoil,
configurations, and the simulation domain was set to
24 m x 2.4 m.

To verify the accuracy of the thermal model
developed in this study, a model corresponding
to the operating conditions of the reference cable
mentioned above was prepared, and the obtained
numerical results were compared with the published
data. The results showed good agreement between
the present model and the reference model, as shown
in Table 1 and Fig. 2, which enhances the reliability
of the adopted model in representing the thermal
performance of buried power cables under various
operating conditions. A comparison of conductor tem-
peratures between the proposed numerical model and
the reference model under identical conditions is
provided.

72. Second validation

The cable data from Zummar Substation (33 kV)
was obtained, along with its technical specifications
from Fanar Cable Manufacturing Company (page
121-124) [49]. As shown in Fig. 3. The design and
testing of this cable comply with the IEC 60502-2
standard, which defines the technical requirements
for medium-voltage cables, including electrical, ther-
mal, and mechanical properties, as well as material
standards for insulation, shielding, and outer protec-
tion [49].

- Conductor
— Conductor Sorean
- ¥LPE Tnsulation

- Insulation Screan

= Metallic Screen

- Bodding

—= Tape Arrmouring

& Clster Naetet

Fig. 3. The medium voltage cable cross section: 1- conductor,
2- conductor screen, 3- XLPE insulation, 4- Insulation Screen,
5- Metallic Screen, 6- Filler, 7- Bedding, 8- Tape Armouring, 9-
Outer Jacket [49].
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Surface: Temperature (degC) 2

m T T

-0.5 0

0.5 m

Fig. 4. Temperature distribution in different cable layers and soil at 395 A.

The manufacturer’s [49] states that when the cable
is buried at a depth of 0.8 meters, in soil with a
thermal resistivity of 1.5 K-m/W, and under an am-
bient temperature of 40°C, its ampacity is 395 A. To
validate this, a thermal model was developed using
COMSOL Multiphasic under identical conditions. The
simulation results confirmed that the allowable cur-
rent closely matched the catalog value, as illustrated
in Fig. 4, thereby verifying the accuracy of the ther-
mal modeling approach.

8. Results and discussions

When underground power cables are operated, heat
is generated within the electrical conductors and then
transmitted through the various cable layers to the
surrounding environment. Heat distribution in the
soil depends on several factors:

I. The Effect of Cable Proximity
II. The Impact of Cable Burial Methods
II. Thermal conductivity of backfill materials
IV. Cable burial depth.
V. Electrical Load.

The proximity of power cables significantly impacts
their electrical performance. When multiple cables
are installed closely in a flat formation, mutual heat-
ing effects occur, which reduce the current-carrying
capacity (ampacity) of each cable. Previously, a single
three-core cable buried at a depth of 0.8 meters in soil
with a thermal resistivity of 1.5 K-m/W and under an
ambient temperature of 40°C had an ampacity of 395
A. However, after adding two more cables in a flat
arrangement under the same installation conditions,
the ampacity of each cable decreased to 300 A due to
the proximity effect. As shown in the Fig. 5.

Further assess the impact of spatial arrangement on
thermal performance; a non-uniform five-cable con-
figuration was simulated under the same loading and
environmental conditions shown in Fig. 6. The ca-
bles were arranged in two vertical layers, with three
cables at the bottom and two cables directly above,
forming a compact cluster similar to arrangements
used in field installations. The horizontal spacing be-
tween the three bottoms cables was set to 0.1 m. while
the vertical distance between layers was minimized,
simulating realistic installation constraints.

All cables were subjected to identical operating
conditions: 0.8 meters of burial depth, a soil thermal
resistivity of 1.568 K-m/W, and an ambient tempera-
ture of 32°C.

Due to the reduced spacing and lack of airflow,
the simulation results indicated significant thermal
interaction between the cables. The system’s effective
ampacity decreased markedly from its initial value to
approximately 240 A per cable, as shown in the Fig. 7,
because of mutual heating, which substantially raised
the conductor temperatures across the group.

This finding confirms that cable layering and tight
spacing drastically affect heat dissipation and thermal
stability. Such configurations require careful derating
and possibly enhanced thermal mitigation strate-
gies (e.g., thermal backfill, spacing optimization) to
maintain operational safety and avoid exceeding the
thermal limit of the cable insulation.

8.1. Case study

The Zummar 33/11 kV substation, which had an
actual operational current of 160 A per cable, pro-
vided the data in the spring. At a burial depth of
0.8 meters, with a soil thermal resistance of 1.568 kW
and an ambient temperature of 32°C, the thermal
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Surface: Temperature (degC) o2

m T T

-0.5 0

90

0.5 m

Fig. 5. Distribution Temperature for 3-cables in a flat at load 395 A.
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il .|| "|""

i

Fig. 6. Arrangement of cables 5 at depth 0.8 m.

model was recalculated using the same soil param-
eters and matching engineering requirements for the
five-cable layout at the Zummar 33/11 kV substation.
The purpose of the simulation was to confirm that
the system stayed below safe temperature limits and
assess the real thermal behavior under typical loading
situations.

Thermal differences were observed among the five
cables, mainly due to an improper geometric ar-
rangement and mutual heating effects affecting the
temperature distribution. The cable positioned at the
center of the bottom layer (Cable 2) recorded the
highest temperature, reaching 57.138°C, as show in
Fig. 8a. This is most likely because it is improperly
surrounded by other cables and soil on all sides,
restricting heat dissipation and resulting in greater

thermal accumulation. As part of the field-based val-
idation of the thermal model, operational data from
Zummar 33/11kV substation revealed that Cable No.
2, located in the upper layer of the five-cable group,
is currently feeding an industrial area. Measurements
taken on-site confirmed that the current waveform in
this cable exhibits a total harmonic distortion (THD)
of 23.8%, due to the presence of nonlinear industrial
loads such as inverters and frequency converters. As
shown in the results in the Table 2.

Despite all five cables operating under the same
fundamental load of 160A, the actual RMS current in
Cable 2 was elevated to approximately 167A because
of the harmonic content. This led to an increase in
conductor temperature, which reached 57.8°C for ca-
ble2 as show in Fig. 8b.
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Surface: Temperature (degC)

m T T

©00000000
N HEHQOQRNWRGOODNOWR

-0.5 o

a0

0.5 m

Fig. 7. Distribution temperature for 5 cables in a flat at a load of 240 A.

Surface: Temperature (degC)

0.45

55
0.35

a0
0.25

45
0.15 40
0.05 01y : 35
. ©9 9 3
-0.3 -0.2 -0.1 0 0.1 m

Surface: Temperature (degC)

35

50

45

40

35

Fig. 8. Predicted temperature for 5-cables at 160 A, 32°C.

a. Without harmonic.
b. With harmonic.

Table 2. Cable temperature at Load 160 A wuth and without Har-
monic.

Without Harmonic With Harmonic

Load (A) Cables

160 A Cable (1) 56.177
Cable (2) 57.138
Cable (3) 56.122
Cable (4) 56.638
Cable (5) 56.661

Temprature (°c) Cables

Cable (1) 56.654
Cable (2) 57.8

Cable (3) 56.506
Cable (4) 57.047
Cable (5) 57.069

Temprature (°c)

8.2. Case study (2)

Due to a rise in household, industrial, cooling, and
other loads, the loads on these cables went from 160 A

to around 200 A during the summer, when the outside
temperature rose to about 50°C. At a burial depth of
0.8 meters, with a soil thermal resistance of 1.568
kW and an ambient temperature of 50°C, the thermal
model was recalculated using the same soil param-
eters and matching engineering requirements for the
five-cable layout at the Zummar 33/11 kV substation.
The purpose of the simulation was to confirm that
the system stayed below safe temperature limits and
assess the real thermal behavior under typical loading
situations. The cable in the center of the subgrade
(Cable 2) had the greatest temperature, measuring
89.268°C. This is probably because other cables on
all sides encircle it. As seen in Fig. 9a, Operational
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Fig. 9. Predicted temperature for 5-cables at 200 A, 50° C 44.

a. without harmonic.
b. with harmonic.

Table 3. Cable temperature at Load 200 A wuth and without
Harmonic.

Without Harmonic With Harmonic

Load (A) Cables

200 A Cable (1) 87.77
Cable (2) 89.268
Cable (3) 87.68
Cable (4) 88.525
Cable (5) 88.548

Temprature (°c) Cables

Cable (1) 88.252
Cable (2) 90.022
Cable (3) 88.162
Cable (4) 88.988
Cable (5) 89.033

Temprature (°c)

data from the Zummar 33/11 kV substation showed
that Cable No. 2, which is in the upper layer of
the five-cable group, is now supplying an industrial
area as part of the field-based validation of the ther-
mal model. On-site measurements verified that the
presence of nonlinear industrial loads like frequency
converters and inverters causes the current waveform
in this cable to display a total harmonic distortion
(THD) of 23.8% as shown in the results in the Table 3.
Even yet; each of the five wires is subjected to the
same basic 200 A load. Cables 2 has a rise in conduc-
tor temperature, reaching 90.022°C as seen in Fig. 9b.

9. Discussion

The numerical thermal modeling of the cable
system at the Zummar 33/11 kV substation revealed
that the non-optimal geometric arrangement of
the cables—particularly their close spacing with
inadequate ventilation—resulted in a significant
cumulative heating effect. Due to mutual thermal
interactions among cables arranged in a layered
configuration (three cables in the bottom layer

and two in the top layer), the simulation indicated
a considerable reduction in the effective current-
carrying capacity (ampacity) from the rated design
values to approximately 240 A per cable.

Both simulation and field measurements confirmed
that the middle cable in the bottom layer (Cable
2) experienced the highest temperatures under all
load conditions. Specifically, its temperature rose to
57.8°C during spring loading at 160 A and reached
90.02°C in summer conditions at 200 A. This elevated
temperature is attributed to the cable being com-
pletely surrounded by soil and adjacent conductors,
severely restricting its heat dissipation capability.

Field measurements also verified that Cable 2
supplies an industrial area with nonlinear loads,
including variable-frequency drives and power con-
verters, leading to a Total Harmonic Distortion (THD)
of 23.8%. Although the fundamental current level
was similar across all cables, , thereby increasing
power losses and conductor temperature. Further-
more, the presence of harmonics was shown to not
only impact the loaded cable but also contribute to
heating of adjacent cables through thermal diffusion
from the harmonically loaded conductor. This partial
thermal redistribution emphasizes the importance of
understanding cumulative thermal effects in densely
packed underground cable installations.

10. Conclusion

The study demonstrated that the five underground
cables at the Zummar substation were arranged asym-
metrically in layers, and that this configuration—
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combined with high harmonic distortion in one cable
supplying an industrial load—resulted in significant
thermal rise affecting the overall performance of the
cable system. The effective current-carrying capacity
was reduced, and conductor temperatures increased
due to mutual thermal interactions, particularly in
Cable 2 with a THD of 23.8%.

The results also revealed that harmonic effects
caused partial thermal redistribution within the ca-
ble cluster, indirectly increasing the temperature of
adjacent cables. This suggests that peak temperatures
could be reduced by strategically shifting harmonic
loads to cables experiencing lower thermal stress,
such as those located in upper layers.

Additionally, the study showed that increasing the
spacing between cables to 0.3 meters significantly
improved thermal performance, underscoring the
critical role of spatial arrangement in cable layout
design.

These findings highlight the necessity of combin-
ing traditional thermal analysis with harmonic effect
assessment in the design and installation of un-
derground cable systems, especially in substations
subjected to substantial nonlinear loads. Future work
is recommended to include real-time temperature
monitoring and transient thermal modeling to en-
hance long-term system reliability.
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