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Summary:  

Charging large battery packs requires high currents, especially for short-term charging of 

electric vehicles. The ohmic losses heats up power cables and is the limiting factor for the 

current capacity. However, the power cables may be overloaded for short periods because 

of the thermal inertia. Therefore, there can be great advantages if one knows both the 

short-term and long-term current limitations for the power cables.  

Color Hybrid is a hybrid ferry, and the charging station is supplied by a 12 and 24 kV 

XLPE 240 mm2 Al cable. Loading and temperature data from Lede has been obtained, 

and a laboratory setup with a set of XLPE 24 kV cables in air will be constructed at the 

USN High Current Laboratory. The lab setup should be able to recreate the obtained data. 

The laboratory setup will have two cable formations, namely flat and trefoil, where 

temperature measurements are taken from the cable surface, and the cable conductor 

surface. Thermal response for long-term and short-term charging is used to calculate 

thermal properties.  

A simplified thermal model is created using the calculated thermal properties. The model 

makes a good long-term temperature prediction but fails to provide accurate data for short-

term loading. Therefore, the model parameters were optimized to minimize the simulation 

error for both long- and short-term charging. The resulting thermal model estimates 15 ℃ 

higher conductor temperature for trefoil formation compared to measurements. 

The thermal model is able to emulate temperature responses from cyclic charging profiles 

with two loading periods and a resting time between the loadings. From this, illustrations 

and are made to show the correlations between the loading currents, the loading duration, 

and the resting time. These illustrations may be used for optimization of the charging 

schedule for one or more electric/hybrid ferries.  
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1 Introduction 

1.1 Background 

To tackle climate change, and to reduce greenhouse gas emissions and its negative impacts, 

both science and engineering solutions are needed for significant progress. Transportation in 

Norway is the largest source of greenhouse gas emissions, counting 31 % of total emissions, 

where shipping and fishing counts for 2.98 %. The emissions from transport increased by 19 % 

from 1990 to 2019 and was reduced by 4.5 % from 2018 to 2019. This may be due to many 

electric or hybrid cars and ferries that have been introduced in the society. One example of this 

electrification is “Future of the Fjords” which have been in operation in the Norwegian fjords 

since 2018. [1]  

As the demand for renewable and sustainable electrical energy continues to increase, 

infrastructure and grid must be built to utilize the available renewable resources. Researchers 

expect more electrical transport such as cars, ships, and airplanes by using the renewable 

sources in the future. The electrification will however place a large demand for reliable and 

flexible grids. 

There are many quays in Grenland and examples of ferries, ships and cruises are:  

• Telemark Canal travels from Skien to Dalen [2]. 

• Fully electric and autonomous container ship, Yara Birkeland, which travels from 

Herøya to Brevik or Larvik [3].  

• The Longship project that comprises of capture, transport, and storage of 𝐶𝑂2 called 

Norcem Brevik [4].  

• Fjord Line, with daily departures from Langesund to Hirtshals in Denmark with 

conventional ferries [5].  

Moreover, there are many small ferries traveling in the Grenland area which can be electric in 

the future.   

Color Line have a vision of reducing greenhouse gas emissions from their ferry, in line with 

the zero-emission goal of Norway. In August 2019, Color Line launched the world’s largest 

plug-in hybrid ferry, Color Hybrid. The hybrid ferry has both conventional diesel engines and 

a 4.7 MWh lithium-ion battery pack. The battery pack is quick charged several times a day at 

Sandefjord and is used for peak shaving which results lower fuel consumption and emissions. 

The shore-based power supply is delivered via XLPE 12 kV and 24 kV cables from Lede’s 

power system. The Color Hybrid regularly travels between Sandefjord and Strömstad with a 

traveling time of 2.5 hours and can carry up to 2000 passengers and 500 cars. [6] 

The charging time of ferries are typically short during the day, with high currents for short time 

spans. Thus, making a thermal model of the power cable can easily help charge ferries 

optimally. Underground cables have a lower stationary loadability compared to cables in air 

with the same conductor cross-section. However, underground cables heat up slower than 

cables in air. This means that cables in air may be the limiting factor for short-term, high current 

charging. Knowing the limits of the short-term charging and the resting time between charges 

may be a key part in optimizing the ferry charging for Color Line and other electrical charging 

stations. 
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1.2 Previous work 

The growing demand for electrical energy has forced suppliers of high voltage (HV) cables to 

specify the loadability of their component in both steady-state and short-term loading. The 

cable capacity is limited by the long-term enduring conductor temperature that affects 

insulating material’s ability. There are many case studies of conductor temperature 

calculations, with proposed thermal models of underground XLPE-insulated power cables such 

as [7], [8], and [9]. There have also been studies of cables laying in trench [10], cables in 

conduits [11], and thermal analysis of power cables in free air as in [12] and [13]. 

The research institute SINTEF have researched physical difficulties regarding HV-cables and 

any restrictions on temperature development. REN is developing standardization of materials 

and working methods in Norwegian grid companies. Together, REN and SINTEF designed a 

tool for cable trenches. This tool is called “Grøft” (REN Trench) where thermal simulations 

are essential [14].  

SINTEF has assessed the thermal conditions around the Color Line cable that supplies shore 

power to the Color Hybrid. Lede has placed temperature sensors on the surface of the Color 

Line cable. The conductor temperature of a cable in service is difficult to measure directly. 

However, conductor temperature has been obtained by calculations since temperature on the 

surface of the cable is measured. SINTEF have examined maximum stationary temperature 

development of two cross-sections of the Color Line cable path. The first cross-section is a 

culvert near the substation. The other is a crossroad with 11 power cables by using REN Trench. 

According to the results from SINTEF the Color Line cable has sufficient load capacity to be 

able to supply the desired load current without exceeding the temperature limit in the culvert 

near the substation during long-term charging. [15] 

 

1.3 Objectives and scope of work 

This thesis will focus on temperature development of an XLPE 24 kV cable similar to the Color 

Line cable, laid in air. The conductor temperature and cable surface temperature of an 

experiment cable will be measured during different loading profiles. Short-term charging 

responses is compared with temperature data from the Color Line cable during charging of the 

Color Hybrid.  

Further, the thesis focuses on the thermal dimensioning and to make a simplified thermal model 

for the XLPE cables in air to predict the conductor and surface temperatures. Attention is paid 

to the ampacity and temperature development of the XLPE cable in two different cable 

formations, namely flat and trefoil.  

Color Line may need to charge several hybrid/electric ferries many times a day. Therefore, the 

thermal dimensioning of the Color Line cable can play an important role in planning the 

different charging cycles. With a representative model, one can start to figure out important 

aspects of the short-term charging, such as how much time must pass from the end of one 

charging to the start of next. It is also interesting to know how the current values affect the 

temperatures of the conductor over time, and how Color Line can achieve the optimal charging 

pattern.  
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The validity of the thermal model will be tested in experiments by comparing the result from 

simulations in Python to measurements made from tests in the laboratory setup of the cable. 

The model parameters will then be adjusted to best represent the simulated data with 

measurements. The objectives for working towards this goal are listed below and the task 

description for this thesis is shown in Appendix A. 

• Do a survey on thermal dimensioning of cables. 

• Search the literature for similar studies and gather relevant data. 

• Build a test set-up in the High Current Laboratory for loadability of cables in air, in 

both flat and trefoil formation. 

• Measuring the conductor and cable surface temperature.  

• Run steady state temperature rise tests to determine the time constants, total heat 

transfer coefficient, heat capacity and cable resistance. 

• Simulate and test different dynamic load profiles of the cables. 

• Compare temperatures measured in the laboratory with temperature data gathered from 

the field during charging of the Color Hybrid in Sandefjord. 

• Make a simplified thermal model for the cables in air. 

• Adjust model parameter of the thermal model to best fit the experiment data done in 

the laboratory.  

1.3.1 Methods and data 

To begin with the practical arrangement, a test set-up will be built in the High Current 

Laboratory at USN. The experiment cable is an XLPE 24 kV 240 mm2 cable provided by 

Nexans, which were laid on a cable tray in flat and trefoil formation. Temperature sensors and 

a high current injection transformer is available in the laboratory. Cable temperatures are 

measured by a data logger and collected in the software Agilent BenchLink Data Logger 3 

during the different loading profiles. 

Excel (Microsoft office 365) will be used for plotting and graphically representing data. 

Python 3.8 will be used to implement the thermal model of the cable and do calculations and 

analysis of the temperature data from the laboratory. Several important modules in Python will 

be used, such as Numpy, Scipy, Pandas, Numba and Matplotlib. Numpy is data processing and 

calculation, Scipy is used for optimizing model parameters, Pandas is used for working with 

data tables, Numba is a Python compiler for speeding up code, and Matplotlib is used for 

graphically presenting data and results.  

General information about the Color Line cable such as properties, length, cable formation, 

and cable environment are provided by Lede with several documents, mails, and digital 

meetings. The temperature data and loading profiles is also provided by Lede. 

1.3.2 Scope and limitation of work 

This thesis does not focus on economical solutions and the regulations on delivery quality.  

During the project, campus Porsgrunn was closed by the Norwegian government to students 

due to spreading of global pandemic COVID-19 in Porsgrunn from 20th March to 6th April 

2021. Restrictions resulting from the pandemic led to the project experiencing difficulties with 

the schedule for laboratory tests during this time. 
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1.3.3 Thesis overview 

The overview of this thesis is listed below. 

Chapter 2 contains the basic theory to understand the results and the discussion from the 

experiments and simulations. General theories around power cables components, thermal 

dimensioning of power cable, XLPE cable and heat generation in power cables is presented. 

Chapter 3 is about the Color Line cable including the loading profile of the Color Hybrid battery 

pack, the installed temperature sensor, and thermal condition analysis done by SINTEF. 

Chapter 4 covers the laboratory setup at USN and thermal properties of the laboratory cable. 

Tests are done for both long-term and short-term charging currents.  

Chapter 5 deals with the data simulations and compares the simulation results with measured 

data from the laboratory. In addition, model parameter optimization is done based on 

measurement data. The thermal model is then tested and compared with different loading 

profiles and is then used to determine optimal charging patterns.  

Chapter 6 discusses the obtained results from the experiments and the simulations.  

Chapter 7 concludes about the results and gives recommendations for future work. 
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2 Thermal aspects of power cables 
The conceptual evaluation of the current ratings in power cables has been considered for over 

a century with theories based on thermal and heat transfer properties of the cable installed in 

each material. Nowadays, the development of the computational methods and technologies is 

powerful, and studies like steady state and dynamic rating is more available. 

In this chapter, an overview of some important thermal aspects of power cables will be 

presented.  

2.1 MV/HV Cable design 

As long as there has been electricity, there have been cables to supply the electric current to 

the customers and consumers. Electric power cables are used for the transmission and 

distribution of electric energy. The demand for electric energy requires the support of 

increasingly higher voltage and power levels. Power cables comes in a variety of types, size, 

conductor materials, insulation, and sheathing materials. The construction of power cables is 

determined by three main factors: 

• Current-carrying capacity – cross-sectional area of the conductor 

• Voltage – thickness of the insulation 

• Environmental conditions – determine the sheathing materials considering temperature, 

water, oil, sunlight, chemical exposure, fire, mechanical impact etc. 

2.1.1 Conductor 

The conductor provides the conducting path for the current and the cross-sectional area of the 

conductor determines the maximum current carrying capacity of the cable. The materials of the 

conductor are copper or aluminum which has high electrical conductivity and may be either a 

solid type or a stranded type. The solid type has only one solid wire, while the stranded type 

consists of several twisting wires together. The wires are arranged around a center wire and the 

standard number of strands in a conductor may be 7, 19, 37, 61, etc. as shown in Figure 2.1. [2]  

 

 

Figure 2.1: The typical number of strands in a stranded conductor. [2, edited] 
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The dc resistance of different conductor size for copper and aluminum is shown in Table 2.1. 

Aluminum have only 61 % of the conductivity of copper and for equal conductance, an 

aluminum conductor required 1.6 times larger area than that of copper. The low density of 

aluminum results in the actual weight of a comparable conductor being only half that required 

with copper. [17] 

 

Table 2.1: Maximum dc resistance for copper and aluminum. [17] 

Conductor 

size [mm2] 

Maximum dc resistance at 20 ℃ [𝛀/𝒌𝒎] 

Copper  Aluminum  

4 4.61 7.41 

6 3.08 4.61 

16 1.15 1.91 

25 0.727 1.20 

50 0.378 0.641 

120 0.153 0.253 

150 0.124 0.206 

240 0.0754 0.125 

500 0.0366 0.0605 

630 0.0283 0.0469 

800 0.0221 0.0367 

1000 0.0176 0.0291 

2.1.2 Insulation 

The insulation isolates the conductor such that the electric charges do not flow away from the 

conducting path and can be viewed as the exact opposite of conductors. The insulating materal 

properties can be categorized into the categories; physical, mechanical, electrical, and 

chemical. Physical properties are related to density, moisture absorption, thermal effects, 

ageing, and characteristic such as viscosity, moisture content, uniformity of thickness, and 

porosity. Mechanical properties are related to tensile strength, cross-breaking strength, 

shearing strength and compressive strength. The essential electrical property of a dielectric is 

that it shall insulate and is related to resistivity, electric strength, surface breakdown, flashover, 

tracking, permittivity, and dielectric loss. The chemical properties of insulating materials are 

associated with resistance to external chemical effects, effects on the other materials, and 

chemical changes of its insulating material. The dielectric strength of an insulation material is 

the voltage that the insulation material can withstand before breakdown occurs. [18] [17] 

Development of electric cables for high current, 100 V DC application started in 1880. The 

first cables were single-conductor cables insulated with thermoplastic latex produced from the 

sap of the tree [19]. In the 1890’s the mass-impregnated paper insulated cables were used on 

MV that consists of paper impregnated with highly viscous oil and is still in-service in some 

countries and used in long distance dc transmission [20]. In 1920, the oil-insulated cable was 

invented by Emanueli where oil was pressurized to manage the changes in pressure and volume 
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resulting from load variation and ambient temperature [17]. An advantage of this cable is high 

reliability with regards to electric withstand capability while a disadvantage is the pressurized 

oil tanks requires maintenance and environmental risk.  

The plastic-insulated cables were developed consistently to replace the paper- and oil-insulated 

cable due to a simple manufacturing and little maintenance [20]. In general, the insulation used 

for power cables are either thermoplastic or elastomeric materials. Examples of thermoplastic 

materials are polyethylene (PE), polypropylene (PP), and polyvinyl chloride (PVC,. Figure 2.2 

shows the construction of a PE insulated cable.  

 

 

Figure 2.2: Cut-away section of PE cable for 12 or 24 kV. [14] 

 

By the 1930’s the first trials with PVC cables were developed in Germany, and during world 

war II the insulation of cables were applied with synthetic rubber and polyethylene [19]. PVC 

was the most common insulating material due to its uncomplex processability and good 

general-purpose performance. Examples of elastomeric materials are chlorosulphonated 

polyethylene (CSP), ethylene propylene rubber (EPR), natural rubber (NR), polychloroprene 

(PCP), and silicone rubber (SR), and cross-linked polyethylene (XLPE). Table 2.2 shows the 

advantage and disadvantage of different insulation materials with maximum operating 

temperature. EPR and XLPE are the most common and recommended polymeric insulation 

materials today since the electrical properties of natural rubber with a higher continuous 

operating temperature limit (90 ℃). [17] 
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Table 2.2: Comparison of different HV cable insulations. [17] 

Material Advantage Disadvantage Maximum 

operating 

temperature 

PVC • Cheap 

• Durable 

• Widely available  

• Highest dielectric 

losses 

• Melts at high 

temperature 

• Contains halogens 

70 ℃ for general 

purpose 

85 ℃ for heat 

resisting purpose 

PE • Lowest dielectric losses 

• High initial dielectric strength 

• Highly sensitive to 

water treeing 

• Material breaks 

down at high 

temperatures 

 

XLPE • Very low dielectric losses 

• Improved material properties 

at high temperatures 

• Acceptable fire performance 

• No risk of oil leakage 

• Does not melt but 

thermal expansion 

occurs 

• Medium 

sensitivity to water 

treeing 

90 ℃ 

EPR • Increased flexibility 

• Reduced thermal expansion 

• Acceptable fire performance 

• Low sensitivity to water 

treeing 

• No risk of oil leakage 

• Medium-high 

dielectric losses 

• Requires inorganic 

filler/additive 

• High dielectric 

losses 

90 ℃ 

Paper/oil 

insulated 

• Low-medium dielectric 

losses 

• Low conductor losses 

• Not harmed by DC testing 

• Known history of reliability 

• High weight and 

cost 

• Requires hydraulic 

pressure/pumps 

for insulating fluid 

• Difficult to repair 

• Degrades with 

moisture 

70 ℃ 
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Solid dielectric extruded cables have been dominating the distribution market since 1960. The 

plastic-insulated cables have smaller dielectric losses, maintenance free, lower capacitive load, 

lower weight, lower cost, easy to install, and more environmentally friendly than the paper- 

and oil-insulated cables. The disadvantage of the plastic-insulated cable can be electric trees, 

water trees and possible defects. The plastic-insulated cable can be exposed to gradual 

degradation due to electrical and mechanical stress, temperature and pollution, water etc. [20] 

In general, the most important requirements for power cable are long service life, high 

operating temperature, short installation time, and high reliability. The essential requirements 

of high voltage dielectrics are high impulse strength since the design stress determines 

dimensions. Cable has low permittivity to decrease both the electrical losses and charging 

currents. Furthermore, ease of bending is important during installation to avoid sustained 

damage that could affect service life. Research and development of new cable insulation 

technologies are still going on towards the withstand of extreme hot and cold temperatures, 

high tolerance to abrasion, and to handle higher rated voltages with thinner insulation. [17] 

2.1.3 Semiconductors 

Semiconductors are not good conductors nor good insulators and have electrical properties 

somewhere in the middle between conductor and insulator. Materials of semiconductors are 

silicon (Si), germanium (Ge), and gallium arsenide (GaAs) [21].  

The surface of a conductor is not uniform, and concentration of electric filed will occur. Inner 

semiconductor, also called conductor shield, completely covers the conductor to improve the 

distribution of the electric field on the conductor surface and to avoid partial discharge between 

the conductor and the insulator. There is also a semiconductor between insulation and sheath, 

called outer semiconductor or insulation shield. It covers the insulation to avoid partial 

discharge between the insulation and the sheath. In other words, semiconductors have a 

function to prevent air-filled cavities so that little electric discharge cannot arise and endanger 

the insulation material. Figure 2.3 shows the structure of the three-single core XLPE insulated 

power cable where inner semiconductor is between conductor and XLPE insulation while outer 

semiconductor is between XLPE insulation and metal screen [22]. 

 

 

Figure 2.3: Structure of three-single core medium voltage XLPE insulated power cable. [14, edited] 
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2.1.4 Sheath 

The sheath protects the conductor from all external influences and comes in a variety of types 

and purposes. The function of the sheath is that it covers around the outside of the power cable 

to hold the conductors inside. If there are multiple wires inside a power cable, the sheath helps 

bundle the conductors together.  

Medium voltage cables have a metal sheath in contact with the outer semiconductor. The main 

materials of metal sheath were lead or lead alloys for years since the low melting temperature 

allows those materials to be extruded at around 200 ℃ over the polymeric cable. The high 

density (11 400 kg/m3) of lead causes a heavy product and creep under cyclic temperature 

loadings which can cause the sheath to rupture. Nowadays, extruded aluminum, aluminum and 

copper foil, and welded copper and stainless steel is used instead of lead. The metal sheath is 

uniformly covering the whole perimeter of the cable. [16]  

All armored cables have a separation cover between the metal screen and the armor. Inner 

sheath is used for protecting the power cable from contact with water and air and to protect 

against mechanical damage. The material of the inner sheath should be nonmagnetic. [18] 

A power cable in hazardous environments and not installed in conduits requires armor. The 

armored cable is a protective layer between inner sheath and outer sheath which can withstand 

higher tension and improve the protection of the cable against external aggressions. For that 

reason, the armored cable is often used in areas where there is high risk of mechanical 

aggression such as high traffic. The most common armor is provided by galvanized steel wire 

(GSW) and single-wire armor (SWA) where most distribution power cables is provided by 

SWA. The power cable with the armored cable does not receive damage from mechanical 

external forces and demonstrate excellent crush, heat, and chemical resistance. The armoring 

is normally connected to earth, and the fault current flows through the armoring if there is 

insulation failure. [17], [24] 

Outer sheath protects the cable from external stresses and overall mechanical and chemical 

aggressions such as corrosion, water, dust, oil etc. In another word, it gives the mechanical 

strength to the power cables. The properties of oversheath are good abrasion and stress crack 

resistance, good barrier, and good processing. The best composite performance of oversheath 

is based on polyethylene and most common cables are dry design type that includes metal 

barrier. The metal barrier carries fault and loss currents and prevent water from the 

construction. It affects how a cable system may be installed in practice. The metal layer is 

protected by a polymeric oversheath. [23] 

Power cables must be grounded for safety and reliable operation, and outer sheath, metal sheath 

and armor need to be connected to ground. Without grounding, the outer sheath will operate at 

a potential above ground, dangerous to touch and can cause rapid degradation of the jacket. 

The metal sheath provides a return path for a current fault event and permit rapid operation of 

the protection devices. [25] 

There are two grounding methods, single point grounding and multiple point grounding. Single 

point grounding connects the cable sheath to ground only at one point while multiple point 

grounding connects the cable sheath to ground at multiple readily accessible locations with 

minimum of two connections. Advantage of single point grounding is that it is an open circuit 

and therefore induced shield currents cannot flow. However, small eddy currents will still 

circulate within the shield and the voltage across the open circuit portion of the shield with 

maximum voltage appearing at the end that is farthest away from the grounded point. 
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Advantage of multiple point grounding is that shield is connected to ground at both ends, hence 

no shield voltage exists and increases safety. The circulating shield current is induced in the 

shield which has a closed circuit, and it will vary with the loading on the power cable and 

results in additional cable heating. [26] 

2.1.5 Laying method 

The three-single core cables in a three-phase circuit can be placed in different formations and 

typical formations are trefoil (triangular) and flat formations, see Figure 2.4. 

 

 

Figure 2.4. Typical formations of three-single core cables in three-phase. 

 

The flat formation is the most common laying method for cables since it is appropriate for heat 

dissipation and has a better current rating than trefoil. However, the flat formation is dependent 

on factors such as conductor area and available space for installation. The center phase of this 

formation is adversely affected by the magnetic fields around the neighboring phases which 

results higher temperature and subsequent voltage imbalance. [25] 

In the trefoil formation, the three individual conductors are placed near each other such that the 

net inductance decreases as the magnetic field of the currents are cancelled by each other. This 

formation is used to minimize the magnetic field around the conductor under short circuit 

conditions and to avoid eddy-current heating, see chapter 2.2. This reduces the circulating 

currents in sheath that is induced by the magnetic flux linking the cable conductors and metal 

sheath or copper wire screens. However, the trefoil formation has poor heat dissipation since 

there is mutual heating effect of the three power cables. Due to the cumulated heat in the power 

cables, the current carrying capacity reduces and increasing the cable ageing. [25] 
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2.1.6 Cable denotation 

The denotation codes for plastic-insulated power cables are maintained by list the symbols in 

Table 2.3. The is “N” types according to German Institute for Standardization (DIN) and 

Association of Electrical Engineering (VDE) in the arrangement of their composition, starting 

from the conductor, and copper conductors are not identified in the type of designation. [19] 

 

Table 2.3: The identification codes for power cables. [27] 

A Aluminum conductor 

Y Insulation of thermoplastic polyvinyl chloride (PVC) 

2Y Insulation of thermoplastic polyethylene (PE) 

2X Insulation of cross-linked polyethylene (XLPE) 

HX Insulation of cross-linked halogen-free polymer 

C Concentric copper conductor 

CW Concentric copper conductor, meander-shaped applied  

S Copper screen 

SE Copper screen, applied over each core of three-core cables 

(F) Screen area longitudinally watertight 

Y Protective PVC inner sheath 

F Armoring of galvanized flat steel wire 

R Armoring of galvanized round steel wire 

G Counter tape or binder of galvanized steel strip 

Y PVC outer sheath 

2Y PE outer sheath 

H Outer sheath of thermoplastic halogen-free polymer 

HX Outer sheath of cross-linked halogen-free polymer 

-FE Insulation maintained in case of fire 
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2.2 Heat generation in power cables 

When the power cable transfers a load current, it will heat up the cable. The temperature of the 

cable will be higher as the load current increases. The temperature rise of a power cable 

depends on the current rating of the cables, type of conductor in a cable, types of current flow 

in the conductor, the production of heat within the external periphery and proximity of the 

cable, the nature of the load whether continuous or intermittent, insulation type, joints, 

manufacturing technology etc.  

2.2.1 Conductor loss 

Conductor loss, also called electrical resistance, Joule heating or ohmic heating occurs when 

an electric current through a conductor produces power losses. This is normally the dominating 

heat sources of power cables. The fundamental formula for Joule heating is defined as [21] 

𝑃 = 𝑅 𝐼𝑟𝑚𝑠
2  (2.1) 

where 

• P is power converted from electrical energy to thermal energy 

• R is the resistance of a conductor 

• 𝐼𝑟𝑚𝑠
2  is the root mean square current through a conductor 

 

Electrical resistance comes from the moving free electrons in the conductor, which collide with 

the atoms of the conductor and resists the free motion of electrons, generating heat in the 

process. This causes resistance and reduces the electric current flow through the conductor. 

The ohmic resistance of a conductor is defined as [21] 

𝑅 =
𝑃

𝐼2
=

ℓ ∙ 𝜌

𝐴
=

ℓ

𝐴 ∙ 𝜒
 (2.2) 

where 

• ℓ is total length of the cable 

• 𝜌 is electrical resistivity (specific electric resistance) 

• 𝐴 is cross-sectional area of the conductor 

• 𝜒 is electrical conductivity (specific electric conductance) 

 

The electrical resistance depends on material type where conductors tend to have low resistance 

and high conductivity. It also depends on the size and the shape of conductor. The specific 

electric resistance and conductance for typical electrical conducting materials at 20 ℃ are 

given in Table 2.4. The variation in resistivity with temperature of several common materials 

is shown in Figure 2.5. 
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Table 2.4: Electrical properties for different conducting materials at 20 ℃. [28] 

Conductor resistivity 

𝝆 [𝛀𝐦] 

Conductivity 

𝝌 [𝒎/𝒎𝒎𝟐𝛀] 

Temperature 

coefficient 

𝜶 [𝑲−𝟏] 

Density 

[𝒈/𝒄𝒎𝟑] 

Aluminum 2.65 ∙ 10−8 3.77 ∙ 107 3.9 ∙ 10−3 2.7 

Copper 1.68 ∙ 10−8 5.96 ∙ 107 4.04 ∙ 10−3 8.96 

Iron 9.7 ∙ 10−8 107 5 ∙ 10−3 7.874 

Nickel 6.99 ∙ 10−8 1.43 ∙ 107 6 ∙ 10−3 8.908 

Silver 1.59 ∙ 10−8 6.3 ∙ 107 3.8 ∙ 10−3 10.49 

Tungsten 5.6 ∙ 10−8 1.79 ∙ 107 4.5 ∙ 10−3 19.28 

 

 

Figure 2.5: Variation of resistivity with temperature in different materials. [17] 

 

The temperature coefficient for conductor materials given in Table 2.4 describes the rate of 

change in electrical resistance in a material with respect to the temperature per degree. During 

operation, the temperature rises due to the heat losses in the conductor. According to IEC-

60277-1-1, the specific electric resistance for a temperature range between -50 ℃ to 200 ℃ 

can be calculated as in Equation (2.3). This is a linear equation because the resistivities are 

approximately linear with respect to temperature in this range, as shown in Figure 2.5. [29] 

𝜌𝑇 = 𝜌20[1 + 𝛼(𝑇 − 20)] (2.3) 

𝛼 is the temperature coefficient and 𝑇 is the temperature in which resistivity is calculated. The 

resistance of a conductor can be calculated similarly shown in Equation (2.4).  
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𝑅𝑤 = 𝑅𝑐 [1 + 𝛼(𝑇𝑤 − 𝑇𝑐)] (2.4) 

Where  

• 𝑅𝑤 is resistance at warm condition 

• 𝑅𝑐 is resistance at cold condition 

• 𝑇𝑤 is temperature at warm condition 

• 𝑇𝑐 is temperature at cold condition 

2.2.2 Skin effect 

When the direct current (DC) flows through a conductor, the current is evenly distributed 

throughout the cross-section of the conductor. When the alternating current (AC) flows through 

the conductor, the current density is largest at the conductor surface due to the skin effect. 

When there is an alternating current 𝐼 in the conductor, as shown in Figure 2.6, the current 

produces a magnetic field 𝐻  which changes when the intensity of current changes. The 

alternating magnetic field induces small eddy currents 𝐼𝑒𝑑  in the opposite direction of the 

main current flow 𝐼 towards the center, and in the same direction in the outward direction of 

the conductor. [29]  

 

 
Figure 2.6: Cause of skin effect. [9, edited] 

 

Figure 2.7 shows the cross section of the conductor where the intensity of the red color 

represents the intensity of the current.  

 

 
Figure 2.7: Distribution of AC current flow in a conductor. [30] 

 

The skin depth 𝛿 is a distance where the current density decreases to  
1

𝑒
≈ 37 % of the value 

at the conductor’s surface. The formula for the skin depth is defined in Equation (2.5). [31] 

δ = √
2ρ

μω
= √

ρ

μrμ0πf
 (2.5) 
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where  

• ρ is specific electric resistance 

• μ is permeability of the conductor 

• ω is the angular frequency of the current 

• μr is relative permeability 

• μ0 is magnetic permeability in vacuum 

• 𝑓 is frequency of the current 

 

Since the skin depth is depend on the frequency of the current, the higher frequency gives 

smaller skin depth. Skin depth is dependent on conducting materials as shown in Figure 2.8 

where Mn-Zn is magnetically soft ferrite, steel 410 is magnetic stainless steel, Al is metallic 

aluminum, Cu is metallic copper, Fe-Si is grain-oriented electrical steel, and Fe-Ni is high-

permeability permalloy (80% Ni and 20% Fe) [30]. The red vertical line indicates 50 Hz 

frequency. In comparison between aluminum and copper conductor with same permeability, 

the skin depth of aluminum is higher than copper due to the higher electric resistance of 

aluminum. Another comparison between iron and steel with nearly the same electric resistance, 

the skin depth of steel is higher than iron because iron is more magnetic and therefore have 

higher relative permeability.  

 

 

Figure 2.8: Skin depth of conductor materials for different frequencies at room temperature. [30] 

 

In the distribution grid with low rated current, the skin effect may be negligible because the 

cross-section of conductors is in the same range as the skin depth. The consequence of skin 

depth is that only surface area of the conductor will conduct which reduces the effective cross-

section of the conductor and leads to higher effective resistance. The skin depth may influence 

the effective cross-section of conductors for rated current around 2.5 kA and higher, and hollow 

conductor can be used to minimize the skin effect, see Figure 2.9. [31] 

 

 

Figure 2.9: Different shapes of hollow copper conductors [32] 
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2.2.3 Proximity effect 

The non-uniformly distribution of AC current is affected by a changing magnetic field by 

electromagnetic induction and creates alternating magnetic field around a conductor which 

induces eddy currents in adjacent conductors. The direction of eddy currents will be such that 

its produced magnetic field opposes the external magnetic field. [31]  

When several conductors are placed near to each other, their electromagnetic field interact with 

each other. The current in each conductor is redistributed such that the current density is 

concentrated in one side due to this interaction and the produced eddy currents. The proximity 

effect gives a reduced effective cross-sectional area and comes in addition to the skin effect. 

Similar to the skin effect, the proximity effect also increases with frequency. The AC resistance 

of the conductor increases at higher frequencies. The proximity effect also decreases with 

increasing distance between the parallel conductors and is insignificant when the distance 

between two cables in two adjacent circuit is at least 8 times the outside diameter of the cable. 

[12] 

The skin effect behaves differently depending on the current direction. When currents are in 

the opposite direction, the eddy currents increase the current on the sides facing the other 

conductor and canceling the current flow on the furthest side, as shown in Figure 2.10. For two 

adjacent conductors carrying current in the same direction, the magnetic field is cancelling 

current that is facing the other conductor, seen in Figure 2.11. Thus, the eddy current increases 

the current on the furthest side. The cross (×) means that the current direction is into the plane 

while a dot (•) means out of the plane of view. [31] 

 

 

Figure 2.10: Current in the opposite direction. [12] 

 

Figure 2.11: Current in the same direction. [12] 

2.2.4 Contact resistance 

In addition to electrical resistance or loss along the conductor, there is also contact resistance 

between the conductor contacts. An electrical contact is an interface between two or more 

conductive material that assures the continuity of the electric circuit. The conductors are called 

contact members where the anode is where positive current enters the contact, and the other 

member is the cathode. The electrical contacts are divided into two categories: stationary and 

moving. This chapter only focuses on the stationary contact since there is not moving part when 

it comes to power cable splicing. The contact members are connected rigidly to provide a 

permanent joint in stationary contacts. Stationary contacts are divided into two categories: 

welded and bolted. [31] 

Welded joints (non-separable) have a high mechanical strength and is often formed within one 

contact member. It provides stable electrical contact with a low transition resistance and no 

physical interface between the conductors. The cable lugs, also called cable shoe, to a cable 

conductor is an example. Bolted contacts are built by joining conductors directly with bolts, 

screws, or clamps without damaging the joint integrity. Two massive busbars with flat contact 

surfaces can be jointed with the contacts. The interface between contacts is controlled by 

contact pressure and the ability of the material to undergo plastic deformation. [31] 
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The degradation of the contacting interface results in higher contact transition resistance. The 

contact resistance will introduce an extra resistance due to increased ohmic losses and 

temperature. Consequently, contact surfaces are covered with a soft and corrosion-resistant 

material. Cleaning techniques for both insulations and conductors are used to improve the joint 

connectivity. Any substances left at the interface can disrupt the electrical function of the 

termination and moreover cause failure [33]. 

Although surfaces are visibly smooth and clean, it could be microscopic roughness on the 

surface, contaminated with air. The effective metal-to-metal contact area 𝑅𝑒𝑓𝑓  is smaller than 

apparent metal-to-metal contact area 𝑅𝑎 and therefore the conducting paths is localized for the 

transfer of electrical current as shown in Figure 2.12. [34] 

 

 

Figure 2.12: Lines of constricted current flow. 

 

These small areas between two contacts are called a-spots where “a” stands for asperity. 

Several contacting a-spots are amalgamated into a single area of conducting current. Figure 

2.13 shows the amalgamated a-spot combined from all the small a-spots in the left drawing. 

[34] 

 

 

Figure 2.13: apparent radius and effective radius of a spot model. 

 

The constriction resistance is the contact resistance due to the constricted current flow which 

is related to the properties of metals like hardness and electrical resistivity. Physicist Ragnar 

Holm came up with an expression for one contact member constriction resistance for a single 

a-spot can be expressed as [34] 

𝑅𝑐 =
ρ1 + ρ2

4𝑎
 (2.6) 

where Rc  is constriction resistance, ρ1  and ρ2  is specific resistivity of the contacting 

materials, and 𝑎 is effective radius of a-spots. 
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The contact resistance is the general characteristic of all electrical contacts and is always 

considered when it comes to overall circuit resistance. Further, the contact resistance may differ 

from the changes in the contact area, resistive film non-uniformity, contact pressure variations, 

and other factors. The path of electric current can be affected by thin oxide, sulphide and other 

inorganic films which is usually covered on metal surfaces since the metals are not clean. The 

role of these films is negligible in practical application because the contact spots are created by 

the mechanical rupture of surface films. [35] 

Temperature is the main factor that causes degradation of the contacts. The higher the 

temperature, the faster the possible degradation mechanisms e.g., oxidation. The a-spot is often 

the hottest area, and the contact resistance will increase if degradation takes place which can 

cause a run-away-effect. The oxidation process depends on the conducting materials where 

bare copper contact in air will be more influenced than silver plated contacts. Silver plated 

contact will be responsive to degradation if there are sulphureous vapors. [31] 

2.2.5 Induced loss 

Moreover, there is an induced loss or extra heat source alongside the losses mentioned above. 

When a magnetic field changes directional orientation in a ferromagnetic structure, heat is 

generated from hysteresis, which causes energy loss. These induced losses are called iron losses 

since the iron is highly ferromagnetic. Iron losses occurs in cable screens even though the 

screen is not iron or magnetic material but is still called iron losses because of induced eddy 

currents. Total iron losses can be calculated as the sum of the eddy current losses and the 

hysteresis losses. [31] 

The power loss is proportional to the area of the eddy current loop, the strength of the magnetic 

field, and the rate of change of magnetic flux. The magnitude of the current is inversely 

proportional to the resistivity of the conductor material. According to Faraday’s induction law, 

the induced voltage can be expressed in Equation (2.7). [21] 

𝑉𝑖𝑛𝑑 = −
𝑑Φ𝑚

𝑑𝑡
= −

𝑑(�⃗� ∙ 𝐴 )

𝑑𝑡
 (2.7) 

Where Φ𝑚 is magnetic flux, B is magnetic field, and A is size of the loop. Then the induced 

power loss becomes [21] 

𝑃𝑖𝑛𝑑 = 𝑉𝑖𝑛𝑑 ∙ 𝑃𝑖𝑛𝑑 =
𝑉𝑖𝑛𝑑

2

𝑅
 (2.8) 

Reducing eddy current losses is difficult as it is required that the sheath is conductive. Reducing 

eddy currents in highly magnetic environments can be done, for instance as in transformers, 

where the transformer core is made out of thin laminations and will make the core have higher 

electrical resistance. 

2.2.6 Dielectric loss 

Dielectrics are materials processing high electrical. Dielectric loss is the dielectric material’s 

inherent dissipation of heat through the movement of charges in an alternating electric field in 

switching polarization of field direction. It depends on frequency and the dielectric material, 

and the dielectric losses are zero in the ideal case. Dielectric losses are reasonably negligible 

for paper and XLPE cables up to about 60 kV and for PVC cables up to 6 kV. The dielectric 

losses are more significant for higher voltage transmission cables. [17]  
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Dielectric loss tends to be high in higher dielectric constant materials and is high around 

resonance frequencies of the polarization mechanisms as the polarization lags the applied field. 

Consequently, heating in interaction between the field and the dielectric’s polarization occurs. 

The dielectric constant is a measure of the charge retention capacity of a medium or material’s 

permittivity expressed as a ratio of relative to the vacuum permittivity. The permittivity is a 

quantity of the electric polarizability of dielectric materials, defined in Equation (2.9). [36] 

휀 = 휀′ − 𝑗휀′′ 
(2.9) 

Where 휀′ = 휀0휀𝑟
′  is lossless permittivity and 휀′′ is imaginary component of permittivity. 

Dielectric loss is the loss angle 𝛿 with regards to the phasor in the complex plane where real 

and imaginary pairs are the resistive of the electromagnetic field. The AC current in an ideal 

capacitor leads the voltage by 90 º while there is a resistive component that dissipates some of 

energy as Joule heat in real capacitors. This reduces the lead angle 𝛿 somewhat from the 

dielectric losses. The loss angle is much smaller than 1 for dielectrics with small loss, then 

𝑡𝑎𝑛𝛿 ≈ 𝛿. The loss tangent determines the ratio of the resistive response to the electromagnetic 

field. The loss tangent can be calculated as [36] 

𝑡𝑎𝑛𝛿 =
𝜔휀′′ + 𝜎

휀′
 (2.10) 

where 𝜔 is the angular frequency and 𝜎 is conductivity. The dielectric constant, dielectric 

strength and dielectric losses for different materials are given in Table 2.5. The dielectric 

strength depends on the thickness of the material. [14] 

 

Table 2.5: Dielectric properties of materials at around 27 ºC. [35], [37] 

Material Dielectric constant 

at 𝟔𝟎 𝑯𝒛 

Dielectric strength 

[kV/mm] 

Dielectric loss 

tangent (tan 𝜹) 

Air 1 3.0  

PE 2.3 20-35 10.4 

Polyethylene 2.3 18.1 0.0005 

Porcelain 6-7 9.8-15.7 0.003-0.002 

PVC 6-8 20-35 0.1 

XLPE 2.5 35-50 10.4 
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2.3 Thermodynamics 

Many problems in electric power systems are related to the cooling of components and the 

rating of power cables was approached with theories made from the physical and heat transfer 

properties of the power cable. Thermal analysis must be able to determine how much and how 

long the power cables can be loaded and still be within acceptable temperature limits. Thus, 

thermal phenomena are at the basis of the current rating in power cables. For this purpose, the 

quantity of energy the equipment can store and dissipate to the surroundings must be 

determined. There are two different cases, dynamic and stationary, which is defined by the 

fundamental equations for the thermal energy balance.  

Heat is energy that is transferred under the motive force of a temperature difference between 

systems. Heat can be transferred from a region of higher temperature to a region of lower 

temperature by conduction, convection, and radiation. If there is no temperature difference, 

there is no heat transfer. The total rate of heat transfer is defined as the sum of heat transfer by 

each mechanism.  

2.3.1 Thermal energy balance 

The fundamental equations for the thermal energy balance are conservation of energy. The law 

of conservation of energy states that the total energy of an isolated system remains constant. It 

means that the power balance or heat generated in a conductor (P𝑖𝑛) is balanced by power 

stored in the construction materials (P𝑠𝑡𝑜𝑟𝑒𝑑) and power loss to the surroundings (P𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑). 

The constant power input to a conductor is the conductor losses which is the main source of 

losses in the power cable, and is given by [31] 

P𝑖𝑛 = 𝑅 𝐼2 = 𝜌
𝑙

𝐴𝑐𝑠
𝐼2 (2.11) 

where 

• R is ohmic resistance 

• 𝐼 is current 

• 𝜌 is resistivity 

• 𝑙 is length of cable 

• 𝐴𝑐𝑠 is cross-section of the conductor 

 

There are two methods for specifying the current-carrying capability of a conductor and can be 

classified over a very short time or over a long time. Very short time spans assume adiabatic 

conditions, meaning no heat escapes the system, all incoming heat goes into increasing the 

temperature of the system. For long-term conditions (steady state) it is assumed that all 

incoming heat goes out to the environment, and no heat goes into heating the system. These 

two cases are important in classifying current ratings. The power balance in adiabatic condition 

becomes [31] 

P𝑖𝑛 = P𝑠𝑡𝑜𝑟𝑒𝑑  →  𝜌
𝑙

𝐴𝑐𝑠
𝐼2 =  𝑐𝑀

𝑑

𝑑𝑡
∆𝑇 = 𝑐𝛾𝑉

𝑑

𝑑𝑡
∆𝑇 (2.12) 

where M, V and 𝛾 is mass, volume, and density of the substance. The parameters specific heat 

capacity 𝑐  and resistivity 𝜌  are hard to determine since they change with temperature, 
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especially in the adiabatic condition. The specific heat capacity gives an indication of the 

materials ability to store heat which means how much energy is required to raise temperature 

of 1 kg of the material by 1 ℃. Those parameters are usually set at the environment temperature 

at first approximation.  

After the adiabatic condition, it starts to dissipate heat to the surroundings by conduction, 

convection, and radiation. The total rate of dissipated heat to the surroundings becomes [31] 

P𝑖𝑛 = P𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑 = P𝑐𝑜𝑛𝑑 + P𝑐𝑜𝑛𝑣 + P𝑟𝑎𝑑 (2.13) 

where  P𝑐𝑜𝑛𝑑 , P𝑐𝑜𝑛𝑣 , and P𝑟𝑎𝑑  is heat transfer by conduction, convection, and radiation, 

respectively. The stationary period is where the temperature has reached steady state and all 

heat is going into the surroundings. This means there is no more heat to be stored in the system 

and therefore no temperature change occurs.  

The power dissipated in the stationary period is simplified due to the three heat dissipation 

mechanisms having different temperature dependencies. The power balance is given by [31] 

P𝑖𝑛 = P𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑  →  𝜌
𝑙

𝐴𝑐𝑠
𝐼2 = ℎ 𝐴𝑠𝑢𝑟𝑓 ∆𝑇 (2.14) 

where h is heat transfer coefficient, 𝐴𝑠𝑢𝑟𝑓 is heat emitting surface, and ∆𝑇 is temperature 

difference. The heat transfer coefficient h gives an indication of how much energy the surface 

can dissipate and is difficult to determine due to the different temperature dependencies in 

different heat transfer mechanisms. Then the power balance in a conductor becomes [31] 

P𝑖𝑛 = P𝑠𝑡𝑜𝑟𝑒𝑑 + P𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑 

𝜌
𝑙

𝐴𝑐𝑠
𝐼2 =  𝑐𝛾𝑉

𝑑

𝑑𝑡
∆𝑇 + ℎ 𝐴𝑠𝑢𝑟𝑓 ∆𝑇 

(2.15) 

The power balance per unit length is often convenient for electrical power engineering where 

the power is supplied in cables, lines, busbars etc. The power balance per unit length is [31]  

𝜌

𝐴𝑐𝑠
𝐼2 =  𝑐𝛾𝐴𝑐𝑠

𝑑

𝑑𝑡
∆𝑇 + ℎ 𝑈 ∆𝑇 (2.16) 

where U is circumference of the conductor.  

The temperature rise can be calculated by solving the differential Equation (2.15). 

∆𝑇(𝑡) = ∆𝑇𝑒(1 − 𝑒−𝑡/𝜏) (2.17) 

Where ∆𝑇𝑒 is final steady state temperature difference and 𝜏 is thermal time constant. The 

time constant gives an indication about the time required to reach 63.2 % of steady state 

temperature difference between its initial and final temperature value when subjected to a step 

function change in input power. It determines how long the equipment can be overloaded 

without overheating (short-term overload), for example during daily load cycles. The time 

constant is also a characteristic of the lumped parameter analysis for thermal systems. In heat 

transfer analysis, interior temperatures of the object are assumed spatially uniform at all times 

during a heat transfer process. The thermal system is reduced to a number of discrete lumps 

and the temperature difference inside each lump is negligible. This is called a lumped parameter 

system. The thermal time constant is defined as [31] 
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𝜏 =
𝑐𝛾𝑉

ℎ 𝐴𝑠𝑢𝑟𝑓
=

𝑐𝑀

ℎ 𝐴𝑠𝑢𝑟𝑓
 (2.18) 

The numerator expresses the storage capacity of the equipment and the denominator expresses 

the thermal dissipation capacity of the equipment. The temperature change rate (%) at n times 

the thermal time constant 𝜏  is shown in Figure 2.14. The temperature rise is fast in the 

beginning, then becomes slower until it reaches the final steady state temperature 

approximately within 5 times the thermal time constant. Further according to IEC, the 

temperature is stable enough if the temperature does not increase more than 1 ℃ per hour as 

defined in Equation (2.19). [31] 

d

dt
∆T <  

1 ℃

hour
  (2.19) 

where 
d

dt
∆T is change in temperature rise per unit time. 

 

 

Figure 2.14: The temperature change rate over the thermal time constants 

 

If the equipment has large heat dissipating surface compared to the mass, the time constant of 

this equipment will be small and cannot be as much overloaded. If the equipment has large 

mass compared to the heat dissipating surface, it will have a long time constant which means 

that it can be overloaded for hours. [31] 

Underground cables have lower current ratings than comparable overhead lines with the same 

conductor cross-section due to restricted cooling. However, the long thermal time constant of 

underground cables, typically from minutes to hours, depends on cross-section of the conductor 

and soil which influences heat capacity and heat transfer. The relatively long thermal time 

constant allows underground cables to have very high emergency ratings with short duration. 

Thus, underground cables may be limiting under normal, stable, and long duration conditions 

while overhead lines are limiting during emergencies and short-term overload. [31] 

The time constant of cables increases with increasing cross-section. Example of time constants 

for different cross-section areas (𝐴𝑐𝑠) of PVC copper cables laid well apart on a wall is shown 

in Table 2.6. [27] 
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Table 2.6: Thermal time constant for PVC copper cable of different cross-section area. [27] 

𝑨𝒄𝒔 [𝒎𝒎𝟐] 1.5 2.5 4 10 25 95 150 240 

𝝉 [𝒎𝒊𝒏] 
  

0.7 

  

1.0 

 

1.5 

 

3 

 

6 

 

16 

 

23 

 

32 

2.3.2 Thermal conduction 

The conduction of heat is partly due to the motion of adjacent molecules and interaction. The 

conduction heat transfer through solids is due to molecular vibration and thermal conductivity 

generally does not vary with temperature in solids. A number of mobile electrons can move 

through the material and contribute to the redistribution of thermal energy. The large-scale 

motion with frequent collisions assists the conduction of heat in liquids. The thermal 

conductivity is often strongly influenced by temperature in liquids and gases. The conductivity 

is lower in gases than liquids and solids even if the mobility of individual particles is greater. 

This is due to the relatively long “mean free path” in gases and therefore the relatively 

infrequent impact between the molecules. The power conducted through a cross-sectional area 

is given by Fourier’s law. [38] 

Pcond =  λ Acs ∇T (2.20) 

Heat conduction in one dimension is often considered for simple applications. The Fourier’s 

law is then reduced to [38] 

𝑃𝑐𝑜𝑛𝑑 =
λ

s
AcsΔT 

(2.21) 

  

where  

• λ [W/mK] is thermal conductivity of material 

• Acs [𝑚
2] is cross-sectional area 

• ∇T is tempertarue gradient 

• 𝑠 is distance over the temperature difference ΔT 

 

Thermal conductivity is a materials ability to conduct heat and is defined as the quantity of heat 

flowing per unit time through a volume of 1 𝑚3 when the temperature of the two surfaces 

differs by 1 ºC [31]. High thermal conductivity materials are used in heat sink applications 

while low thermal conductivity materials are used as thermal insulation. Thermal resistivity is 

material’s capability to resist heat flow which is the reciprocal of thermal conductivity. The 

thermal resistivity is usually stated for different cable materials. Different thermal conductivity 

and resistivity, and specific heat capacity for materials is shown in Table 2.7.  
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Table 2.7: Thermal conductivity for different materials. [31], [39], [40], [41], [42] 

Material Thermal 

conductivity 

𝛌 [𝐖/𝐦𝐊] 

Thermal 

resistivity  

𝑹𝛌 [𝐦𝐊/𝐖] 

Specific heat 

capacity  

�̂� [J/kgK] 

Al 240 0.0042 900 

Cu 385 0.0026 390 

EPR 0.3 3.33 2800 

Impregnated paper 0.167 6.0 1994* 

Steel 12-16 0.083-0.0625 490 

PE 0.4 2.5 1550 

PEX 0.4 2.5 2300 

PVC 0.19 5.26 880 

XLPE 0.28 3.5 2174 

*Synthetic ester at 60 ℃ 

2.3.3 Thermal convection 

Convection is the circulation of heat exchange between fluids and solid boundaries by the 

motion of fluids. Convection is classified as either forced convection or free convection 

depending on how the fluid motion is conducted. Forced convection is causes when some 

external source is used to cause the motion of fluid. Free or natural convection occurs when 

the motion of fluid is only due to density gradients or buoyancy forces in fluid caused by the 

temperature variation. [38] 

Newton’s law of cooling is often used to simplify the complicated process of convection 

cooling. The power generated by convection is defined as [38] 

P𝑐𝑜𝑛𝑣 = ℎ𝑐𝑜𝑛𝑣  𝐴𝑠𝑢𝑟𝑓 (𝑇𝑠 − 𝑇0) (2.22) 

where  

• ℎ𝑐𝑜𝑛𝑣 [W/𝑚2K] is convective heat transfer coefficient 

• 𝐴𝑠𝑢𝑟𝑓 is surface area 

• 𝑇𝑠 is surrounding temperature 

• 𝑇0 is ambient temperature 

 

The convective heat transfer coefficient depends on the type (velocity, turbulent, laminar, etc.) 

and physical properties (thermal conductivity, dynamic viscosity, thermal capacity, density, 

etc.) of fluid and the physical situation. Further these properties are often combined in the 
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mechanism of dimensionless characteristics (Nusselt, Prandtl, Reynolds, Grasshof numbers, 

etc.). Table 2.8 shows the approximate convection heat transfer coefficient done by empirical 

examples. [31] 

 

Table 2.8: Approximate convective heat transfer coefficient. [31] 

                  Materials Convective heat transfer coefficient 𝒉𝒄𝒐𝒏𝒗 

Free convection Atmospheric air 5-25 

 Water 400-1000 

Forced convection Air 15-500 

 Water 100-15000 

 Engine oil 1000-2000 

2.3.4 Thermal radiation 

Thermal radiation is the thermal motion of particles in material generated by electromagnetic 

waves even if there is no matter between the materials and does not depend upon the existence 

of an intervening matter. [38] 

All materials with a temperature greater than absolute zero (zero Kelvin) radiates thermal 

radiation and all materials absorb radiant energy surrounding objects. The intensity of the 

energy radiated depends upon the temperature of the surrounding objects and the nature of its 

surface. Equilibrium sets in when the temperature of a material is the same as that of its 

surroundings which means that the material radiates as much energy as it receives, thereby the 

net radiation is zero. The power generated by radiation is defined as [38] 

Prad = ε 𝜎𝑠 Asurf (𝑇
4 − 𝑇0

4) (2.23) 

where 

• ε is emissivity of the surface, 0 ≤ ε ≤ 1 

• 𝜎𝑠 = 5.67 ∙ 10−8 [𝑊/(𝑚2𝐾4)] is Stefan Boltzmann’s constant 

• Asurf is radiating surface area 

• T [K] is absoulte temperature of the surface 

• T0 [𝐾] is absolute temperature of the ambient walls 

 

As shown in the formula, the power generated by radiation is strongly dependent of 

temperature. The emissivity factor ε indicates the radiation of heat from surfaces and the 

radiation of heat from an ideal “black body” has the perfect emissivity factor, ε = 1. Different 

emissivity factors of materials are shown in Table 2.9. It is an experimental fact that unit surface 

area of a black body emits more energy by radiation than unit area of any other body at the 

same temperature. [27] 
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Table 2.9: The emissivity factor for some materials below 200 ℃. [27] 

Surface materials Emissivity 𝛆 

Black body 1 

Aluminum bright/oxidized 0.04/0.5 

Copper bright/oxidized 0.05/0.6 

Steel dull, oxidized/polished 0.8/0.06 

Oil 0.82 

Paper 0.85 

Paints 0.8-0.95 

 

2.4 Thermal dimensioning of cables 

Heat is generated in the power cable mainly due to current flow and understanding how cables 

perform is a thermal problem. In this chapter, stationery and dynamic thermal dimensioning is 

discussed.   

2.4.1 Current-carrying capacity (ampacity) 

Current-carrying capacity, also called as ampacity, is defined as the maximum current a 

conductor of a power cable can carry continuously under the normal usage conditions without 

generating excessive heat. It can be regarded as ability of conductor to dissipate heat without 

damaging the insulation or the cable. Exceeding the conductor ampacity too long will result 

the insulation to degrade because of the excessive heat. [27] 

The amount of conductor resistance increases as the amount of current is increased. 

Consequently, increases the amount of heat generated of a power cable. Thus, the ampacity can 

increase with increasing the diameter of the cable. The larger the diameter of the power cable, 

the more effectively it can dissipate the heat. The ampacity of the cable is limited by the ability 

of its insulation and outer sheath to withstand the generated heat. [27] 

The National Electrical Code (NEC), the Institute of Electrical and Electronics Engineers 

(IEEE) and Insulated Cable Engineers Association (ICEA) have published tables of recognized 

and comprehensive ampacity ratings. Tables of ampacities cover the maximum ampacity of 

conductor based on the conductor material, conductor diameter, the maximum withstand 

temperature, and installation conditions.  

The current ratings of cables are based on the way heat in the conductor is transmitted through 

the cable and dissipated from the cable to the outer surface. The maximum rating can be 

calculated by limiting the temperature rise in the cable such that conductor temperature stays 

below a safe limit, usually 90 ºC. [17] 
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The surrounding temperature normally defaults to 15 ℃ for buried cables and 25 or 30 ℃ for 

cables in air. At steady state, the generated heat in the cable is equal to the dissipated heat from 

the cable surface. That means the maximum steady state temperature is depending on the 

thermal resistance of the cable components and the surrounding temperatures. [17] 

The internationally authorized conductor temperature limits of polymeric cables are shown in 

Table 2.10. Short-circuit ratings are contributed by reduction of thickness of PVC and PE by 

thermomechanical forces, conductor and core screens, and design of accessories. The softness 

of the thermoplastic insulation is higher with increasing temperature and the temperature limit 

is controlled by deformation. One can see that the thermosetting materials can withstand much 

higher temperatures without excessive deformation. [17] 

 

Table 2.10: Conductor temperature limits of polymetric cables. [17] 

Insulating compound Continuous temp [℃] Short-circuit temp [℃] 

Polyvinyl chloride (PVC) 70 160 

Polyethylene (PE) 70 130 

Ethylene propylene rubber (EPR) 90 250 

Cross-linked polyethylene (XLPE) 90 250 

 

Other factors in cable ratings are conductor losses, dielectric losses, sheath and armor losses, 

and internal and external thermal resistances. Metallic sheath losses are more significant for 

large single-core conductor cables bonded and earthed at both ends. The sheath losses can be 

reduced by cross-bonding. [17] 

A loaded cable shows logarithmic temperature rise and time relationship. It takes times to reach 

steady state and consequently, it can carry more than maximum continuous rating for a limited 

or a short time. The factor for overload depends on the amount of initial loading. The short-

circuit current may be 20 or more times higher than the loading current and consequently, the 

thermal and electromagnetic effects produce proportional to the square of the current. If the 

cable insulation is only concerned, higher conductor temperatures can be allowed since the 

heating and cooling are very fast that the entire temperature will not be maintained for 

considerable time by the insulation. [17] 

2.4.2 Determination of ampacity 

The determination of the ampacity requires formulating a heat transfer, thermal properties of 

the cable materials, heat sources inside and outside of the cable, and the mechanisms of heat 

dissipation, etc. Depending on the cable environment, ampacity ratings may require to be 

adjusted because of changed thermal properties. In the transient thermal case, it is necessary to 

consider the thermal resistance of cable insulation and external sheath, and heat capacity of 

each layers [31].  
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There are two types of cable installation – underground cable and cables in air. Thermal 

resistance within the underground cable is related to the cable design, construction, and thermal 

resistivity and thickness of the individual materials. The external thermal resistance of the 

underground cable is influenced by the laying environment, thermal resistance of duct, 

uniformity of soil, and temperature-dependent resistivity of soil. [17] 

Thermal properties of soil are significant for the overall underground power cable design since 

the soil is in the heat flow path between the cable and the ambient environment temperature. 

Current ratings of underground cables are determined by conduction) from the conductor, 

through the cable layers and soil to ambient ground. The soil characteristics must be surveyed 

to determine the ability for heat to pass through the soil. Further, ambient soil temperature, 

burial depth, and available space between cables, and other heat sources should be surveyed to 

choose the right cable conductor size, number of cables per phase, etc. Figure 2.15 shows an 

example of thermal curves surrounding an underground cable [31]. [44] 

 

 

Figure 2.15: Example of thermal curves surrounding an underground cable at full load. [31] 

 

Table 2.11 shows the thermal conductivity of different external materials of the power cable. 

According to the recommendation tables from the ABB Switchgear handbook the resistance 

varies from 0.4 to 1.4 W/mK. [27] 

 

Table 2.11: Thermal properties of external materials and soil constituents at 20 ℃ and 1 atm. [31] 

Material Thermal conductivity [𝑾/𝒎𝑲] Thermal resistivity [𝒎𝑲/𝑾] 

Air 0.062 16.13 

Water 0.6 1.67 

Many soil minerals 2.9 0.34 

Soil organic matter 0.25 4 
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The thermal resistivity of different types of soil is dependent on soil density and water content. 

Figure 2.16 shows how the soil thermal resistivity decreases with increasing density for dry 

materials. Organic materials are not suitable for dissipating heat from underground cables.  

Figure 2.17 shows the influence of water content on the thermal resistance of soils where 

density is around 1.6 Mg/m3. [43] 

 

 

Figure 2.16: Thermal resistivity of dry soils is 

dependent on its density. [43] 

 

Figure 2.17: Thermal resistivity of soils is dependent 

on its water content. [43] 

 

The critical water content is very significant for underground cable design since the cable heat 

will lead the moisture away. Consequently, drying the soil around the cable will lead to 

additional heating. The heat dissipation from the cable can be restricted due to heat dissipation 

from other nearby cables and cover plates with some air gaps as mechanical protection. [43] 

Insulated power cables installed in air is within substations, power station buildings, tunnels, 

charging of ferries, etc. There is no adjustment for different load factor since the cables in air 

has shorter time constant than for the underground cables. For overhead lines or cables in air, 

the external thermal resistance depends on cable surface environment which is related to the 

degree of exposure such as solar heating and wind, and to the surface emissivity. Those external 

effects must be evaluated when determining ampacity for in-air cables. Published current 

ratings for overhead lines assume shading form the sun. If this is not provided, derating may 

be required. Heat generation and losses in cables are described more detail in chapter 2.2. [17] 

2.4.3 Rated current 

The recognized rated current of a power cable is published by different institutions. One 

example is by ABB, which presents the current carrying capacity of power cables laid 

underground and in air. Table 2.12 shows the rated current for XLPE and paper cable for copper 

and aluminum conductors for 12/20 kV and 18/30 kV, respectively. Assumptions regarding the 

cable surroundings are made since possible loading will depend on the actual cooling condition. 

The rated current values are for 3-phase continuous operation with a load factor of 0.7. Load 

factor is described in chapter 2.4.6. For underground cables, specific ground thermal resistance 

is assumed to be 1 Km/W, ground temperature of 20 ºC and cable laying depth of 0.7 m to 1.2 

m. For cables in air, the air temperature is assumed to be 30 ºC. [27] 
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Table 2.12: Rated current for impregnated paper and XLPE cable with copper and aluminum conductor for  

V0/V = 12/20 kV (left) and V0/V = 18/30 kV (right). [27] 

 
 

 

The copper conductors have current ratings approximately 30 % higher than aluminum 

conductors with the equal cross-sectional area. The ampacity increases when increasing cross-

section and surface area for the cables in air due to the more effective cooling by convection 

and radiation. For XLPE-insulated cables, the cables in air have the higher current rating, 

regardless of the cross-section since the radiation is more important for the higher temperature.  

2.4.4 Correction factors 

As mentioned, the rated current values (Irated ) on Table 2.12 assume certain cooling conditions 

of the power cable. Irated is different if the cooling conditions differ from the assumptions. Then 

the actual loading (Iload) is calculated as the product of Irated and correction factors. The 

correction factor (f) depends on wheter the power cables are laid in underground or in air. [31] 

Two conversion factors must be applied, one for external conditions and another for the 

configuration of the power cable. Therefore the acutual loading is adjusted to [27] 

𝐼𝑙𝑜𝑎𝑑 = 𝐼𝑟𝑎𝑡𝑒𝑑 ∙ 𝑓1 ∙ 𝑓2 (2.24) 
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For the underground cables, f1 is conversion factor for different ground temperatures and f2 is 

conversion factor for cable’s laying and grouping, see Table 2.13 and Table 2.14 respectively. 

The resulting actual loading current will be the peak value during a 24-hour cycle. Additional 

conversion factors for laying underground power cables are 0.8 when laying in conduits and 

0.9 when laying under mechanical protective covers with some air space. [27] 

 

Table 2.13: Conversion factor f1 for all underground cables (except PVC cables for 6/10kV). [27] 

 

 

Table 2.14: Conversion factor f2 for single-core cables in three phase systems, trefoil formation with 7 cm 

distance between cables. [27] 
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For cables in air, f1 is conversion factor for ambinet temperatures different from 30 ºC, and f2 

is conversion factor for grouping of cables in air, see Table 2.15 and Table 2.16, resepectively.  

 

 

Table 2.15: Correction factor f1 for different 

ambient temperature for cables laid in air. [27] 

 

Table 2.16: Correction factor f2 for cable grouping in air. 

[27] 

 

 

Similar to the swtichgear manual from ABB, Nexans has been calculated correction factors for 

flat and trefoil formations. For flat formation, correction factor for three-phase single 

conductors on one cable tray is 0.88 with minimum one cable diameter distance between the 

cables. For trefoil formation, the correction factors are 0.95 and 0.9 for one or two group, 

respectively, with minimum two cable diameter distance between the groups. The distance 

between wall and cable should be minimum 20 mm which is the same as given in ABB. [44] 

2.4.5 Steady state temperature simulations 

There is several software to calculate and simulate the steady state temperature of a power 

cables such as integrity calculation program in MATLAB, COMSOL Multiphysics and Grøft 

(Trench) developed by SINTEF, etc.   

The COMSOL Multiphysics software is a software where one can create physics-based models 

and simulate different physical scenarios. It allows for multi-physics simulations for 

simulations of real-world phenomena. There are several numerical methods such as finite 

element method (FEM), finite difference method (FDM) and the boundary element method 

(BEM) that are used for simulating the steady state temperatures of power cables. In research 

[7], the FEM simulation model for 110 kV XLPE cable was built in COMSOL Multiphysics 

as shown in figure above in Figure 2.18. The steady temperature distribution for two 

approaches was simulated as shown in figure below in Figure 2.18. 
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Figure 2.18: FEM simulation model in COMSOL Multiphysics (above) and simulation results of steady state 

temperature distribution based on flow characteristics of air gap, [7] 

 

The research institute SINTEF have researched physical difficulties regarding the cable and 

any restrictions on temperature development. REN is a Norwegian company developing 

methods and guidelines to ensure best practice in standardizing materials, design, assembly, 

installation, maintenance, and operation through REN magazines in Norwegian electric grid 

companies. Together with SINETEF, design tool for cable trenches have been developed called 

Grøft (Trench) where thermal simulations are essential. In this design tool, REN Trench, one 

can draw advanced trench cuts, create sections with different cable configurations, visualize 

the trench section, make mass and quantity calculations, calculate thermal conductivity and 

magnetic field, etc. Further one has access to a large library of power cable type and dimensions 

for different voltage levels. Figure 2.19 shows an example of the use of REN Trench where the 

cable was designed and the temperature was simulated for the cable and the surroundings. [14] 

 

 

Figure 2.19: Designing cable trench and simulating the temperature profile with REN Trench. [14] 
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2.4.6 Definition of load factor 

Load factor is defined is the ratio of average load or energy consumed in given period of the 

time to the peak load or maximum demand occurring in that period. The load factor can be 

calculated as [31] 

Load factor =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑜𝑎𝑑

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑙𝑜𝑎𝑑 𝑖𝑛 𝑔𝑖𝑣𝑒𝑛 𝑝𝑒𝑟𝑖𝑜𝑑
 (2.25) 

The load factor is significant for describing the consumption characteristic of electricity over a 

given period. High load factor implies that load is utilizing the electric system more efficiently, 

while low load factor indicates that occasionally a high demand is set.  

The period of the load factor calculation can be the number of hours in days, weeks, months, 

or years and a power supply normally have a cyclic 24-hour period. Then the daily load factor 

is calculated from the 24-hour load cycle as [31] 

Daily load factor =
∫ 𝑖(𝑡) 𝑑𝑡

24ℎ

0

𝐼𝑚𝑎𝑥 ∙ 24 ℎ
 (2.26) 

where numerator is the total energy during 24-hour period while the denominator is the peak 

current in that period. The conductor temperature of a power cable is usually delayed hours 

after the load changes due to the thermal capacity of the cable system including the power cable 

and surrounding environment. The delay time depends on its thermal time constant. [12], [8] 

Figure 2.20 shows an example of a daily load factor where the solid line indicates the 

instantaneous load, while the dotted line is the load factor of this load profile [26]. 

 

 

Figure 2.20: Calculation of load factor of a 24-hour load cycle. The load profile has a load factor of 0.73. [27] 

 

Three different shapes of load curves are shown in Figure 2.21 where all has a load factor of 

0.5. Curve a and b have the same shape but different peak values, and curve c and b have 

different shapes but same peak values. Consequently, the ratio between peak load current and 

the average loading capability is approximately constant. [8] 
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Figure 2.21: Three different shapes of load curves with a load factor of 0.5. [8] 

 

The ratio between the tolerable peak current and the average current depends on the load factor 

and is not much influenced by the shape of the daily load curve. This is explained by the long 

thermal time constant which reduce the resulting temperature the conductor and cable 

insulation reaches. [30] 

2.4.7 Thermal-electrical analogy 

In engineering, thermal-electrical analogy is often used since there is a similarity between 

diffusion of heat and electrical charge (dynamic thermal dimensioning). The temperature 

difference between conductor and environment is related to the total heat losses and the law of 

heat flow. Table 2.17 and Figure 2.22 shows the units and the circuit diagram of the thermal-

electrical analogy. The voltage is analogous to temperature, the current through electrical 

circuit is corresponds to heat flow rate and the electrical resistance corresponds to thermal 

resistance. [45] 

 

Table 2.17: The units for thermal-electrical analogy. [45] 

Charge

q [C] 

Current 

i [A] 

Voltage 

V [V] 

Resistance 

R [Ω] 

Capacitance 

C [F] 

Inductance L 

[H] 

Heat 

Q [J] 

Heat flow rate 

�̇� [J/s] 

Temperature 

T [℃] 

Thermal 

resistance 

𝑅𝑡 [K/W] 

Thermal 

capacitance 

𝐶𝑡 [J/K] 

 

- 

 

 

Figure 2.22: Thermal-electrical analogy with different components and properties.  
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The thermal-electrical analogy can further be extended into the type of circuit diagram as 

shown in Figure 2.23. It shows how the heat input is related to the different layers, represented 

by thermal resistances. The thermal resistivity must be measured for all the materials involved. 

[17] 

 

 

Figure 2.23: Equivalent circuit diagram for the heat flow in a three-phase cable. [17] 

 

Papers in [7] and [9] presents an established thermal circuit model to calculate the conductor 

temperature. Figure 2.24 shows a simplified thermal circuit under cable transient state where 

Q is heat, T is temperature, R is thermal resistances and C is thermal capacitances [9].  

 

 

Figure 2.24: Simplified model on the cable transient thermal circuit model. [9] 

 

Electrical circuits have a form of “time-delay” between its input and output signal. This delay 

is circuit’s time delay called RC time constant which represents the time response of the RC 

circuit when a signal is applied. In other words, the time required to charge a circuit capacitor 

C through a circuit resistor R from an initial charge voltage to 63.2 % of its maximum possible 

fully charged voltage. The thermal time constant τ, explained in chapter 2.3.1, can be expressed 

as the RC time constant as [21] 

𝜏 = 𝑅𝑡𝐶𝑡 (2.27) 

where R is thermal resistance in Ω, and C is thermal capacitance in Farads.  
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2.5 XLPE cable 

Most common modern medium and high voltage power cables are made with XLPE insulation 

and are sheathed with PVC material. For the long life of the cable installation, XLPE must be 

resistant to thermal degradation throughout the cable manufacture process and operation at the 

maximum cable temperature. The most important part is the design and manufacturing of the 

polymer, and technique of the appropriate crosslinking and stabilizing packages. [23] 

The manufacturing techniques used for XLPE needs to ensure the top level of cleanliness over 

all process of the production line. The process consists of three parts: base polymer 

manufacture, addition of stabilizing package and crosslinking package. The main two types of 

crosslinking process are peroxide cure and moisture cure. [23] 

2.5.1 Characteristic 

XLPE is produced from polyethylene under high pressure with organic peroxides as additives. 

Application of heat and pressure affects the cross-linking in XLPE such that the individual 

molecular chains to link with one another. This causes the materials to transform from a 

thermoplastic to an elastic material. Figure 2.25 shows linear molecular structure of 

polyethylene and XLPE. As shown in figure, polyethylene molecules are not chemically 

bounded and it can easily deform at high temperature, while XLPE molecules are bonded 

chemically such that it needs strong resistance to deformation even at high temperature. [46] 

 

 

Polyethylene 
  

 

XLPE 

 

 

 

Figure 2.25: Polyethylene and XLPE structure. [46] 

 

The most important advantage of XLPE as insulation for power cables is low dielectric loss 

and low mutual capacitance. Consequently, reducing the currents and earth-leakage currents 

can be obtained without the rigid star-point earthing. [46]  

XLPE cable constitutes the best power cable for transmission and distribution lines due to the 

excellent electrical and physical properties. The excellent property of XLPE cable permit the 

resistance to thermal deformation to carry large current under different conditions. 

Furthermore, XLPE cables allow for easy and reliable installation since it withstands smaller 

radius bending and is lighter in weight. It can be also installed anywhere without special 

consideration of the height limitations since oil is not contained which means it is free from 

failures due to oil migration. XLPE cable does not require a metallic sheath so the failure 

peculiar to metallic-sheathed cable is negligible, such as corrosion and fatigue. [46] 
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2.5.2 Designations 

The capital letter combinations are used to describe the construction of the various power 

cables and their application areas. Each country has its own designations, and there are also 

systems that are common to Europe such as CENELC cable identification.  

Norwegian type designations for power cables normally consist of three or four main clauses. 

The first main clause usually consists of four capital letters that describes the structure of the 

cable and the materials used in the various elements of the cable. The capital letters describe 

insulation, sheath, armoring and outer sheath, see Table 2.18. The capital letters in the table do 

not apply to micro-cables and is only chosen for different XLPE power cable types. The second 

main clause indicate the maximum permissible operating voltage of the cable. The third main 

clause indicates the number of conductors and conductor cross-sections. A possible fourth main 

clause indicates whether the cable has a special structure of or what standard the cable is 

produced and tested after. [44] 

 

Table 2.18: The structure and the materials of the cables are described in Norwegian type designations with four 

capital letters. [44] 

code 

 

cable 

First letter Second letter Third letter Forth letter 

Insulation Sheath and similar Armoring Outer sheath, 

corrugated protection 

TSLE Cross-linked 

Polyethylene PEX 

Filling jacket/band ring 

+ concentric conductor 

Aluminum 

laminate 

PE or PP 

TSLF Cross-linked 

Polyethylene PEX 

Filling jacket/band ring 

+ concentric conductor 

Aluminum 

laminate 

Semiconductors PE 

TSLI Cross-linked 

Polyethylene PEX 

Filling jacket/band ring 

+ concentric conductor 

Aluminum 

laminate 

Other plastics e.g. TPE 

TSLP Cross-linked 

Polyethylene PEX 

Filling jacket/band ring 

+ concentric conductor 

Aluminum 

laminate 

PVC 

TXSI Cross-linked 

Polyethylene PEX 

No jacket Concentric 

conductor 

Other plastics e.g. TPE 

TXSE Cross-linked 

Polyethylene PEX 

No jacket Concentric 

conductor 

PE or PP 

TXSP Cross-linked 

Polyethylene PEX 

No jacket Concentric 

conductor 

PVC 
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2.5.3 Structural design and components 

The design of XLPE cables fulfill to international standards such as IEC 60502 and IEC 60840. 

The structure design of XLPE insulated power cable will always involve the following 

components. The stranded aluminum or copper conductor carries the current and ensure a 

smooth profile, free from sharp juts that could damage the insulation due to high local electric 

stress. Inner semi-conductor screen is to prevent electric field and flux concentration since there 

is an interface of ultra-smooth XLPE between the conductor and the insulation. [46] 

2.5.4 Current ratings 

The cross-section of a conductor is determined by the transmission capacity or the current 

transmitted by each phase as [47]  

𝐼 =
𝑆

√3 𝑉
 (2.28) 

where  

• 𝐼 is current rating 

• S is apparent power of the line in kVA 

• V is rated phase-to-phase voltage 

 

The cross-section of a conductor must be in such a way that the heating of the cable insulation 

generated in the cable is compatible to its resistance to heat. Heat generation in HV cables is 

covered in chapter 2.2. The rated temperatures of XLPE cable under different conditions are 

shown in Table 2.19 for XLPE insulation. [47] 

 

Table 2.19: Temperature limits of XLPE cable. [47] 

Temperature under rated operating conditions 90 ℃ 

Temperature under emergency operating conditions 105 ℃ 

Temperature in the event of a short-circuit (< 5 sec) 250 ℃ 

 

The current ratings in amps given in the following tables need to be corrected according to 

different parameters as the laying conditions in Table 2.20, the thermal resistivity of the ground 

in Table 2.21, ground temperature shown in Table 2.22, and temperature of air shown in Table 

2.23. [47] 

 

Table 2.20: Correction factors for the power cable laying conditions. [47] 

Laying depth [m] 1.0 1.2 1.3 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

Correction factor 1.03 1.01 1.00 0.98 0.95 0.93 0.91 0.89 0.88 0.87 0.86 
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Table 2.21: Correction factor for thermal resistivity of the ground. [47] 

Thermal resistivity of the ground 0.8 1 1.2 1.5 2.0 2.5 

Correction factor 1.09 1.00 0.93 0.85 0.74 0.67 

 

Table 2.22: Correction factor for temperature of the ground. [47] 

Ground temperature [℃] 10 15 20 25 30 35 40 

Correction factor 1.07 1.04 1.00 0.96 0.92 0.88 0.84 

 

Table 2.23: Correction factor for temperature of the air. [47] 

Air temperature [℃] 10 20 30 40 50 60 

Correction factor 1.07 1.04 1.00 0.96 0.92 0.88 
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3 Color Line cable 
The Color Hybrid ferry has both conventional diesel engines and battery operation. The 

lithium-ion battery pack has a capacity of 4.7 MWh from Siemens and can provide up to 1 hour 

of maneuvering and sailing. The battery is used for peak shaving at peak loads which results in 

a lower fuel consumption, and it reduces the noise and emissions. The battery pack is quick 

charged around three times a day through an onshore-based power supply, normally between 

30 minutes to 1 hour at Sandefjord. The onshore power is supplied via 12 kV and 24 kV power 

cables, referred to as the Color Line cable, in Lede’s grid. Color Line wants to optimize 

charging profiles in terms of the thermal development in the Color Line cable. There are in 

total seven wireless temperature sensors placed on the 12 kV Color Line cable to measure 

surface temperatures of the cable and environment temperatures. SINTEF have assessed the 

thermal conditions around the cable to verify that the nominal load currents will not exceed 

maximum allowed temperature rise.  

In this chapter, the Color Line cable and sensor placements will be presented together with the 

SINTEF assessment for thermal development. A standard example of a loading profile will 

also be presented.  

3.1 The 12 and 24 kV cable 

The charging system in Sandefjord has a power of 6,5 MW [48]. The Color Line cable begins 

at the substation left in Figure 3.1 and goes through a culvert together with several other cables. 

After the culvert, the cables pass through a concrete wall in pipes before being placed directly 

in the ground. After a few meters, the cables splits into two groups (see the split in Figure 3.1) 

where one of the groups goes toward the charging station. Note that at this point, the 12 kV 

Color Line cables is in trefoil formation. Some distance after the split, the cables is spliced into 

a 24 kV cable, before traveling approximately 1.23 km to the charging station. In the last parts 

of the installation, the cable comes out of the ground and goes into the charging station. [49] 

 

 

Figure 3.1: Illustration of Color Line cable configuration. 
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The Color Line cable consists of two different types of XLPE cables. The first part is an older 

TXSE 12 kV 1x3x240 Al, and the second, newer part is a TSLF 24 kV 3x1x240 Al. The TXSE 

cable is a three-phase cable with a common shielding while the TSLF cable is three single-

conductor cables. Figure 3.2 shows the geometric cross-section of the TXSE cable where the 

temperature sensor is placed on the common shielding marked with red color. Dimensions and 

parameters of the TXSE cable is shown in Table 3.1 and Table 3.2, respectively. The material 

properties such as thermal conductivity and heat capacity are based on data in IEC 60278, and 

given in the SINTEF report [15]. 

 

 

Figure 3.2: Geometric cross-section of  

TXSE 1x3x240 Al cable. [15] 

Table 3.1: Dimension of the TXSE cable. [15] 

Component Dimension [𝒎𝒎] 

 

diameter 

Conductor 18.2 

Outer insulation 26.3 

Outer sheath 68 

thickness Insulation 3.4 

Outer sheath 3.2 
 

 

Table 3.2: Parameter of the cable component. [15] 

Component Material Thermal resistivity 

[𝒎𝑲/𝑾] 

Density 

[𝒌𝒈/𝒎𝟑] 

Specific heat 

capacity [J/kgK] 

Conductor Al 0.0042 2700 900 

Insulation PEX 2.6 930 1900 

Semiconductor PE 1.38 930 1900 

Filling pipe PVC 10 1760 1700 

Outer pipe PE 2.6 930 1900 

 

As given in Table 3.2, the thermal resistivity of insulation (PEX) has the same value as the 

thermal resistivity of outer pipe (PE). Notice that the resistivity of the semiconductor (PE + 

carbon black) has much lower value than the two mentioned.  
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3.2 Loading profile 

The Color Hybrid ferry has several short charging periods during the day, and a longer charging 

period during the night, as illustrated in Figure 3.3. The blue plot is loading profile on winter 

day (February 24th, 2020) while the red plot is on summer day (June 15th, 2020). The overnight 

charging is not enough to give the batteries sufficient energy for a day. Therefore, two- or three 

quick charges is done throughout the day. The currents are given in Appendix B (confidential) 

which is not published for USN but only shared with Lede and the supervisor. The maximum 

current value of the winter and the summer day is noted as Imax,winter and Imax,summer, respectively. 

[49] 

 

 

Figure 3.3: Loading profile of Color Line cable for winter and summer day. Data from [49] 

 

The efficiency of the electrical energy usage during a 24-hour period is calculated through the 

load factor, as defined in chapter 2.4.6. One can use either load factor or daily load factor 

calculation to obtain the load factor of the winter and the summer day. The load factor of the 

winter and summer day is 0.12 and 0.21, respectively. The calculation of the load factors is 

shown in Appendix B (confidential). 

3.3 Sensor 

The thermal conditions in the culvert are difficult to determine quantitively. Further it is 

difficult to formulate a good thermal model since the Color Line cable is laid close together 

with other power cables. To determine the thermal conditions in the culvert, temperature 

sensors are installed on the surface of the Color Line cable and in the culvert.  

The Wireless Temperature Sensors from Disruptive Technologies, see Figure 3.4, makes it 

easy to measure temperatures and transmit the data wirelessly to the Cloud Connector with 

15 minutes intervals. The sensors are placed on the 12 kV TXSE cable and measures the surface 

temperature of the cable. Sensors on the wall is also measuring the surrounding temperature. 

The size of this sensor is 19x19x2.5 mm, weighing 2.0 g. The temperature range is -40 to 85 ºC 

and tolerates 0 to 100 % relative humidity at 25 ℃. [50] 
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Figure 3.4: The Wireless Temperature Sensor from Disruptive Technologies where the right picture shows an 

example of sensor placement. [50] 

 

A total of seven wireless sensors are installed in three different places and description of the 

sensor placement is shown in Table 3.3. The sensors are divided into three groups: I, II and III. 

The location of these sensor groups on the Color Line cable is illustrated in Figure 3.5. The 

sensor numbers 1 – 4 (I) and the sensor numbers 5 – 6 (II) is placed close to each other while 

the sensor number 7 (III) is placed outside of the cable culvert where the coldest environment 

is. 

 

Table 3.3: Grouping the temperature sensors into three groups. 

Sensor number Name of sensors Sensor group 

1 Ranvik field 20 I 

2 Isolated with glass wool I 

3 Isolated with cushion and extra antenna I 

4 Cable straight out from the field I 

5 Cable culvert 20 cm from the wall II 

6 Pipe penetrations from the inside II 

7 Out of the cable culvert III 
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Figure 3.5: Illustration of sensors location on Color Line cable.  

3.4 Temperature data 

Figure 3.6 shows the temperature data of sensor number 1, Ranvik field 20, in the same days 

as the loading profiles shown in Figure 3.3 and one can observe that the temperature changes 

when the load changes. One can also observe that the average temperature of the summer day 

is slightly higher than the winter day. [49] 

 

 

Figure 3.6: Temperature data of Color Line cable for a winter and summer day. Data from [49] 

 

The rough time constant of the Color Line cable is calculated from the period 16:00 to 22:15 

of the winter day. The total temperature rise at steady state can be calculated by subtracting the 

highest temperature 27.65 ºC with the initial temperature 20.15 ºC. The total temperature rise 

is 7.5 ºC and the temperature rise at the time constant is approximately 4.7 ºC. The temperature 

at time constant is then 24.9 ºC and the time constant can be read visually from the temperature 
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data, see Figure 3.7. The time constant is roughly estimated to be 45 minutes. Note that the 

temperature data is only given every 15 minutes, so there is high uncertainty, ± 15 minutes, 

in the estimated time constant of the Color Line cable. 

 

 

Figure 3.7: Temperature and load data of Color Line cable for the winter day. Data from [49] 

 

Figure 3.8 shows the seven temperatures measurements of the Color Line cable on the winter 

day. The dynamics of the temperature measurements is similar for all the measurements. The 

four uppermost sensors (brown, red, orange, and yellow) are in close proximately in the 

temperature range. The two sensors in the middle (blue and cyan) have the same similarity, 

while the bottom sensor (green) is the coldest one. [49] 

 

 

Figure 3.8: Temperature data of Color Line cable on a winter day. Data from [49] 



 

 

  3 Color Line cable 

62 

3.5 Thermal conditions 

SINTEF has assessed the thermal conditions around the 12 kV TXSE Color Line cable. The 

maximum stationary temperature development of two different cross-sections has been 

examined, namely the culvert near the substation and crossroad with 11 power cables. [15] 

3.5.1 Culvert 

To calculate the thermal behavior of the cable with respect to the culvert, the heat transfer 

coefficient of the cable must be obtained. This coefficient h is calculated with thermal 

conductivity of air, Rayleigh number, Prandtl number etc. The calculated average temperature 

on the cable surface is slightly higher than the measured temperature. The cable in the culvert 

appears to have sufficient load capacity to be able to supply desired current without the 

conductor temperature becoming too high. [15] 

SINTEF has tested short-term current charging on the Color Line cable where the current is 

approximately Imax,winter with one hour duration. The result shows that the calculated average 

temperature on the cable surface is slightly higher than the measured cable temperature. 

However, it seems that the heat dissipation mechanism used in calculation is well suited for 

estimating the temperature since there is a good agreement between the calculated and the 

measured cable temperature. [15] 

The conductor temperature of the Color Line cable is under 45 ºC for charging profile for Color 

Hybrid where an ambient temperature in the culvert is 25 ºC. With an ambient temperature of 

10 ºC in the culvert, the conductor temperature becomes 30 ºC. The temperature difference 

between the conductor and the ambient appears to be constant, regardless of the ambient 

temperature. It concludes that the Color Line cable has sufficient load capacity to be able to 

supply the desired current without exceeding the temperature limit where the insulation can be 

degraded. [15] 

3.5.2 Crossroad 

Thermal modeling of the temperature distribution close to the crossroad shown in Figure 3.1 

has been done. The temperature distribution was calculated in “REN Trench” to assess the load 

capacity of the Color Line cable with 10 other cables. The cables were laid 60 cm under the 

ground and the distance between the cables was set to 11 cm. [15] 

For the intersection, it is assumed conservative values for the thermal resistance in the ground 

and both surrounding masses under the road and the road body itself. The thermal resistance to 

the ground, both in the cable trench and for surrounding masses was set to 2.5 mKW-1 which 

have the same thermal resistance as dry masses. Surrounding masses usually have lower 

thermal resistance due to the moisture content, however the conservative values are assumed. 

The ground temperature was set to 15 ºC. [15] 

The stationary load capacity of the Color Line cable was found to achieve the maximum 

conductor temperature limit of 90 ºC. The temperature distribution of the trench section is 

shown in Figure 3.9 where the Color Line cable is the farthest right one and marked with the 

red circle. [15] 
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Figure 3.9: Temperature in Color Line cable with a maximum stationary load. [15] 

 

SINTEF has approved that the Color Line cable charging current does not lead to a dangerous 

temperature rise. However, there is still interests to find out the allowed maximum charging 

current and minimum resting time between the short charges.  
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4 Laboratory work 
The High Current Laboratory at University of South-Eastern Norway arranges for several 

different high-current, low voltage experiments. In the late 2020 a new section in the laboratory 

was constructed for thermal testing with power cables. USN has provided a cable system 

containing XLPE 24 kV cable from Nexans installed on a cable tray, with K-type 

thermocouples to investigate thermal property of the power cable. The 8.5 m long cable tray 

contains six parallel power cables and sixteen thermocouples. Thermocouples have been 

installed both on the aluminium conductor surface and on the cable outer sheath.  

The installed laboratory cable is designed such that it can imitate the new section of the Color 

Line cable, with focus on the parts in the air. This chapter will look at the installed experiment 

cables and experiment setup, and long-term and short-term charging will be tested. In addition, 

a simple thermal model of the power cables will be made, where the thermal model must work 

for different charging profiles.  

4.1 The installed 24 kV XLPE power cable 

The structure of a single core TSLF 24 kV 240 mm2 Al power cable from Nexans is shown in  

Figure 4.1. TSLF is one type of XLPE insulated cable where T indicates cross-linked 

polyethylene PEX, S indicates filling jacket/band ring and concentric conductor, L indicate 

aluminum laminate armoring, and E indicate semiconductors PE outer sheath.  

 

 

Figure 4.1: Nexans TSLF 24 kV single core power cable. [47, edited] 

 

The aluminum conductor of the TSLF cable is multi-wire compressed aluminum conductor 

filled with swelling powder. Inner semiconductor and outer semiconductor are extruded cross-

linked semiconductor PEX while the insulation is extruded dry-vulcanized polyethylene 

(PEX). Shade consists of a layer of annealed copper wires and aluminum foil. Standard screen 

cross-section is the sum of copper threads and aluminum foil. Screen cross-section is the 

physical cross-section of the copper wires in the screen. The longitudinal water proofing is a 

layer of swelling tape to prevent longitudinal penetration of water where the swelling tape is 

applied with a joint to ensure electrical contact between the screen and the aluminum laminate 

(diffusion barrier). The radial waterproofing is a layer of aluminum laminate glued to the outer 

sheath. Outer sheath consists of inner layer and exterior layer. Inner layer is the insulating part 

of the outer mantle and is UV resistant and white to create an optical separation between the 

inner and outer layers. The exterior layer is conductive black PE. [52] 
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Table 4.1 shows parameters of the installed 24 kV single-core XLPE cable where the exterior 

diameter was given in Nexans TSLF cable book [34], and the thermal resistivity are the values 

given in Table 2.7. The diameter of the aluminum conductor was calculated mathematically by 

knowing the conductor cross-section, while the rest of the diameters were measured by hand. 

The weight of this cable is approximately 1.64 kg/m [40]. 

 

Table 4.1: Parameters and properties of the installed 24 kV single-core XLPE cable.  

Component Diameter [mm] Thermal resistivity 

[Km/W] 

Aluminum conductor 17.4 0.0042 

Inner semiconductor (PEX) 19 2.5 

XLPE Insulation 28 3.5 

Outer semiconductor (PEX) 29.5 2.5 

Shade 30 - 

Waterproofing 35 - 

Outer sheath (PE) 38.1[51] 2.5 

 

The installed cable has the identification codes as A 2X 2Y with respect to the DIN VDE given 

in Table 2.3. These identification codes means that the cable is aluminum conductor, XLPE 

insulated and PE outer sheath.  

4.2 Laboratory experiment setup 

Figure 4.2 shows the experiment setup where the blue panel on the bottom is the high current 

injection transformer. This setup allows for two different cable formations, namely flat and 

trefoil formation on the same cable tray.  
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Figure 4.2: An overview of the experiment setup. 

 

The two sets of three parallel power cables are illustrated in Figure 4.3. At the left side of the 

setup there is the possibility for connecting a three-phase power source to one of the cable sets 

(flat formation). At the other end, the first set is connected in series with the second cable set 

(trefoil formation). At the end of the second set, all three phases are short-circuited, effectively 

making the three parallel cables connected as a star load. 

 

 

Figure 4.3: Illustration of the experimental power cable setup. 

 

The backside of the high current injection transformer is shown in Figure 4.4 where 𝐼1, 𝐼2, 

and 𝐼3 is connected to cable terminals 𝐿1, 𝐿2, and 𝐿3 indicated on the left in Figure 4.2. 



 

 

  4 Laboratory work 

67 

 

Figure 4.4: Backside of the high current injection transformer where the green cables are the three-phase output. 

4.2.1 Cable setup 

The most common cable formations for power cables in a three-phase circuit are flat and trefoil 

(triangular). The choice of cable formation depends on factors such as load, conductor area, 

cooling retention, available space for installation, screen bonding method etc. Both formations 

were installed in the laboratory setup. The flat formation was laid with 80 mm distance between 

each phase, and the distance between the flat and trefoil formation is 225 mm as shown in 

Figure 4.5. From Table 2.16 and [44], the distances between the phases must be at least 1 cable 

diameter. Because of available space, two cable diameters are chosen in the laboratory. The 

circumference of a single cable is calculated to be 120 mm and for the cable bundle of trefoil 

formation is measured to be 300 mm by hand. 

 

 

Figure 4.5: Circumferences of the cable and the trefoil bundle.  
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Figure 4.6 shows close-up pictures of the experimental setup at the High Current Laboratory 

where (a) shows overall view of the cable setup with both cable formation, (b) and (c) shows 

flat and trefoil formation, separately, (d) shows the cable arranged on the wall down to the 

current injection and the short-circuit. Finally, (e) and (f) shows the connection between flat 

and trefoil and three phases are physically separated with planks.  

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 4.6: The experimental cable setup where (a) overall (b) flat formation (c) trefoil formation (d) cables 

arranged on the wall (e) current injection and neutral point (f) connection between flat and trefoil.  

 

The cold resistance is found by injecting a 100 A DC current between L2 and L3, and 

measuring the voltage drop in L2-N, L3-N and L2-L3. From there the resistance values is 

calculated using Ohms law. This resistance is later used to estimate the hot resistance during 

testing. The calculated values for both L2-N and L3-N are 2.275 mΩ when the room 

temperature is 22.4 ºC. For L2-L3, the cold resistance is measured to 4.55 mΩ which is the 

sum of the phase resistances. Note that the measured cold resistance for L2-N and L3-N 

contains both the cable resistances of flat and trefoil formation. However, the cold resistance 

for each formation is assumed to be equally distributed in each phase. In other words, one cable 

length of 8.5 m has a cold resistance of 1.1375 mΩ and cold resistance per unit length of the 

experimental cable is the assumed to be 0.134 mΩ/m. The warm resistance at 90 ºC, which is 

the temperature limit for the XLPE cable, can be calculated by using Equation (2.3). The cold 

resistance is only including the ohmic and contact resistance, and do not include skin effect, 

proximity effect, induced losses, or dielectric losses. 

𝑅90 = 1.1375 𝑚Ω [1 + 3.9 ∙ 10−3(90℃ − 22.4℃)] = 1.4375 𝑚Ω  
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4.2.2 Sensor setup 

There are 8 thermocouple sensors in each formation allowing for temperature measurement 

both on the aluminum conductor surface and on the cable outer sheath. The thermocouples 

used for temperature measurements are RS PRO type K, with a temperature range between -

10 to 105 ℃. The conductor material of the positive side is nickel chromium (green), and the 

negative side is nickel aluminum (white), see Figure 4.7. [52] 

 

 

Figure 4.7: RS PRO thermocouple type K. [52] 

 

Of the sixteen temperature measurements, eight is installed close to the aluminum conductor, 

inside the cable insulation, while the other eight thermocouples are placed on the cable surface. 

Figure 4.8 shows the method of thermocouple installations on the cable. The upper pictures 

show the thermocouple installation close to the aluminum conductor while the pictures below 

show the thermocouple installation on the surface of the cable. The thermocouples on the 

conductor are installed by drilling a hole through the cable insulation all the way to the 

conductor surfaces, approximately 15 mm depth.  

 

    

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.8: Method of thermocouples installation where (a) cable surface (b) twisted sensor conductor  

(c) sensors held on with tape (d) thermocouple plug. 
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The thermocouples are divided into three thermocouple groups A, B, and C and installed as 

shown in Figure 4.9 where upper pictures show more details of thermocouples placement. All 

thermocouples are collected and comes down from the cable tray on the right side of the setup. 

 

 

Figure 4.9: The overview of three sensor group placement. 

 

The sixteen thermocouples are indicated as red squares in Figure 4.10 where odd thermocouple 

numbers are installed on the conductor surface while the even thermocouple numbers are 

installed on the surface of the cable. 

 

 

Figure 4.10: Thermocouple placement and numbering. [47, edited] 
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Figure 4.11 shows an overview of the installed thermocouples on both trefoil and flat 

formation, where a red solid square includes both conductor and surface measurement. The 

three thermocouple groups include the following sensor numbers: group A (1, 2, 15, 16), group 

B (3, 4, 5, 6, 11, 12, 13, 15), and group C (7, 8, 9, 10). Note that thermocouple nr. 9 and nr. 10 

are installed in a part where the trefoil formation is separated in order to make the necessary 

connections. Because of this, the measurements from these sensors are neglected in the analysis 

for trefoil formation. 

 

 

Figure 4.11: Overview of the thermocouple groups, and their respective placements. 

 

The thermocouples are connected to a data logger through two connection boxes shown in 

Figure 4.12. The room temperature sensor is placed around 2 meters from the installed cables 

and is screwed between a bolt and a nut to increase the thermal time constant of the 

measurement. This will act as a first order filter for the room temperature measurement that 

gives greater thermal inertia and is therefore not affected by fast local air/temperature 

variations. The data logger is connected to the software Agilent BenchLink Data Logger 3 to 

collect the temperature data from the power cables during testing. 

 

 
(a) 

 
(b) 

 

 
(c) 

Figure 4.12: The set of temperature measurements where (a) connection boxes (b) ambient temperature sensor 

(c) data logger 
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4.3 Laboratory long-term testing and thermal response  

Before running the first tests on the experiment setup, appropriate testing currents must be 

decided. Table 4.2 includes a comparison of the maximum current from different references, 

in addition to indicating the maximum currents that have been tested by Lede, shown in Figure 

3.3, and given in Appendix B (confidential) [45]. Permitted load of the power cable at 15 ºC 

room temperature is 465 A for flat formation and 445 A for triangle formation [51]. General 

permitted load for 24 kV cable for open cover/screen and air/ground arrangement type is shown 

in the center of Table 4.2 [44].  

 

Table 4.2: Comparison of the maximum current from Nexans and maximum current operated by Lede given in 

Appendix B (confidential).  

TSLF cable (Nexans) 

240 mm2 24kV [51] 

open cover/screen (Nexans) 

air/ground 12 and 24kV[44] 

Data from Lede 

(Confidential) 

Color Line cable [49] 

Flat Trefoil Flat Trefoil Winter day Summer day 

465 445 570/510 505/465 Imax,winter Imax,summer 

 

The correction factor f1 is 1.08 for the power cable in air with a room temperature of 20 ºC 

following Table 2.15, while the correction factor f2 is 1 according to the number of grouping 

cables following Table 2.16. Since the correction factors are quite small, they are neglected 

when assessing the maximum current rate for the tests.  

Load data from Lede has a lower current value than the others in Table 4.2, and therefore the 

highest current value of the winter day (Imax,winter) was chosen to determine the thermal property 

of the cable. In addition, 465 A and 520 A was also selected for thermal testing. The collection 

of this data will then make the foundations for calculating the thermal model parameters.  

4.3.1 Testing with Imax,winter to steady state 

The current indicated as Imax,winter was tested on the laboratory setup. The current from the 

injection transformer was adjusted manually to be constant from the beginning of the 

experiment until the temperature reached approximately steady state. Steady state was defined 

when the temperature difference at any point was less than 1 ºC in one hour.  

The temperature stabilized after 3 hour and 45 minutes. Figure 4.13 shows all measured 

temperatures of the cables with a current of Imax,winter, including the room temperature. The solid 

lines indicate conductor surface temperatures or inner temperatures (odd thermocouple 

numbers), and dashed lines indicate outer sheath or outer temperature measurements (even 

thermocouple numbers). The maximum measured temperature is 51.4 ºC with a room 

temperature of 22 ºC. 
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Figure 4.13: Measured temperatures of the cables with Imax,winter where solid lines are conductor surface 

temperatures and dashed lines are outer sheath temperatures. 

 

It is clear to see that the highest final temperature is thermocouple nr. 11 which is the inner 

conductor on the upper most cable in the trefoil formation, located in the middle of the setup. 

One can also see that the temperature of the trefoil formation (thermocouple nr. 9-16) has 

higher values than the temperatures of the flat formation (thermocouple nr. 1-8). This is due to 

a smaller total surface area of the outer sheath for trefoil compared to flat formation. In addition, 

a stronger proximity effect of the trefoil formation leads to a higher apparent resistance, which 

results in larger ohmic losses.  

Table 4.3 shows the temperature differences between steady state temperature of each sensor 

and the room temperature of 22 ºC. One can observe that the temperature difference is higher 

for the trefoil formation than flat for formation. Sensor group A and B, indicated in bold, are 

used further to obtain parameters for a simplified thermal model.  

 

Table 4.3: The temperature differences between steady state temperature of each sensor and room temperature. 

Cable formation Conductor temperature Surface temperature 

Flat Sensor nr. 1 3 5 7 2 4 6 8 

∆𝑇 22.8 22.7 23.1 23.4 18.1 21.1 19.6 18.5 

Trefoil Sensor nr. 9 11 13 15 10 12 14 16 

∆𝑇 24.6 32.4 30.6 31.3 19.6 26.3 23.9 24.8 
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To better illustrate the temperature responses, the measured temperatures of flat and trefoil 

formation is plotted separately and shown in Figure 4.14 and Figure 4.15. 

 

 

Figure 4.14: Measured temperature of the flat formation with Imax,winter. 

 

 

Figure 4.15: Measured temperature of the trefoil formation with Imax,winter. 

 

For flat formation, there is a clear divide between the surface measurements and the conductor 

measurements. This divide can also be found in the trefoil formation measurements, with one 

outlier. Measurement nr. 9 reads of a much lower value than the other conductor temperatures. 

The main reason for this is that this sensor is placed in Group C, shown in Figure 4.9, where 

the trefoil formation is not contained. The space that is made between the cables leads to better 

cooling conditions, and this can explain the low value that is measured. 
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4.3.2 Testing with 465 A to steady state 

The thermal response in the cables for a 465 A constant current is shown in Figure 4.16. The 

maximal temperature measured in this case was 71.2 ºC, which were reached after 5 hours. 

One can observe that the room temperature is increasing over the test duration, with an end 

value of 24 ºC.   

 

 

Figure 4.16: Measured temperatures of the cables with 465 A. 

4.3.3 Testing with 520 A to steady state 

The thermal response in the cables for a 520 A constant current is shown in Figure 4.17. The 

maximal temperature measured in this case was 83.4 ºC, which were reached after 4.5 hours. 

The room temperature is increasing over the test duration, with an end value of 25.1 ºC.  

 

 

Figure 4.17: Measured temperatures of the cables with 520 A. 
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4.4 Thermal responses for short-term charging 

Data from short-term charging in the Color line cable is taken from time period 16:15 to 20:00 

on February 24th, 2020 from Figure 3.6. The same load current is applied to the laboratory setup 

for the same duration, where the data from trefoil formation is used. Figure 4.18 shows the 

short-term charging temperature responses the measured values. Since the temperature sensor 

of the Color Line cable is placed on the outer sheath of the cable, it is expected that this 

measurement is somewhat lower than what is found in the laboratory. One can see from the 

figure below that he Color Line cable temperature is just 2 and 3 ºC lower than laboratory cable 

surface measurements. 

 

 

Figure 4.18: Temperature of Color Line cable, measured and simulated for inner and outer. 

 

To compensate for the different air temperatures surrounding the cables, the figure above is 

plotted with temperature difference between the cable and the environment on the y-axis, and 

this is shown in Figure 4.19. The environment temperature of the Color Line cable in culvert 

is assumed to be 15 ºC, based on the cable temperature measurements in the culvert (Group II), 

given in Figure 3.8. The temperature difference of the Color Line cable has the largest value. 

However, there are uncertainties in the Color Line temperature measurements because of the 

sensor placement on the outside of the ground cable and because of an unknown environment 

temperature.  

 

 

Figure 4.19: Temperature difference from the environment temperature of Color Line cable, and measured 

temperature for inner and outer in laboratory.  
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4.4.1 Testing with 700 A for 30 minutes 

The thermal response in the cables for a 700 A current in 30 minutes is shown in Figure 4.20. 

The maximal temperature measured in this case was 64.3 ºC in sensor nr. 15. The room 

temperature is measured to be 20.9 ºC.  

 

 

Figure 4.20: Measured temperatures of the cables with 700 A. 

4.4.2 Testing with 850 A for 30 minutes 

The thermal response in the cables for an 850 A current in 30 minutes is shown in Figure 4.21. 

The maximal temperature measured in this case was 86.7 ºC in sensor nr. 15. The room 

temperature is measured to be quite constant at 23.4 ºC.  

 

 

Figure 4.21: Measured temperatures of the cables with 850 A. 
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4.5 Thermal property of the experimental cable 

Thermal properties such as thermal time constant, heat capacity and heat transfer coefficients 

can be calculated using the data obtained from the steady state experiment done in chapter 4.3.  

4.5.1 Thermal Time constant from Imax,winter 

Thermocouples nr. 3 (flat) and nr. 11 (trefoil) in the middle of the setup is chosen to calculate 

the thermal time constant of the cable formations. First the total temperature rise at steady state 

is calculated by subtracting the steady state temperature with the initial temperature. Then 

63.2 % of the temperature rise is calculated and added to the initial temperature to get the 

temperature at the time constant. Lastly, the time constant can be visually found using the 

temperature measurements of those thermocouples, and this is illustrated in Figure 4.22 and 

Figure 4.23. Table 4.4 shows the time constant calculation procedures. 

 

 

Figure 4.22: Time constant of the conductor surface measurements for flat (nr. 3) and trefoil (nr. 11). 

 

 

Figure 4.23: Time constant cable surface measurements for flat (nr.4) and trefoil (nr. 12). 
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Table 4.4: Time constant calculation of flat (nr.3) and trefoil (nr.11). 

Conductor surface temperature Flat (nr. 3) Trefoil (nr. 11) 

Temperature rise at steady state 41.1 − 22.7 = 18.4 ℃ 52 − 23 = 29 ℃ 

Temperature rise at time constant 18.4 ℃ ∙ 63.2 % = 11.6 ℃ 29 ℃ ∙ 63.2 % = 19.3℃ 

Temperature at time constant 11.6 ℃ + 22.7 ℃ = 34.3℃ 19.3 ℃ + 23 ℃ = 42.3 ℃ 

Time constant 40 minutes 1 hour 2 minutes 

 

In order to compare the Color Line cable with the laboratory cable, the time constant of 

thermocouple nr. 12 is compared since the Color Line cable has trefoil formation. With the 

same time constant calculation method as shown above, time constant of thermocouple nr. 4 

and nr. 12 are calculated to be 37 minutes and 56 minutes, respectively. As shown in chapter 

3.4, the Color Line cable had a time constant of 45 minutes, which is comparable with the 

laboratory results. The time constant calculation from the Color Line cable has some 

uncertainty because of the low data resolution of 15 minutes per measurement. In addition, the 

environment temperature is different between the laboratory and the Color Line measurements, 

and the difference in conditions may affect the calculations.  

One can see that the flat formation has a lower time constant than the trefoil formation. This is 

because the larger surface area of flat formation gives a better heat transfer to the air and a 

larger surface emissivity. This is why the flat formation permit higher currents than trefoil, 

which is also indicated in Table 4.2. In other words, one can say that the thermal resistance 

from the cable to the surrounding air for flat formation is lower than for trefoil formation. 

Equation (2.27) describes that with equal thermal capacities, the lower thermal resistance must 

have a lower thermal time constant.  

4.5.2 Heat transfer coefficient and thermal conductivity 

To estimate the heat transfer coefficient of the two different cable formation, the thermal 

systems is assumed as a lumped parameter system for simplicity. This effectively means that 

the temperatures of the defined subsystems have uniformly distributed temperature. As shown 

in Figure 4.24, there are two subsystems considered, namely the inner (conductor) and outer 

(insulation) part of the cable. These subsystems are chosen because they can be referred to as 

the two different measurements taken at the cable. The outer subsystem will include all the 

different layers from the inner semiconductor to the outer sheath as a simplification, see Figure 

4.1 for the different layers.   
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Figure 4.24: Illustration of the lumped parameter system of the cable. 

 

For the inner part of the cable, the heat transfer mechanism (hinner) is dominated by conduction 

between the conductor and the insulation. Heat transfer from the cable surface to the 

surrounding air (houter) is mainly affected by convection and radiation.  

There are four different temperature measurements that are important in calculating the thermal 

heat transfer coefficients, namely the inner and outer temperatures of the flat and trefoil 

formation. To obtain representative values for these temperatures, averages from the 

appropriate thermocouples was used, which were introduced in chapter 4.2.2. 

It is assumed that the heat transfer coefficient h is the same for both cable formation because 

they are the same cables. This is assumed because h depends on the physical material, internal 

layout in the cable, and the interface between the cable and the environment. The main reason 

for the difference in thermal properties between flat and trefoil formation is the surface area 

between the cable and the environment, which is the only place for the generated heat to flow. 

The area of the outer sheath of each formation is calculated by using the diameters given in 

Table 4.1. The area between the inner and outer subsystems can be calculated from the 

circumference of the conductor. Area from the conductor surface is calculated in a similar way, 

by using the outer circumference of the cable.  

𝐴𝑖𝑛𝑛𝑒𝑟 = 𝑑𝑖𝑛𝑛𝑒𝑟 ∙ 𝜋 ∙ 1𝑚 = 0.0174 𝑚 ∙ 𝜋 ∙ 1𝑚 = 0.0547 𝑚2/𝑚 

𝐴𝑜𝑢𝑡𝑒𝑟 = 𝑑𝑜𝑢𝑡𝑒𝑟 ∙ 𝜋 ∙ 1𝑚 = 0.0381 𝑚 ∙ 𝜋 ∙  1𝑚 = 0.119 𝑚2/𝑚 

However, in trefoil formation the generated heat from the conductor will not spread out evenly 

as the adjacent cables creates less temperature gradients toward the center of the trefoil 

formation. This is illustrated in Figure 4.25 where the size of the red arrows indicates the 

amount of heat flow, and the blue line indicating the outer circumference. To address this, some 

adjustment factors for the trefoil areas 𝜅𝑖𝑛𝑛𝑒𝑟 and 𝜅𝑜𝑢𝑡𝑒𝑟 are introduced for the thermal heat 

conductivity calculations.  
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Figure 4.25: Illustration of heat flow and outer circumference of flat (left) and trefoil (right) formation. 

 

The heat transfer coefficient can be calculated by using the Equation (2.14), where ∆𝑇 is 

temperature difference between two points/subsystems. If the adjustment factors are to be 

considered, the heat transfer coefficients must be calculated using the following equations.  

ℎ𝑖𝑛𝑛𝑒𝑟,− =
𝑅−𝐼2

𝐴𝑖𝑛𝑛𝑒𝑟 (𝑇𝑖𝑛𝑛𝑒𝑟,− − 𝑇𝑜𝑢𝑡𝑒𝑟,−) 
 (4.1) 

ℎ𝑜𝑢𝑡𝑒𝑟,− =
𝑅−𝐼2

𝐴𝑜𝑢𝑡𝑒𝑟 (𝑇𝑜𝑢𝑡𝑒𝑟,− − 𝑇𝑟𝑜𝑜𝑚) 
 (4.2) 

ℎ𝑖𝑛𝑛𝑒𝑟,∆ =
𝑅∆𝐼

2

𝐴𝑖𝑛𝑛𝑒𝑟 ∙ 𝜅𝑖𝑛𝑛𝑒𝑟 (𝑇𝑖𝑛𝑛𝑒𝑟,∆ − 𝑇𝑜𝑢𝑡𝑒𝑟,∆) 
 (4.3) 

ℎ𝑜𝑢𝑡𝑒𝑟,∆ =
𝑅∆𝐼

2

𝐴𝑜𝑢𝑡𝑒𝑟 ∙ 𝜅𝑜𝑢𝑡𝑒𝑟 (𝑇𝑜𝑢𝑡𝑒𝑟,∆ − 𝑇𝑟𝑜𝑜𝑚) 
 (4.4) 

The resistance values in the equations above is calculated separately for each case because the 

resistance is temperature dependent. 𝑅− is the warm resistance in flat formation while 𝑅∆ is 

warm resistance for trefoil formation. 

All the variables in the equations above are known, except the adjustment factors. These are 

obtained by using an optimization algorithm from Scipy in Python [53]. To include the data 

from the laboratory tests presented above, few constraints and assumptions are made:  

• It assumes that hinner for both formations is identical for all test scenarios. This is also 

true for houter.  

• The average values calculated for hinner from the three test cases will be the resulting 

heat transfer coefficient. This is also true for houter.  

The objective function for the optimization is presented in Equation (4.5). Note that ℎ𝑖𝑛𝑛𝑒𝑟,∆ 

and ℎ𝑜𝑢𝑡𝑒𝑟,∆ is the variables which is affected by the adjustment factors while flat formation 

is not affected by these.  

𝐽(𝜅𝑖𝑛𝑛𝑒𝑟, 𝜅𝑜𝑢𝑡𝑒𝑟) = (ℎ𝑖𝑛𝑛𝑒𝑟,− − ℎ𝑖𝑛𝑛𝑒𝑟,∆)
2
+ (ℎ𝑜𝑢𝑡𝑒𝑟,− − ℎ𝑜𝑢𝑡𝑒𝑟,∆)

2
 (4.5) 
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The Python code for the calculations is shown in Appendix C, where calculation shows that 

𝜅𝑖𝑛𝑛𝑒𝑟 is 0.68 and 𝜅𝑜𝑢𝑡𝑒𝑟 is 0.89. 𝜅𝑜𝑢𝑡𝑒𝑟 seems reasonable as the trefoil formation has less 

contact with the surrounding air. The low value of 𝜅𝑖𝑛𝑛𝑒𝑟 may indicate that the heat flow is 

concentrated mostly in the outwards direction from the center of the trefoil formation as 

illustrated in Figure 4.25. The resulting heat transfer coefficients and surface areas are 

presented in Table 4.5, together with the resulting thermal conductivity.  

 

Table 4.5: Calculated heat transfer coefficients and surface areas for the XLPE cable.  

 Flat inner Flat outer Trefoil inner Trefoil outer 

Heat transfer coefficient 

h [W/m2ºC] 

188.3 18.4 188.3 18.4 

Surface area  

A [m2/m] 

5.5∙10-2 12.0∙10-2 3.7∙10-2 10.7∙10-2 

Thermal conductivity 

hA [W/ºC] 

10.4 2.2 7.0 2.0 

 

The outer heat transfer coefficient has a reasonable value as the heat transfer mechanisms are 

mainly convection and radiation. Similar values in MV switchgear have been found by [54]. 

The inner heat transfer coefficients are 10 times higher than the outer coefficients because the 

main heat transfer mechanism is conduction between the conductor and the insulation. 

4.5.3 Heat capacity 

In order to determine the heat capacity of the aluminum and XLPE insulation of the cable, 

specific heat capacity and density given in Table 2.4 is used. The conductor volume per meter 

can be calculated by multiplying the cross-section area with one meter cable length. The 

volume of the XLPE insulation is obtained by taking the conductor outer cross-section and 

subtracting the cross-section of the aluminum conductor.  
𝑉𝐴𝑙 = 2.4 𝑐𝑚2 ∙ 100 𝑐𝑚/𝑚 = 240 𝑐𝑚3/𝑚 

𝑉𝑋𝐿𝑃𝐸 = (
3.81

2
𝑐𝑚)

2

∙ 𝜋 ∙ 100 𝑐𝑚/𝑚 − 240 𝑐𝑚3/𝑚 = 900 𝑐𝑚3/𝑚 

Conductor and insulation mass per unit length is calculated by multiplying the respective 

density with the volume.  

𝑚𝐴𝑙 =
2.7 𝑔/𝑐𝑚3 ∙ 240 𝑐𝑚3/𝑚

1000 𝑔/𝑘𝑔
= 0.648 𝑘𝑔/𝑚 

𝑚𝑋𝐿𝑃𝐸 =
0.965 𝑔/𝑐𝑚3 ∙ 900 𝑐𝑚3

1000 𝑔/𝑘𝑔
= 0.869 𝑘𝑔/𝑚 

Finally, heat capacity per unit length can be calculated by multiplying the specific heat capacity 

with the masses.  

𝑐𝑝
𝐴𝑙 = 900 𝐽/𝑘𝑔℃ ∙ 0.648 𝑘𝑔/𝑚 = 583.2 𝐽/𝑚℃ 

𝑐𝑝
𝑋𝐿𝑃𝐸 = 2174 𝐽/𝑘𝑔℃ ∙ 0.869 𝑘𝑔/𝑚 = 1889.2 𝐽/𝑚℃ 
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Calculation values and results are given in Table 4.6. The total heat capacity per unit length 

can be calculated roughly by adding the two heat capacities cp = 583 + 1890 = 2473 J/mºC. 

 

Table 4.6: Calculation of different parameters of the aluminum conductor and XLPE insulation. 

 Aluminum conductor XLPE insulation 

Specific heat capacity �̂�𝑝
𝐴𝑙 = 900 𝐽/𝑘𝑔℃ �̂�𝑝

𝑋𝐿𝑃𝐸 = 2174 𝐽/𝑘𝑔℃ 

Density 𝜌𝐴𝑙 = 2.7 𝑔/𝑐𝑚3 𝜌𝑋𝐿𝑃𝐸 = 0.965 𝑔/𝑐𝑚3 

Volume per unit length 𝑉𝐴𝑙 = 240 𝑐𝑚3/𝑚 𝑉𝑋𝐿𝑃𝐸 = 900 𝑐𝑚3/𝑚 

Mass per unit length 𝑚𝐴𝑙 = 0.65 𝑘𝑔/𝑚 𝑚𝑋𝐿𝑃𝐸 = 0.87 𝑘𝑔/𝑚 

Heat capacity per unit length 𝑐𝑝
𝐴𝑙 = 583 𝐽/𝑚℃ 𝑐𝑝

𝑋𝐿𝑃𝐸 = 1890 𝐽/𝑚℃ 

4.5.4 Thermal model of the cable 

An equivalent thermal circuit of the laboratory cable can be made based on the calculations 

made above. Figure 4.26 shows the thermal circuit of the cable. The power losses in the cable 

are modeled as a current source, while the room temperature is modeled as a voltage source.  

 

 

Figure 4.26: Corresponding thermal circuit of the experimental cable.  

 

The mathematical model is based on the thermal energy balance. As mentioned earlier, it is 

assumed that the cables are modeled as a lumped parameter system with inner and outer 

temperatures. The inner temperature Tinner represents the aluminum conductor surface 

temperature, and the outer temperature Touter represents the temperature in the insulation and 

all the way to the cable surface. Therefore, this dynamical system has two states, being the two 

temperatures, expressed as two differential equations as following.  

𝑑𝑇𝑖𝑛𝑛𝑒𝑟

𝑑𝑡
=

1

𝑐𝑝
𝐴𝑙 [𝑃𝑖𝑛

𝐴𝑙 − 𝑃𝑜𝑢𝑡
𝐴𝑙 ] (4.6) 

𝑑𝑇𝑜𝑢𝑡𝑒𝑟

𝑑𝑡
=

1

𝑐𝑝
𝑋𝐿𝑃𝐸

[𝑃𝑜𝑢𝑡
𝐴𝑙 − 𝑃𝑜𝑢𝑡

𝑋𝐿𝑃𝐸] (4.7) 
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Where the power in and out of the subsystems is described by the following equations. The 

aluminum conductor resistance RAl is the warm resistance that depends on the aluminum 

conductor temperature. Two constants of the thermal model are temperature coefficient 𝛼 =
3.9 ∙ 10−3 [1/𝐾] and reference temperature of the cold resistance 𝑇𝑟𝑒𝑓 = 22.4 ℃. 

𝑃𝑖𝑛
𝐴𝑙 = 𝑅𝐴𝑙𝐼

2 (4.8) 

𝑃𝑜𝑢𝑡
𝐴𝑙 = ℎ𝑖𝑛𝑛𝑒𝑟𝐴𝑖𝑛𝑛𝑒𝑟(𝑇𝑖𝑛𝑛𝑒𝑟 − 𝑇𝑜𝑢𝑡𝑒𝑟) (4.9) 

𝑃𝑜𝑢𝑡
𝑋𝐿𝑃𝐸 = ℎ𝑜𝑢𝑡𝑒𝑟𝐴𝑜𝑢𝑡𝑒𝑟(𝑇𝑜𝑢𝑡𝑒𝑟 − 𝑇𝑒𝑛𝑣) (4.10) 

𝑅𝐴𝑙 = 𝑅𝑐𝑜𝑙𝑑[1 + 𝛼(𝑇𝑖𝑛𝑛𝑒𝑟 − 𝑇𝑟𝑒𝑓)] (4.11) 

Inputs to the thermal model is current and the room temperature. Total heat capacity of 

aluminum conductor and XLPE insulator is the same for both flat and trefoil formation. Table 

4.7 shows all known parameters per unit length of the thermal model. 

 

Table 4.7: Calculated model parameters in the thermal model of the laboratory cable. 

Model 

parameters 

𝒄𝒑
𝑨𝒍 𝒄𝒑

𝑿𝑳𝑷𝑬 𝒉𝒊𝒏𝒏𝒆𝒓 𝒉𝒐𝒖𝒕𝒆𝒓 𝑨𝒊𝒏𝒏𝒆𝒓 𝑨𝒐𝒖𝒕𝒆𝒓 𝑹𝒄𝒐𝒍𝒅 

[J/ mºC] [W/m2ºC] [m2/m] [Ω/m] 

Flat 583 1890 188.3 18.4 0.055 0.12 0.134 

Trefoil 583 1890 188.3 18.4 0.037 0.107 0.134 
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5 Data Simulation 
The thermal model derived in chapter 4.5.4 can be used for inner and outer temperature 

estimations for the 24 kV XLPE cable, given some current and room temperature over time. 

This can be useful for Color Line, as charging currents can exceed the rated current in the cable 

for short time spans. This is because the thermal inertia of the cable is not instantaneous.  

In this chapter, different loading profiles are simulated with the thermal model and tested in 

the High Current Laboratory to verify the thermal model of the cable. In addition, the thermal 

model parameters will be adjusted to best fit simulation results with the measurements. The 

reader should notice that the room temperature in the laboratory at USN is around 22 ºC which 

is certainly higher than the outside temperature and in culvert where Color Line cable is laid. 

Because of this fact, the laboratory tests will not lead to identical temperature responses as the 

Color Line cable. The Python code behind the results in this chapter is shown in Appendix E. 

5.1 Simulation of thermal model with calculated parameters 

The different loading experiments done in chapter 4.3 and 4.4 is simulated with the presented 

thermal model. First the long-term cases will be simulated, followed by the short-term 

experiments. As shown in Figure 5.1, the conductor temperature basically exhibited the same 

temperature variation tendency as the measured temperature. The temperature difference 

between the simulated and measured are in range of ± 5 ºC throughout the simulation. 

 

 

Figure 5.1: Simulated and measured temperature of long-term charging with calculated parameters. 
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Simulation of the short-term charging cases is shown in Figure 5.2. From the figure, one can 

see that the simulated inner temperature is much higher than the measured inner temperature 

for all cases, in both flat and trefoil formation.  

 

 

Figure 5.2: Simulated and measured temperature of short-term charging with calculated parameters. 

 

Although the model predicts temperatures for long-term charging well, the short-term 

simulations are off by up to around 40 ºC. This may be explained because the model parameters 

were obtained from the long-term responses. Therefore, adjustments for the calculated model 

parameters are done to better fit simulations to measurements. 

5.2 Optimizing model parameters to measurements 

A better fit for the thermal model to the laboratory experiments can be obtained by using an 

optimization algorithm to minimize the mean absolute error (MAE) between simulation and 

measurements, which can be calculated using Equation (5.1). MAE measures the average 

magnitude of the errors in a set of predictions, where the errors is defined as simulated values 

𝑦𝑖 minus measured values �̂�𝑖, and n is the total number of data points.  

𝑀𝐴𝐸 =
1

𝑛
∑|𝑦𝑖 − �̂�𝑖|

𝑛

𝑗=1

 (5.1) 
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An adjustment array is used to scale the calculated model parameters. The model parameters 

are optimized for both long-term and short-term charging. However, to reduce the number of 

variables in the optimization, not all parameters are optimized. Instead of optimizing the 

thermal heat transfer coefficients h and the surface areas A separately, the thermal conductivity 

hA is instead optimized directly. This results in there being five model parameters that can be 

adjusted during the optimization, namely 𝑐𝑝
𝐴𝑙, 𝑐𝑝

𝑋𝐿𝑃𝐸, ℎ𝐴𝑖𝑛𝑛𝑒𝑟, ℎ𝐴𝑜𝑢𝑡𝑒𝑟, and 𝑅𝑐𝑜𝑙𝑑.  

The optimization was done in Python, where Scipy dual annealing function was used [53]. In 

Appendix D, the Python code is shown for the optimization of the model parameters. This was 

done two separate times, with different boundaries for the adjustment array. First, the 

optimization was done with a boundary between 0.001 and 10, referred to as the large-bound 

optimized adjustment. Then another optimization was done with a smaller boundary between 

0.5 to 1.5, referred to as the small-bound optimized adjustment. This smaller boundary was set 

to force the optimization to not make the model parameters deviate too far away from the 

calculated values. The optimization results for the adjustment arrays are shown in Table 5.1 

together with the calculated model parameters. Note that the optimization for flat and trefoil 

formations is separated, and they therefore get their own adjustment arrays. The non-optimized 

adjustment is all set to 1 because this adjustment represents a multiplication factor for the 

calculated parameter values. 
 

Table 5.1: Results from the optimization of model parameters by using mean absolute error.  

Model parameter Formation  𝒄𝒑
𝑨𝒍 𝒄𝒑

𝑿𝑳𝑷𝑬 𝒉𝑨𝒊𝒏𝒏𝒆𝒓 𝒉𝑨𝒐𝒖𝒕𝒆𝒓 𝑹𝒄𝒐𝒍𝒅 

Calculated model 

parameters 

Flat 583 1890 10.4 2.2 0.134 

Trefoil 583 1890 7.0 2.0 0.134 

Non-optimized 

adjustments 

Flat 1 1 1 1 1 

Trefoil 1 1 1 1 1 

Large-bound 

optimized 

adjustments 

Flat 10.0 1.71 3.1 3.2 3.28 

Trefoil 7.28 0.79 1.97 1.96 2.14 

Small-bound  

optimized 

adjustments 

Flat 1.5 0.5 0.62 0.61 0.63 

Trefoil 1.5 0.71 0.78 0.69 0.75 

 

For the optimization with large bounds, the most significant adjustments are the aluminum heat 

capacity for both formations. For flat formation, all parameters are scaled up, with the 

conductor heat capacity scaled most, and the insulation heat capacity scaled the least. The 

tendency is the same for trefoil formation.  
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For the optimizations with smaller bounds, the conductor heat capacity is still the most scaled 

up parameter. However, all other parameters are in this case scaled down. 

All the optimizations scaled the conductor heat capacity up more than the other parameters. 

This may indicate that the boundary for the inner subsystem should be larger than what is 

defined in the thermal model. In addition, the measurements of the conductor surface may not 

be a perfect measurement, and may be affected by the insulation temperature, leading to 

inaccurate parameter calculations in the first place.  

5.2.1 Simulations with the large-bound optimization parameters 

Figure 5.3 shows the simulated temperatures of long-term loading currents with optimized 

model parameters from the large-bounded case. The steady-state simulated temperatures for 

Imax,winter and 520 A in trefoil formation fits better with the large-bound optimization parameters 

compared to the calculated parameters. The temperatures in first hour for all cases is also 

superior. On the other hand, the error for the simulated temperature for 465 A in trefoil 

formation has increased. 

 

 

Figure 5.3: Simulated (large-bound) optimization parameters and measured temperature of long-term charging. 

 

Figure 5.4 shows the simulated temperatures of short-term loading currents with optimized 

model parameters from the large-bound case. The simulated inner temperature is remarkably 

better than the calculated model parameters, where the maximum temperature difference is 

approximately 5 ºC. 
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Figure 5.4: Simulated (large-bound) optimization parameters and measured temperature of short-term charging. 

 

The simulated temperature fits the measured temperature well with the large-bound 

optimization parameters. However, these parameters have values that are not representative for 

the physical system, as the parameter values has been found as a local minimum in the 

parameter space with respect to the error between measurement and simulation.  

5.2.2 Simulations with the small-bound optimization parameters 

Figure 5.5 shows the simulated temperatures of long-term loading currents with optimized 

model parameters from the small-bounded case. The simulated temperatures for all cases for 

both flat and trefoil formation is representative since the maximum temperature difference 

between the simulated and measured values is approximately 3 ºC. 
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Figure 5.5: Simulated (small-bound) optimization parameters and measured temperature of long-term charging.  

 

Figure 5.6 shows the simulated temperatures of short-term loading currents with optimized 

model parameters from the small-bound case. The simulated inner temperature has a larger 

maximum discrepancy (15 ºC) compared to the large-bounded optimization. However, the 

small-bound optimization parameters perform significantly better than the calculated 

parameters and are still somewhat representative for the physical system.  

Because the resulting model parameters after the small-bounded optimization is similar to the 

calculated ones, but still yields better simulation results, the rest of the report will use these 

parameters in further calculations.  
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Figure 5.6: Simulated (small-bound) optimization parameters and measured temperature of short-term charging. 

5.3 Visualization of maximum allowed current values 

The environment temperature has a significant impact on the cooling of the cable. Therefore, 

it is instructive to visualize how this temperature affects the maximum steady-state currents for 

both trefoil and flat formation. The Python-code for plots in this chapter is shown in Appendix 

E. 

Figure 5.7 shows contours of the steady-state temperatures in the cable with a given 

environment temperature on the x-axis and current on the y-axis. The plot is made by 

simulating with the thermal model, with a duration of 5 hours which is approximately 5 time 

the thermal time constant of the cable. The blue and orange points represent the 465 and 520 A 

long-term tests, respectively.  

The simulated maximum allowed current for flat and trefoil formation is 600 A and 520 A, 

respectively, at 25 ºC. The temperatures for any given currents for flat formation is much lower 

than the trefoil formation for the same environment temperatures because of a higher heat 

conductivity out of the cable. In addition, the three long-term laboratory tests are shown in 

context of this figure. The temperature indicators on the given points represents the actual 

steady-state temperatures from the long-term tests. 
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Figure 5.7: Simulated steady-state temperatures [ºC] with respect to long-term current and environment 

temperature. Points indicates laboratory test results from the long-term loading.  

 

The points indicated in Figure 5.7 fits well with the contour plot. However, the thermal model 

is already optimized for the scenarios presented in the figure, and one should expect a good fit 

between them. There is no guarantee that the plot works for different operating conditions, and 

further testing must be done to validated this.  

It is also interesting to know how much the cable can be loaded in short terms before exceeding 

the maximum temperature limit of 90 ºC. Figure 5.8 shows the simulated temperature 

difference from the environment temperature with respect to loading currents applied for 30 

minutes, where the environment temperature is 20 ºC. The red line is the inner temperature, 

and the blue line is the outer temperature of the cable. The points in the figure indicates the 

measurement from the short-term testing currents. One can observe that the measured inner 

temperature for the trefoil formation has a small discrepancy with the simulated estimate. 

However, to further validate the graphs one should test with a larger range of current values, 

and with different environment conditions.  
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Figure 5.8: Maximum temperature after 30 minutes of loading.  

5.4 Periodic short-term loading scenarios 

During a day, there might be several ferries that arrives at the charging station to do a short-

term charging, and then depart as fast as possible. In the cases where there is more than one 

ferry that needs charging, it might be necessary to know that the cable is in an appropriate state 

to handle a new short-time charging. Therefore, two periods of short-term charging will be 

assessed. Two different periodic loading profiles will be assessed. The first is two charging 

cycles with the same loading current and charging times. The other scenario is two charging 

cycles with different currents and equal charging times. The Python-code for generating the 

results in this chapter is shown in Appendix F and Appendix G.  

5.4.1 Short-term loading with the same loading currents 

The first periodic loading profile is defined as illustrated in Figure 5.9. Each cycle has a 

charging time Ton where the loading current is constant. This is followed by a resting time Toff 

where the loading current is zero.   
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Figure 5.9: Periodic loading profile with the same current for both periods. 

 

Figure 5.10 shows a contour plot of the maximum allowed current Imax for the periodic loading 

where the x-axis is charging time and the y-axis is resting time. With this figure, one can 

determine the maximum current given a charging time and a resting time that will not reach a 

maximum cable temperature of 90 ºC in the trefoil formation.  

 

 

Figure 5.10: Maximum allowed loading currents Imax [A] for periodic charging with 2 periods. 
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The currents given in Table 5.2 is a table representation of Figure 5.10 which allows for exact 

current value from the charging period.  

 

Table 5.2: Maximum currents with periodic charging of 2 periods. 

 

 

Based on the results in Figure 5.10 and Table 5.2, three test cases are executed in the laboratory 

to verify the predictions. The three cases are given in Table 5.3 where Itesst is the testing current.  

 

Table 5.3: Three test cases for the periodic loading with same currents. 

Test cases Ton [min] Toff [min] Imax [A] Itesst [A] 

Case 1 45 20 637 630 

Case 2 30 30 722 675 

Case 3 30 25 716 725 

 

The measured temperature response from the laboratory, together with the simulated values are 

shown in Figure 5.11. In general, the simulated temperature estimations are somewhat higher 

than the measured responses. This is similar to the short-term trefoil responses and is therefore 

expected. The maximum temperature error between measurement and simulation is 

approximately 10 ℃.  

 



 

 

  5 Data Simulation 

96 

 

Figure 5.11: Simulated and measured temperature for the periodic loading profile with same currents. 

5.4.2 Short-term loading with different loading currents  

The second periodic loading profile is defined as illustrated in Figure 5.12. Each charging 

period has a charging time Ton, but the two periods may have different loading currents. 

Between the two charging periods there is a resting time Toff where the loading current is zero. 

This loading profile allows for different amounts of battery charging for the same charging 

period Ton, which may be useful in the case of several ferries charging sequentially with 

different charging demands. 

 

 

Figure 5.12: Periodic loading profiles with two different currents with the same charging time. 
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Figure 5.13 show a contour plot of the minimum resting time Toff between the two charging 

periods of 30 minutes. Charging time can be customized in the Python script, and an additional 

test with 60 minutes are shown in Appendix G. The environment temperature for these 

simulations is defined as 22 ºC.  

The 60 minutes charging period has much lower maximum currents for I1 and I2 since the 

charging period is doubled with respect to the 30 minutes plot. Note that the greyed-out area 

represents a resting time of 0 minutes, which effectively means that the two charging periods 

can be done without any resting time and still avoid overheating.  

 

 

Figure 5.13: Minimum resting time Toff [minutes] for 30 minutes charging times. 

 

Two cases with 30 minutes charging time are tested to verify the simplified periodic loading 

profile with different currents. These test cases are shown in Table 5.4 Table 5.4where Toff is 

minimum resting time and Toff,test is tested resting time. 
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Table 5.4: Two test cases with 30 minutes charging time for the periodic loading with different currents. 

Test cases I1 [A] I2 [A] Toff [min] Toff,test [min] 

Case 1 800 660 20 15 

Case 2 500 825 180 45 

 

Current values in Case 2 were chosen to test current values close to the upper current limitations 

shown in Figure 5.13. From the short-term tests, it was shown that the thermal model 

overestimates the maximum temperature in the cable, and therefore the high I2 current of 825 A 

was chosen. Based on the chosen values, the figure predicts a resting time of 180 minutes. 

However, since the temperature measurements is overestimated from the model, it was chosen 

to rest for only 45 minutes.  

The measurements and simulations for the thermal responses are shown in Figure 5.14. Again, 

one should note that there is a discrepancy between the maximum temperature, especially for 

the trefoil formation. The maximum temperature discrepancy is approximately 15 ºC. 

 

 

Figure 5.14: Simulated and measured temperatures for the periodic loading profile with different currents. 
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6 Discussion 
Information about the Color Line cable setup has been gathered from conversations and 

pictures supplied by Lede. The exact sensor placements have some uncertainty, as there has 

been no visit to the site during the project. The seven sensor measurements from the Color Line 

cable have been difficult to relate to the laboratory experiment as there are unknowns such as 

the environment temperature and sensor placement. The data provided by Lede and Color Line 

was from two days, one winter day and one summer day. With more data, better comparisons 

may have been done with the laboratory experiments.  

Previous studies have been focusing on the long-term thermal responses of the Color Line cable 

in the culvert. However, research about the short-term responses for the cable in air have not 

been investigated and is the main topic of this thesis.  

6.1 Laboratory setup  

6.1.1 Sensors 

There are in this thesis two different sensor placements on the cable: one at the conductor 

surface, and one at the cable surface. The conductor sensor was installed by drilling a 15 mm 

deep hole in the cable insulation, such that the conductor was not damaged. The sensor was 

placed directly in the hole, and then the opening was taped in place with the cable. The 

temperature measurements may be inaccurate because of two factors. Firstly, the heat 

dissipation may not have been representative where the hole was drilled. This could have been 

remedied by filling the drilled holes with some sort of epoxy or similar. Secondly, the sensor 

might not have been exactly placed on the conductor surface, as the tape that held the cable 

surface sensors in place might have affected the surface temperature by reducing the thermal 

heat coefficient locally.  

Sensors placed in Group C (in Figure 4.6) may have been affected by sun radiation, as this is 

close to a window. On sunny days, one could measure the effect of the sun on these sensors 

without any cable loading. In addition, sensor nr. 9 and 10 was affected by a change in the 

cable formation. These sensors were placed at a location where the flat cables were joined with 

the trefoil formation. This required the cables to bend out of formations to make the 

connections. This change is measurable, as sensor nr. 9 and 10 had lower temperature 

measurements in the trefoil formation than the rest of the sensors.  

It might be possible to measure the temperature for several cable layers, such at the outer 

semiconducting layer or under the sheath. This may be helpful if the thermal model is to be 

extended with more subsystems.  

6.1.2 Current injection and cable formations 

The high current injection transformer is in principle a manually adjustable low voltage, high 

current source. Therefore, the currents had to be adjusted manually in each phase to the desired 

values. During the experiment, the cable resistances increased because of an increase in 

conductor temperature, which means that without manual adjustment the current would fall. 

Because of this, there are some uncertainties and inaccuracies from constant current values in 

the experiments. 
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The laboratory setup was configured such that the flat and trefoil formations were connected 

in series. This may have allowed heat to flow from the hotter trefoil formation, thought the 

conductors, and into the colder flat formation. In addition, the room temperature around the 

cables may have been higher with both formations on simultaneously, compared to if only one 

of the formations was active. The two formations could have been configured to be tested 

separately, such that they would not affect each other at all.  

6.2 Thermal model and properties of the cable  

6.2.1 Thermal properties 

Some of the thermal properties of the cable was obtained by measurements from the 

experiments. An essential property is the cold cable resistance, which is the main property in 

deciding how much heat generation is present in the cable. The cold resistance was measured 

as the DC-resistance at 22.4 ºC, but the measurement included the contact resistance, and did 

not include skin- or proximity effects, induced losses in cable sheath or dielectric losses. In 

addition, because the cable length was measured with some uncertainties, the per unit length 

quantities may be inaccurate.  

The warm resistance was calculated from the cold resistance and used the temperature 

coefficient α for aluminum. The α factor may have a different value for the conductor, as the 

exact chemical composition of the aluminum conductor is not known. 

The heat capacity calculations were calculated by using specific heat capacity for aluminum 

and XLPE, and the measured size of the different layers in the cable. There is no guarantee that 

the specific heat capacity is correct compared to the XLPE cable used in the experiments, and 

the size of the layers was approximated and simplified to not include other layers than the 

conductor and insulation layer.   

Heat transfer coefficients h in the cable was simplified to be from the conductor to the 

insulation, and from insulation to the environment. It is assumed that these coefficients are 

independent of cable formation, meaning that both inner and outer coefficients are constants. 

It is thought that the difference between cable formations should come from changing the 

contact areas instead of the heat transfer coefficients.  

From calculations of the heat transfer coefficients from the individual long-term cases, one can 

observe that higher currents (and therefore higher temperatures) resulted in higher heat transfer 

coefficient values. This may be explained because the heat transfer coefficient may be 

temperature dependent, and heat transfer from radiation and convection were not included. In 

the end, the average calculated coefficients for both inner and outer parts were used in the 

thermal model.  

During the long-term tests, one can see that higher currents led to higher room temperatures at 

the end of the test. In addition, there were no air temperature measurements close to the cables, 

which was probably significantly higher than the general room temperature. This may have 

been a source of error when calculating the thermal properties of the cable. 
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6.2.2 Thermal model 

The main objective for this thesis was not to create the most realistic thermal model of the 

XLPE cable, but to create a model which is able to emulate measurements based on correct 

inputs. The resulting model had five model parameters which could be fine-tuned to achieve 

best predictions to measurements. However, the resulting parameters from the optimization 

algorithm was not close to what was expected in the physical system when the optimization 

boundaries were large. This may indicate that the model was not complete. Indeed, additions 

could have been implemented to the thermal model to make it a better representation of the 

cable, such as heat loss from radiation and convection from the surface of the cable.  

The XLPE cable has several layers of different materials. Each layer could have been modeled 

as a separate subsystem, resulting in more differential equations, and more model parameters. 

One could also have used Finite Element Methods (FEM) to simulate temperature distribution 

over the whole cable cross-section. However, the point of the model in this thesis was to make 

a simple thermal representation of the cable, and a lumped parameter system with two 

subsystems was appropriate, as the two subsystems represented the measurements taken at the 

lab. This simple model may also be implemented in other cable types without many 

modifications. A flaw of the thermal model, which may make it incompatible for the Color 

Line cable, is that there is no way of incorporating weather like sun, rain, or wind.  

6.3 Results from experiments and simulations  

6.3.1 Laboratory tests 

There were in total three different long-term, and two short-term tests done in the laboratory, 

which made the basis for parameter optimization. However, experiments with low current 

values could have made the thermal model more robust, as there is no validation of, for 

instance, 100 A long-term thermal response.  

6.3.2 Simulation results  

From Figure 5.7, the maximum cable temperatures were presented as a function of the 

environment temperature and the current in steady state. It was assumed that approximately 5 

times the thermal time constant of the cable as simulation time was enough to reach steady 

state temperature. In Figure 5.8 the environment temperature was set to 20 ºC. The results 

would have been different with different environment temperatures. 

For the periodic loading scenarios, two different types of loading profiles were presented, 

namely two cycles of equal currents, or two cycles of different currents. These loading profiles 

may not be relevant for Color Line but serves as an illustration to how one can plan optimal 

charging profiles without overheating the cable. These types of simulations are flexible and 

can be extended to as many cycles as is preferred. The illustration shown in Figure 5.13 works 

only for two charging cycles, as additional cycles will add additional dimension to the plot, 

which quickly becomes unfeasible to illustrate.  

The simulations from the testing of periodic loading scenarios were not a part of the parameter 

optimization. However, from the results shown in Figure 5.11 and Figure 5.14, the simulated 

response matches reasonably well with the measurements in the laboratory.  
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7 Conclusion and future work 

7.1 Conclusion 

The first laboratory tests were long-term loading tests to reach steady-state temperatures. The 

three scenarios tested the maximum Color Line cable current given (confidential), 465 A and 

520 A. Further, short-term loading test with 30 minutes duration was done with 700 A and 

850 A currents. During all the tests, both inner and outer temperatures was logged for both the 

flat and trefoil formations. 

Based on the thermal energy balance and basic thermodynamics, a lumped parameter thermal 

model of the laboratory cable was made. Model parameters was calculated from the long-term 

laboratory tests. It was found that the thermal time constants depended on cable formation and 

whether the measurement was at the conductor or the cable surface. The lowest thermal time 

constant was 37 minutes for the cable surface measurement in the flat formation, while the 

highest thermal time constant was 62 minutes for the conductor surface measurement in the 

trefoil formation. The heat transfer coefficients in the cable are calculated as 18.4 Wm-2K-1 

between the insulation and the surrounding air. The heat capacity was also divided into two 

parts, namely the aluminum part and the insulation plus cable sheath part. The heat capacity 

was calculated as a per meter quantity, with the aluminum heat capacity being 583 Jm-1K-1 and 

the XLPE insulation being 1890 Jm-1K-1. 

All the laboratory tests were used to do a bounded optimization of the model parameters by 

minimizing the simulation error with respect to the temperature measurements. After the 

optimization, the thermal model overestimated the short-term temperature responses with a 

maximum error of approximately 15 ºC. 

The thermal model predicts that in the laboratory setup, with a room temperature of 25 ºC, the 

maximum steady-state current for flat formation is 600 A while it is 520 A for the trefoil 

formation. From simulations of short-term loading profiles with a charging time of 30 minutes, 

the results show that the most critical temperature is the conductor temperature for both cable 

formations. It is also shown that the flat formation has a larger short-term current capacity. 

A loading profile with two cycles of the same loading current with a resting time in between 

was assessed. Simulations of this loading profile was done, and three cases of this was 

replicated in the laboratory. It was shown that the resting time only increases the maximum 

allowed charging current slightly in this loading profile. The main limitation for the charging 

current is the charging time. Two cycles with different loading currents were also assessed with 

resting time as a variable. This profile was assessed with a constant charging time of 30 minutes 

and two different cases has been tested in the laboratory. The simulations from the thermal 

model and laboratory tests shows that if the resting time is increased, either of the loading 

currents may be increased. This is, however, limited by the short-term current capacity of the 

cable. The maximum error between measurement and simulation for the two different loading 

profiles was found in trefoil inner temperature as 15 ºC. 

By developing the thermal model of the cable, the loading profiles can be predetermined and 

optimized based on the thermal response of the cable. Based on the illustrations and approaches 

taken in this thesis, charging time and resting time can be scheduled to maximize the charging 

capabilities while limiting the maximum cable temperature to a safe level.  
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7.2 Future work 

The thermal model of the cable can be upgraded by implementing thermal energy dissipation 

equations of conduction, convection, and radiation, separately. Here the correct thermal 

properties should be measured and obtained. In addition, more subsystems in the lumped 

parameter model can be added to better represent the different layers in the XLPE cable.  

The experiments in the laboratory can be tested with colder room temperatures to better imitate 

the Color Line cable conditions.  

More measurements can be taken from the Color Line cable, especially from the cable-in-air 

section at the 24 kV cable at the intake of the charging station. In addition, a measure of the 

environment temperature can be beneficial. If these measurements are obtained, test cases done 

in this thesis can be tested for the Color Line cable to verify or disapprove and update the 

thermal model.  

A study of the importance of short-term loading capacity can be assessed to verify if the 

ferry/ferries have enough charging possibilities for future expansion.  
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