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Abstract:

Worldwide, electricity distribution networks primarily rely on medium-voltage cross-linked polyethylene
underground cables. The thermal performance of these cables is critical to their operational stability and service
lifespan, with operating temperature and thermal history being the key influencing factors. This paper presents
an accurate thermal model for a buried single-core armoured cross-linked polyethylene medium-voltage cable
system, developed using the finite element method. Key parameters, such as ampacity, cable construction,
installation configuration, the thermal characteristics of the surrounding soil, and the prevailing ambient
temperature, are considered. The thermal field response under both steady-load and realistic time-varying load
conditions, including daily load variations, is investigated. Electrical losses are calculated and integrated into the
thermal analysis. The simulation results reveal significant time-dependent temperature gradients and cyclic
thermal variations within the cable, highlighting the necessity of transient thermal analysis. This study contributes
to a deeper understanding of the modelling and analysis of thermal behaviour of buried armoured cross-linked
polyethylene cables, enabling improved assessment of plant integrity and the extension of service life.

Keywords: XLPE medium-voltage cables, Thermal behaviour, Finite element method, Time-dependent
temperature gradients, Electrical losses.
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Introduction

Medium-voltage distribution networks typically use underground cables to carry several hundred amperes at
operating voltages between 11kV and 33 kV [1, 2]. Cross-Linked Polyethylene (XLPE) insulated MV
underground cables have been widely used in power transmission and distribution networks since the 1980s due
to their excellent electrical, thermal, and mechanical properties [3, 4]. These cables provide reliable service, but
over time, the aging of solid insulating materials and systems adversely affects their performance, ultimately
reducing their service life [5]. In addition, the XLPE cable conductor operating temperature should not exceed
90 °C to avoid structural changes in the dielectric material that could shorten its operational lifespan [6].
Furthermore, the aging of underground cables depends on their operating temperature; as the temperature
increases, the lifespan of these cables decreases, and vice versa [7].

During the online operation of a single-phase cable, the current varies as the load changes. These load cycles cause
the cable to repeatedly heat up and cool down during system operation. This temperature change is due to the heat
dissipated in the conductor, which increases with the amount of current transmitted. The cable heats up under high
load and cools down under low load. As the temperature rises, the cable materials expand; conversely, a drop in
temperature causes them to contract. These temperature variations lead to changes in the size of cable components
resulting in mechanical strain.

Thermal expansion caused by thermal cycling induces physical changes in the cable. Since the cable is either
installed in fixed ducts or directly buried in the ground, it is constrained from expanding or moving freely. The
difference in thermal expansion coefficients between the cable’s components such as the conductor, insulation,
and armour leads to internal stress. For example, the thermal expansion coefficient of XLPE is about 20 times
higher than that of the copper conductor, causing the outer layer of the insulation to cool faster than its conductor.
This results in uneven crystallite formation within the insulation, altering the cable structure in the longitudinal,
radial, and transverse directions. The expansion of the insulation also exerts pressure on the conductor, weakening
the copper and potentially damaging the insulation, thereby degrading the cable’s structural integrity [8].
Consequently, the temperature of the cable insulation may exceed its rated limits, accelerating the degradation of
insulation materials and increasing the likelihood of cable failure.

Temperature is the most significant factor influencing cable insulation and consequently its degradation [ 9].
It was found that temperature, which is influenced by the load, is the main factor leading to cable failures during
operation in power systems [10]. Most medium-voltage underground cable faults are attributed to overheating,
particularly due to the Joule effect, which significantly affects failure rates in electrical cables, joints, and other
components [11-15]. Heat generation in medium-voltage underground cables is affected by changes in ambient
conditions, including the temperature and thermal resistivity of the surrounding soil, which influence the cable’s
ability to dissipate heat and maintain safe operating temperatures [16, 17].

By monitoring the actual cable temperature, it is possible to evaluate the thermal impact of daily load variations
and take appropriate action [18]. This allows an accurate estimation of the thermal lifetime of the cable, supporting
effective maintenance and replacement planning [19, 20]. Although the thermal performance of underground
cables has been studied over the last decades, deeper knowledge is still required to address their management
challenges in modern infrastructure.[21]. Measuring the temperature of cables while they are in operation is highly
challenging [22]. Furthermore, optimizing the current-carrying capacity of underground cables in real time, based
on temperature and load variations, remains a difficult task due to practical and technical limitations [18]. In
particular, the thermal characteristics of underground cables have not been fully characterized [23]

This paper investigates the thermal behaviour of a medium-voltage XLPE cable under service conditions. An
accurate thermal model of a buried 11 kV single-armoured XLPE cable is developed using the finite element
method in COMSOL Multiphysics. Cable operating temperature is estimated. Furthermore, the thermal response
of a typical XLPE cable is analysed, taking into account the ambient conditions of the given installation. The
model system is based on a single-armoured XLPE cable, with dimensions and characteristics derived from
previous studies, as shown in Figure 1 [3]. The conductor is made of copper with a cross-sectional area of 95 mmg2,
and the overall diameter of the cable is 20.5 mm.
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Figure 1: Standard configuration of a single-core 95 mm2 XLPE cable: (1) copper conductor, (2)
semiconductive layer, (3) cross-linked polyethylene insulation, (4) semiconductive insulation, (5) bedding layer,
(6) aluminum wire armour, and (7) polyvinyl chloride outer sheath [3].

Material and methods
Thermal Model
Finite element simulations of the cable’s thermal performance were conducted under both steady-load and time-
varying conditions, incorporating time-series data to account for daily load variations. These simulations evaluate
the cable’s thermal response over a 24-hour period, reflecting the fact that the thermal response time of buried
cables often spans a full day. Several parameters influence the thermal behavior of an installed cable system,
including the specified ampacity, the cable design, installation conditions, the ambient temperature, and the
thermal characteristics of the surrounding soil. Heat transfer to the environment is influenced by the structure and
material properties of the conductor, its insulation, armor, and sheath, as well as the surrounding trench-fill
material and ambient environmental conditions [24].
Representing the designated heat dissipation region, the two-dimensional domain consists of a cable cross-section
embedded within a semicircular region of surrounding soil and trench fill with a diameter of 6 meters. The cable
model is represented as buried in a 0.6-meter by 0.6-meter square trench filled with sand, with its centre located
0.3 meters beneath the soil surface and the trench surface aligned with the surrounding ground.
The primary heat source is the Joule effect in the conductor, calculated as the conductor’s resistance (in ohms, Q)
multiplied by the square of the current (in amperes, A) passing through it, expressed as I2R. The model uses one-
day load profiles as input, and its output reflects the cable’s thermal response under the specified installation and
environmental settings.
To derive the heat transfer partial differential equation (PDE), the following equations and physical principles are
introduced; The fundamental equation of energy conservation in transient heat conduction, which depends on
time, is given by:

pC, o +7-q=0 (1)

Here, p represents the density (kg/m?), C,, is the specific heat capacity (J/(kg-K)), T is the temperature (K), tis
the time (s), and q is the heat flux vector (W/m?). The heat transfer through a material is described by Fourier’s
law:

q=—KVT @

Here, K represents the thermal conductivity, expressed in W/(m-K),
Next, Fourier’s law is substituted into the conservation equation, and the heat generation source term, Q, is
added to the right-hand side to represent heat transfer. The resulting equation is:

pC, 5=V [KVT] +Q 3)

Where Q is a heat source (W/md).

Since the cable length is much greater than its size, end effects are neglected, and the heat transfer is analysed in
two dimensions [25]. Equation (3) is addressed by solving the two-dimensional domain described in Equation 4.
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Equation 4 solves the temperature at any point based on given thermal conductivity and heat generation overall

cable medium. In addition, equation 4 is used to solve the power cable thermal circuit considering the conditions
at the boundaries.

Boundary conditions:
Thermal boundary conditions are applied at two principal thermal interfaces: (a) the soil surface and (b) a
semicircular boundary extending into the native soil.

Both boundaries are set to 288 K (15 °C), as described in [26]. The thermal conductivity is taken as 0.833 W/(m-K)
for the native soil, 0.2 W/(m-K) for the sand backfill, and 0.38 W/(m-K) for the XLPE cable insulation.

Heat flux continuity is set across the internal boundaries between the different cable materials, as follows:
n-(q:-q,) =0 ®)

Where: q: (W/m?) is the inward heat flux and q2 (W/m?) is the outward heat flux. The initial temperature field
was set uniformly to: T (t,) = 288 K (15°C).

Heat Loss Representation:

The heat generation source term is included in the model and represents the Joule losses resulting from current
flow in the conductor (Q,). The heat source is calculated from the conductor’s total power loss per unit cross-
sectional area. Accordingly, the expression for Q_is [27]:

>R

Q= (6)
Here, the current through the conductor (I), the cross-section area of the conductor (A.), and the alternating
current resistance (R) of the conductor at its peak operating temperature are expressed as:

R=Rg (1 +y,ty,) )

Here, the direct current resistance of the conductor (R4,) at the peak operating temperature, the proximity effect
factor (y,) is neglected because the cable is a single-phase type with non-magnetic aluminum wire armour [28],
and the skin-effect factor (y,) is given by:

4

Ys= ~ (8)

192+0.8-x%

Where, X,is the skin-effect argument, calculated as:

2 _ 4wks107
s Rgc

X

9)
here, ® is Angular frequency and ks is the coefficient of skin effect.

Heat dissipation to the environment is controlled by the cable’s geometry and the thermal characteristics of the
conductor, insulation, armour, sheath, trench-fill material, and surrounding conditions.

Results and discussion

Response to a steady Load

The thermal field of a single buried XLPE cable system is predicted based on the applied load conditions. When
a 100-A load step is applied at time zero under an ambient temperature of 288 K, the resulting thermal response
is evaluated. The temperature is predicted under a steady load current of 100 A over a 24-hour period. As shown
in Figure 2, the curves illustrate the temperature at three measurement points: the conductor (upper curve), the
armour (middle curve), and the outer sheath (lower curve).
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The system demonstrates fast, medium, and slow dynamic responses: the fast response reflects the rapid heating
of the cable itself (i.e., the conductor), the medium response corresponds to the warming of the surrounding
insulation_(i.e., the armour), and the slow response represents the gradual temperature increase of the trench-fill
material surrounding the cable (i.e., the outer sheath).

The steady-state temperature differences between the cable elements have been established as follows: between
the conductor and the armour, approximately 1.41 K; between the armour and the outer sheath, approximately
1.16 K; and between the conductor and the outer sheath, approximately 2.57 K. This is explained by the thermal
resistances of each cable component being constant; the temperatures across the components remain proportional
to their resistances, causing the temperature separation between the core, armour, and sheath to appear constant.
By the end of the 24-hour period, the temperatures of the conductor, armour, and outer sheath had stabilized,
indicating that the system was nearly at thermal equilibrium due to the balance between heat generated in the
conductor and heat dissipated through the insulation, armour, sheath, and surrounding soil.
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Figure 2: The thermal responses of the conductor, armour, and outer sheath of the XLPE cable subjected to a
static load.

Response to load variation
The thermal field response of a single XLPE cable system to load variation was assessed over a 24-hour period.
The simulation utilized time-series data representing a real daily load profile [29]. The operational temperature of
the cable changed in accordance with daily load variations, exhibiting a total temperature swing of 4.55 K. The
system was initially in thermal steady state with a uniform background temperature of 288 K. The cable
temperature reached a maximum of 295 K in the conductor at 20:45 and a minimum of 289.5 K in the outer sheath
at 04:30, reflecting the different thermal characteristics of the cable components.
The temperature differences between the cable components varied over time: between the conductor and the
aluminium wire armour, 0.33-1.76 K; between the armour and the outer sheath, 0.44-2 K; and between the
conductor and the outer sheath, 0.77-3.28 K. This variation occurs even though the thermal resistance remains
constant and is due to the different dynamic responses of the cable components and the varying load. Figure 3
illustrates the temperature variation across the cable cross-section over the 24-hour simulation, and the
corresponding input load current data are shown in Figure 4 [29].
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Figure 3: Thermal response of the conductor, armour, and outer sheath of the XLPE cable under the daily load
cycle.
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Figure 4: Input load current for the XLPE cable over 24 hours [29].

Figures 5 and 6 illustrate the temperature distribution across the cable cross-section at the point of maximum
temperature during a 24-hour analysis. The temperature is consistent over the conductor surfaces due to copper’s
high thermal conductivity and the consideration of homogeneous internal heat generation. A distinct trefoil
pattern is observed in the temperature distribution within the insulation layer, which marks the position of the
cable conductor. This pattern reflects the thermal conductivity of the insulation material, with lower temperature
values in the surrounding insulation compared to the conductor.

The maximum temperature occurs at the center of the cable and its adjacent areas, with both the magnitude and
location of the maximum temperature being consistent. The temperature decreases significantly once the sheath
is reached, and the temperature gradient shifts accordingly. Additionally, there is a sharp drop in temperature from
294.879 K at the cable center to 288.15 K, the ambient temperature, in the surrounding soil. The temperature
distribution across the cross-section of a buried XLPE cable is relatively uniform around the cable components.
The highest temperatures are concentrated near the conductor, gradually decreasing with distance from the
conductor. The temperature gradient is most pronounced in areas with higher power losses and diminishes in
regions with lower or negligible losses.
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Figure 5: Cross-section of the buried, armoured underground XLPE cable system showing the temperature
variation at the point of maximum operating temperature during a 24-hour simulation. The scale on the right-
hand side indicates the temperature in Kelvin (K), represented by a pink gradient.
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Figure 6: Thermal behaviour along the x-axis XLPE cable system when the temperature reaches its maximum
over a 24-hour period. The blue line represents the thermal variation at 20:45 along the same cross-section. Note

that the centre of the cable is located at x = 0 m.

The results demonstrate the total thermal losses in the XLPE cable. Heat is conducted from the conductor to the
surrounding soil through the cable materials. The temperature rise in the buried cables was predicted considering
the 50 Hz power frequency, electrostatic effects, diurnal load variations, and the thermal conductivities of the
materials. The highest temperature occurred at the conductor surface and the lowest at the outer sheath, with the
temperature difference between the conductor and the surrounding soil also quantified.

Conclusion

An accurate thermal model of a buried armoured XLPE underground cable system under service conditions was
developed using the finite element method. The thermal behavior of a medium-voltage cable under both static and
variable load conditions over a 24-hour period was analysed. The relationship between the daily load current and
cable temperature was predicted. Temperature profiles inside the cable, through the thermal backfill, and
extending into the surrounding soil were calculated, and the corresponding thermal conductivities were evaluated.
A pronounced gradient in temperature was observed in the cable and changed over time. A methodology for
characterizing the thermal performance of medium-voltage cables was introduced, and the system’s response to
diurnal load variations was assessed.
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