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ABSTRACT 

Worldwide, electrical networks depend on large Medium Voltage (MV) Paper Insulated Lead 

Covered (PILC) underground cables.  Most of those cables were installed in past decades, with 

an expected lifespan of forty to seventy years. Today, most of these cables have exceeded their 

design service life, increasing the likelihood of MV network failures. In addition, during 

service, these cables are subjected to multiple stresses, including electrical, mechanical, and 

thermal stresses. The majority of their failures are attributed to thermal stress effects. The 

operational reliability of MV cables is influenced by thermal behaviour over time. This paper 

presents a comprehensive thermal model of a three-phase, belted 11 kV PILC cable system 

based on the Finite Element Method (FEM).  Taking into account the ampacity, cable structure, 

installation layout, and the thermal characteristics of the soil under specific ambient 

conditions.  Thermal behavior is investigated under constant load and cyclic daily loading. 

Power loss is determined and included in the thermal analysis.  The thermal effect of each 

cable component is determined. The results demonstrated a significant time-varying 

temperature gradient within the cable. It indicates that the thermal characterization of PILC 

cables is highly sensitive to the operating load and that cable performance is significantly 

influenced by temperature variations over the cable layers. This research provides knowledge, 

modelling and analysis of underground MV PILC cable thermal behaviour. Leading to 

improved assessments and network lifespan extension.  

Keywords: PILC MV cables, thermal performance, thermal modelling, time-varying loading, power 

losses. 
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 ملخــــــــــــــــص البحــــــــــــــــــث 
عالميًا، تعتمد الشبكات الكهربائية ذات الجهد المتوسط بشكل كبير على الكابلات الأرضية المعزولة بالورق المشبع بالزيت.  

وقد تجاوزت  وقد تم تركيب معظم هذه الكابلات خلال العقود الماضية، بعمر افتراضي يتراوح بين أربعين وسبعين عامًا.  
معظم هذه الكابلات عمرها الافتراضي، مما يؤدي إلى حدوث أعطال متكررة ويرجع ذلك إلى التأثيرات الحرارية. تتناول هذه 

كيلو فولت أرضي شريطي ثلاثي الطور معزول بالورق المشبع بالزيت، باستخدام    11الورقة دراسة نموذج حراري لنظام كابل  
ع الأخذ في الاعتبار سعة التيار الكهربائي ومكونات الكابل وطريقة تركيبه والبيئة المحيطة به طريقة العناصر المحدودة، م 

ودرجة الحرارة المحيطة. تمت دراسة الاستجابة الحرارية للكابل تحت ظروف تشغيل بحمل ثابت وحمل يومي متغير، كما  
وجود تدرج حراري  وّن من مكونات الكابل. أظهرت النتائج  اقد الحرارية للكابل، وتقييم التأثير الحراري لكل مكو تم حساب الف

كما بينت أن الخصائص الحرارية لكابلات الجهد المتوسط المعزولة بالورق المشبع    داخل الكابل.  الزمنملحوظ متغير مع 
شديدة الحساسية لحمل التشغيل وأن أداء الكابل يتأثر بشكل كبير بتغيرات درجة الحرارة عبر مكوناته المختلفة. يقدم   بالزيت

هذا البحث فهمًا حول النمذجة والطبيعة الحرارية لهذه الكابلات، إضافةً إلى منهجية لتقييمها وتحليل أدائها، مما يسهم في 
 شغيلي للشبكة الكهربائية.                        تحسين تقييماتها وإطالة العمر الت

الحرارية، الحمل اليومي المتغير مع    الحراري، النمذجة الأداء   ،كوابل الجهد المتوسط المعزولة بالورق المشبع بالزيت ة:لالكلمات الدا

  اقد الطاقة الحرارية.والزمن، ف

1. Introduction 

In past decades, MV electrical distribution networks were mainly using PILC cables, and many of them 

still remain in service [ 1, 2]. Today, most of these cables have exceeded their design service life of forty 

to seventy years, increasing the probability of MV network failures [3]. The ageing of insulating 

materials affects the cable system, thereby reducing operational efficiency [4, 5]. Furthermore, ageing 

factors such as thermal, electrical, and mechanical stresses act on the cable system. The thermal stress 

is the primary factor that influences performance and accelerates cable degradation [6, 7]. Moreover, 

thermal stress due to the continuous change in temperature over time strains the cable insulation [8].  

Also, increasing the temperature above the maximum standard rated conductor temperature of the cable 

may lead to cable degradation [9]. The maximum continuous operating conductor temperature of three-

core belted PILC 11 kV cables is 65°C [10].  

The conductor’s electrical resistance resists the flow of electric current. This produces heat in the 

conductor as Joule heating. The heat generated is directly proportional to the current load. It increases 

as the load increases and decreases as it decreases. High load magnitudes over load cycles lead to higher 

thermal stress within the insulating materials and vice versa [11, 12]. In addition, variations in load 

cycles during cable operation induce repeated thermal variations. This results in the expansion and 

contraction of the cable’s constituent materials. Furthermore, the temperature variations affect material 

dimensions by causing them to expand during heating and contract during cooling. The different thermal 

expansion coefficients of the constituent materials result in internal overstress during temperature 

variations. Also, the copper conductor exerts a force on the insulator that can exceed the strength of the 

material. This conductor behaviour weakens the dielectric material, which potentially accelerates 

insulation degradation [13, 14].  Moreover, the cable’s insulation structure across the vertical and 

horizontal planes becomes non-uniform as the insulation size changes. This leads to the degradation of 

the insulation [15, 16]. 
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Temperature fluctuations significantly affect the viscosity and density of the impregnating compound 

within the paper insulation. High temperatures lead to a decrease in both the viscosity and density of the 

oil, causing volumetric expansion that raises the internal hydrostatic pressure and enhances oil mobility. 

This elevated pressure forces the fluid into regions of degraded or low-density insulation.  During low-

load conditions, the oil's viscosity and density increase as it cools, causing its volume to contract. In the 

cooling phase, this contraction results in a drop in internal pressure, which subsequently accelerates the 

degradation of the insulation's dielectric performance [17–19]. 

The majority of failures in medium-voltage underground PILC cables are attributed to thermal effects 

[1].  Medium-voltage PILC belted cables are particularly sensitive to temperature fluctuations induced 

by load current. In these systems, temperature acts as a primary driver of cable degradation [20, 21]. 

Thermal cycling is considered the main catalyst for dielectric exhaustion in PILC insulation. Over time, 

the insulation degrades which results in cable failure and potential interruption of the power supply [22]. 

The underground cable assessment during operation is critical for predicting their condition and 

preventing catastrophic faults. In addition, Monitoring the thermal condition of MV cables allows the 

detection of incipient insulation degradation.  Real-time thermal assessment is essential for maintaining 

network reliability, reducing outages, and extending the service life of underground cable assets [23–

25]. Although extensive research has been conducted on predicting the underground cable’s thermal 

behaviour, a lack of practical knowledge continues to challenge utility operators [26–28]. Accurately 

predicting the thermal efficiency of underground cables under varying operational with environmental 

conditions remains difficult [29, 30]. Furthermore, real-time temperature measurement is often 

constrained by several factors, including soil thermal properties, load fluctuations, installation 

conditions (direct burial or ducts), cable depth and configuration, seasonal variations, insulation aging, 

and electromagnetic interference [11, 31]. As a result, accurately assessing cable temperature and 

optimizing ampacity during operation remain limited [24, 32]. The implementation and reliability of 

real-time temperature monitoring systems continue to represent significant challenges [26, 33, 34]. 

Power grids are expected to face increasing challenges in the future due to the extensive use of MV 

PILC cables and the rising failure rates [2]. A primary limitation related to the thermal characteristics of 

PILC cable dielectric [35]. The three-core PILC belted cables’ thermal behavior is complex due to their 

multilayer insulation structure [36]. Also, environmental factors affect heat dissipation and temperature 

distribution within the cable layer which make accurate real-time temperature measurement challenging. 

Cable system parameters vary under different environmental conditions. Therefore, it is difficult to 

control the cable in real time [30]. The conductor temperature cannot be monitored during normal system 

operation [ 34]. Understanding cable thermal behavior is needed for accurate assessment and effective 

optimization of ampacity in real-time operation. 

This paper investigates the thermal behavior of a belted medium-voltage paper-insulated lead-covered 

underground cable. The finite element method, implemented in COMSOL Multiphysics, is used to 

model a buried 11 kV three-core PILC cable. The thermal field response under varying load conditions 

is predicted. The thermal behavior, temperature characterization, and field distribution of the 

underground cable system are analyzed under different loading scenarios. The simulation results provide 

a detailed overview of the thermal variations within a typical PILC cable. Figure 1 illustrates the cable 

geometry under study [37]. The cable has a radius of 33.9 mm and a copper conductor size of 240 mm². 
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Figure 1: PILC cross section: copper conductor (1), oil-impregnated paper (2), filler (3), belt (4), lead sheath (5), 

bedding (6), armouring (7), and outer protective sheath (8) [37]. 

2. Methodology  

2.1 Thermal Field Model 

A thermal field model of PILC cable was developed to simulate its thermal response under steady-state 

and diurnal loading conditions. The simulations were carried out over one day. This duration captures 

the naturally varying thermal response of underground cable systems to ambient temperature variations 

[15]. The model first simulated a steady-state case at 100 A. It was then applied to a diurnal loading 

profile using time-series data from a real load over a 24-hour period [38].  A two-dimensional 

semicircular domain with a 6-meter diameter containing the cable within the trench fill and surrounding 

soil was established. The cable was laid at a depth of 0.3-meter within a 0.6 × 0.6-meters square sand 

trench filled, which was flush with the ground surface. This shallow burial depth was selected to 

evaluate the influence of dynamic surface boundary conditions, including solar irradiance and 

soil drying, on the cable’s thermal performance. The primary source of ohmic heating in the cable 

system is Joule heating. The power loss (Ploss) results from the conductor’s electrical resistance R, and 

the current magnitude square I², given by: 

                        Ploss =I2 R                                      (1) 

The model calculates cable thermal behaviour in response to constant or diurnal loading inputs, based 

on specific environmental and installation settings. This behaviour is governed by the conservation of 

thermal energy in a dielectric material with respect to time, given by: 

   
𝜕𝑇

𝜕𝑡
𝜌𝐶𝑝 + 𝛻 ⋅ 𝑞 = 0                                            (2) 

Where: T, temperature (K or °C). t, time (s). 𝜌, dielectric material density (kg/m³). 𝐶𝑝, specific heat 

capacity (J·kg-1·K-1). q, heat flux vector (W·m-2). ∇ ⋅ q , heat flux divergence (W·m-3 )  

To solve Equation (2) as a heat transfer problem, Fourier’s material law is introduced to link the heat 

flow with the thermal gradient: 

       𝑞 = − 𝐾 ( 𝛻 𝑇 )          (3) 

Here, k= material thermal conductivity (W.m-1·K-1). 

By substituting equation (3) into equation (2) with the inclusion of a heat generation term 𝑄, the heat 

conduction equation becomes: 

            𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
= 𝐾 𝛻2𝑇 + 𝑄              (4) 
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Given that the cable length is significantly greater than its diameter and that heat flows from the 

conductor through the insulation into the surrounding ground, axial heat flow is considered negligible 

relative to radial heat flow [9, 39]. As a result, heat flow is typically modelled as two-dimensional. 

To solve the heat transfer problem in two dimensions, the heat diffusion equation (4) can be expressed 

using the Laplace operator as 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
= 𝐾 (

𝜕2𝑇

𝜕𝑥2  +
𝜕2𝑇

𝜕𝑦2 ) + 𝑄                   (5) 

Based on the specified thermal conductivity and internal heat generation, Equation (5) is used to 

calculate the temperature within the cable. It allows for analysis of the power cable’s thermal circuit by 

incorporating the boundary conditions. 

2.2 Boundary conditions: 

The computational domain is defined by the topsoil and a deep semicircular perimeter that penetrates 

the present soil.  The two boundaries are assigned specific thermal boundary conditions to represent the 

surrounding environment. 

Thermal boundary conditions are imposed on the cable materials, including insulated boundaries at the 

surroundings and initial temperature conditions. The boundaries of the computational domain including 

the topsoil, the semicircular distance perimeter within the present soil, and the initial condition are 

defined at 288 K (15 °C) accordingly [40]. 

The interfaces between different cable materials and the boundaries are defined to maintain continuity 

of heat flow, expressed as 

𝑞1 = 𝑞2                                                      (6) 

where 𝑞1represents the incoming heat flux and 𝑞2represents the outgoing heat flux. 

The thermal conductivity values in (W.m-1·K-1) are specified as follows: 0.833 for the native soil, 0.2 

for the sand backfill and for the insulation material. 

The cable was assumed to be buried in dry backfill to represent a conservative, worst-case scenario. 

During continuous operation, the heat generated by the cable induces moisture migration away from the 

conductor, which reduces the soil's thermal conductivity. This localized drying increases the thermal 

resistance of the sand backfill. It limits heat dissipation from the cable and results in higher operating 

temperatures. Therefore, the dry backfill assumption provides a conservative baseline for assessing the 

cable's thermal performance under the most adverse operating conditions. 

2.3 Thermal Parameter Calculations 

Two heat source terms are considered in the model: The ohmic losses result from the current flowing in 

the conductors (Qc) and the heat generated by induced currents in the lead sheath (Qs ) and steel armour 

(Qa ), according to [41]. 

The core heat losses, 𝑄𝑐, are given by: 

(7) 𝑄𝑐= 
𝐼2𝑅

𝐴𝑐
          

Where I is the conductor current, and R is the alternating current resistance, which is given as: 

R= Rdc (1 + ys + y𝑝)             (8) 

Here, Rdc represents the conductor resistance at the maximum operating temperature, expressed as: 
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   𝑅𝑑𝑐 =
𝑅20[1+𝛼20(𝑇−20)]

𝐴𝑐
         (9) 

Here, the linear relationship is given by [1 + 𝛼20(𝑇 − 20)]. The resistance increases as temperature 

increases above 20°C and reduces as it falls below 20°C. 

 20 , electrical resistivity temperature coefficient at 20°C, (1/K). 

T is the operating conductor temperature (in °C). 

R20 is the resistance in ohm/metre of a conductor at temperature 20°C is given below; 

    𝑅20 =
𝜌20

 𝐴𝑐
             (10) 

where 20 is the material electrical resistivity at 20°C, and Ac, conductor cross section, expressed as: 

𝐴𝑐= 
𝑑𝑐

2𝜋

4
                   (11) 

where dc is the conductor diameter 

Proximity Effect Factor 𝑦𝑝: 

The mutual inductance between conductors of adjacent phases. For a three-core cable, it is given by: 

𝑦𝑝 =
Xp

4

192+0.8⋅Xp
4 (

dc

s
)

2
[0.312 ⋅ (

dc

s
)

2
+

1.18

Xp
4

192+0.8⋅Xp
4 +0.27

]                              (12) 

Here:  s is the spacing among core axes, and Xp is an argument, which is given as: 

 

              𝑋𝑝 = √
(8⋅𝜋⋅𝑓⋅𝑘𝑝⋅10−7)

𝑅𝑑𝑐
          (13) 

 

Where:  f is the system frequency, 50 Hz. 

sed in calculating the proximity effect.the factor u is pk  

 

:syThe skin effect factor  

Skin effect is a phenomenon where the effective conductor resistance increases due to self-

is given as: sytoward the surface.  increasecurrent density to core the  It causesinductance.  

𝑦𝑠= 
𝑥𝑠

4

192+0.8⋅𝑥𝑠
4       (14) 

 

The dimensionless parameter 𝑥𝑠 is obtained by: 

 

                     𝑥𝑠 = √  
 4⋅𝜔⋅𝑘𝑠⋅10-7

𝑅dc
        (15) 

where  𝑘𝑠 is the factor used in calculating the skin effect. 

               𝜔  is the angular frequency in rad/s, expressed as: 

                        ω =  2f                       (16)   

During cable operation, dielectric losses Pd arise as heat is stored in the insulation material. These losses 

are very small and are often neglected in practical analysis; however, they can be calculated using the 

equation below [42, 43, 1]. 
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𝑃𝑑= 𝑉2 ⋅ 𝜔 ⋅ 𝐶 ⋅ 𝑡𝑎𝑛𝛿                     (17) 

Where V is the voltage across the dielectric, 𝐶 is the Cable capacitance per meter and  tan 𝛿 is the 

dielectric loss tangent.  

The lead sheath heat losses 𝑄𝑠 are defined in terms of 𝑄𝑐  , using the equation: 

                                      𝑄𝑠= 𝜆𝑠
𝑄𝑐

𝐴𝑠
       (18)

           

Where the sheath cross section is given by: 

                                                  𝐴𝑆= 
((ds)2- (di)2)π

4
                                     (19)       

Where 𝑑𝑠 is the diameter of the sheath, and 𝑑𝑖is the diameter of the cable insulation. 

The sheath DC resistance, 𝑅𝑠 is expressed as follows: 

 

                         𝑅𝑠 =
𝑅20[1+𝛼20(𝑇−20)]

𝐴𝑠
       (20)       

The sheath Loss factor: 

In a 3-core belted cable with a common sheath, the circulating currents cancel out and are negligible, 

and the sheath losses are primarily due to eddy currents, given by: 

          𝜆𝑠 =
3𝑅𝑠

𝑅
[[

2𝑐

𝑑𝑠
]

2 1

1+(
𝑅𝑠
𝜔

107)
2]                                                                   (21) 

The armour loss 𝑄𝑎 is defined in terms of 𝑄𝑐 , using the equation: 

𝑄𝑎= 𝜆𝑎
𝑄𝑐

𝐴𝑎
               (22) 

The armour cross section is given by: 

𝐴𝑎= 
((𝑑𝑎)2- (𝑑𝑏)2)𝜋

4
                                           (23) 

where 𝑑𝑎 is the armour diameter, and 𝑑𝑏 is the cable bedding diameter. 

Loss factor in the armour is 𝜆𝑎: 

In 3-core cables, steel armour losses result from the magnetic field given by: 

𝜆a = 1.23
𝑅𝑎

𝑅
[[

2𝑐

𝑑𝑎
]

2 1

1+(
𝑅𝑎
𝜔

107)
2]             (24) 

Where  c is the spacing between a conductor axis and the cable axis 

     𝑅𝑎 is the armour resistance at actual temperature, which is given as: 
 

𝑅𝑎 =
𝑅20[1+𝛼20(𝑇−20)]

𝐴𝑎
                 (25) 

The heat transfer from the cable system into the surrounding environment is governed by the geometric 

configuration and the cable material properties [44]. Furthermore, the thermal dissipation is influenced 

by the thermal resistivity of the trench backfill and the prevailing environmental conditions. 
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To evaluate thermal heating stresses and cable structural variations within the system, the thermal swing 

parameters are defined: 

Thermal Element Swing: 

It represents the temperature range experienced by an individual cable component (ΔT). It is the 

temperature range between the maximum temperature Tmax and minimum temperature Tmin , experienced 

by the element, given as: 

   𝛥𝑇 = 𝑇max − 𝑇min              (26)

      

3. Results: 

3.1 Results under Constant Load 

The thermal three-core PILC belted cable response was predicted under constant load condition. The 

cable was subject to 100 A within 24-Hour duration. Figure 2 presents the thermal behavior results.  It 

shows the temperature values at four locations. The blue curve represents the conductor core 

temperature, green curve represents the lead sheath temperature, red curve represents the armour, and 

cyan represents the temperature of the outer sheath. The response curves exhibit fast and slow 

components. The cores exhibit the fastest heating whereas the lead sheath exhibits lower heating than 

the cores. The armour heating remains lower than that of the lead sheath and the outer sheath exhibits 

the lowest heating. In addition, the components close to the core exhibit fast heating due to the effect of 

the main heat source. The further components from the core exhibit less heating due to the effect of the 

trench-fill material surrounding the cable. 

The figure 2 also shows a constant temperature variation between different cable components. It is 1.3 

K between the cores and the lead sheath, 1.2 K between the lead sheath and the armour, 2.1 K between 

the armour and the outer sheath, and 4.6 K between the cores and the outer sheath. The constant 

temperature variations between the cable elements are based on the fact that the cable elements are made 

of different materials. Therefore, each component has its own constant thermal resistance which affects 

the temperature rise among the cable elements. 

 
Figure 2: Thermal profile of the installed belted PILC cable showing the temperature evolution at four layers: the 

conductor core (blue), the lead sheath (green), the armour (red) and the outer sheath (cyan). 
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3.2 Diurnal Thermal Response Results 

The thermal behaviour of the three-core PILC belted cable was predicted under diurnal loading 

conditions. The simulation was run for a 24-Hour duration based on measured real load input data [37]. 

The cable operating temperature changes based on daily loading variations. The daily variation in load 

produces a variation in the cable operating temperature of a maximum of 12.3 K. The maximum 

temperature observed in the cable was 306.4 K at the conductor at 20:00, while the minimum 

temperature was 294.1 K at the outer sheath at 6:00. The temperature between the cable elements 

changes with time:  The swing of the conductor and the lead sheath is 0.2 and 1.2 K; the swing of the 

lead sheath and the armour is 0.3 and 1.1 K; the swing of the armour and the outer sheath is 0.5 and 1.9 

K; and the swing of the conductor and the outer sheath is 1 and 4.2 K. These temperature variations can 

be explained by the different thermal characteristics of the cable component materials, which result in 

different thermal manner. In addition, the variation in load causes temperature differences among the 

cable materials, resulting in different thermal responses. The thermal response of the core, sheath, 

armouring and jacket over one day due to the current load is illustrated in Figure 3. These results show 

the relationship between the daily loading and cable temperature and are in agreement with similar work 

[15, 44]. The input current load data for the cable model over one day are presented in Figure 4.  

 

Figure 3: Thermal variation across the core, sheath, armouring and jacket during a day loading cycle. 

 

Figure 4 shows the real current load used as input to the cable model over a 24-h period. 
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Figure 4: An Input current load data for the PILC cable model over a 24-h period [37]. 

 

Figure 5 shows the temperature gradient within the PILC cable at the peak temperature of 22:00 hour.  

The temperature is high in and around the conductors, and less far away. The temperature gradually 

decreases from the cable core of 306.4 K to an environmental soil temperature of 288.15 K. The 

temperature on the surface of the conductor remains uniform distribution within high value. This is due 

to the superior thermal conductivity of copper and the uniform distribution of ohmic heat. The 

temperature decreases gradually with distance from the cores. This is due to the increasing distance from 

the heat source. It is also due to the low thermal conductivity and high thermal resistance of the dielectric 

material and the surrounding environment. 

 

Figure 5: Cross-sectional temperature variation in the burial PILC cable. 

Figure 6 illustrates the thermal field lines of the buried three-core PILC cable. Temperature lines are 

close to each other near the cores and spread farther apart away from them. In addition, the thermal field 

lines are close to each other where the loss is high and vice versa. A triangular heat distribution pattern 

is observed inside the cable. This indicates the hottest region of the insulation caused by the heat source. 

 

 

Figure 6: Thermal field of the buried three-core PILC cable under diurnal loading variation. 
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4. Conclusion  

A comprehensive thermal model of a three-phase, belted 11 kV PILC underground cable system was 

modelled using the FAM. The thermal behaviour of a buried PILC belted cable with constant and diurnal 

loading conditions was analysed throughout a 24-H duration. Detailed thermal variations within a typical 

11 kV PILC belted cable components are determined.  The cable operated under realistic loading 

conditions show a significant periodic variation in the temperature. A significant time-varying 

temperature gradient was demonstrated within the cable. The thermal effect of each cable component 

has been calculated.  The thermal characteristics of PILC cable materials are highly sensitive to the 

operating load. The variation in cable current load affects the temperature distribution of the cable 

components. A methodology that assesses MV PILC cables under loading variations is presented. 

5. Limitations and Future Work 

A limitation of this study is that the findings are based on finite element numerical simulations. Future 

work will focus on experimental validation using a physical cable setup under real-world operating 

conditions. 
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