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Abstract 

High voltage direct current (HVDC) cables with extruded insulation system 

were introduced in 1998. Since then this technology has been growing rapidly with 

many installations that are today operational at voltages up to 320 kV. With fast 

developments during the last few years, extruded DC cable systems for operation 

voltages as high as 640 kV are now commercially available.  

Due to the importance of DC conductivity in the distribution of electrical field 

across the cable insulation, a good understanding of the DC conduction physics is 

of key importance to the design of robust HVDC cables. Currently, crosslinked 

polyethylene (XLPE) is the dominating material used in the insulation system of 

extruded DC cables. Since XLPE includes peroxide decomposition products (PDP), 

understanding their role on conduction behavior of the insulation system has been 

of great interest. The PDP and other chemical species can move in the system 

through diffusion which makes the characterization of cable insulation more 

challenging. Besides, like other semi-crystalline polymers, morphology of the 

XLPE evolves with temperature and over time. These changes in the material pose 

challenges to their electrical characterization by requiring stringent control of 

parameters during preparation, storage and measurement. 

In this work, different electrical characterization techniques relevant to 

polymeric insulation materials are discussed highlighting their applications and 

limitations. A set of considerations during preparation, storage and measurement 

of polymeric samples is listed and implemented in the studies. The design and 

performance of a high voltage DC conductivity measurement setup is evaluated.  

Thick low density polyethylene (LDPE) and XLPE press molded plaque samples 

together with plaque samples extracted from cable insulation are prepared and 

studied using the high voltage DC conductivity measurement setup. Conductivity 

measurements are done both under static and dynamic temperature programs. 

Different preparations and test programs are used and the results are analyzed and 

compared. 

Investigations show that the type of protective press film used during press 

molding of samples can strongly influence the results and using polyethylene 

terephthalate (PET) film appears to lead to the higher measured conductivity 

levels. Studies with dynamic temperature program reveal a non-monotonic 

temperature dependence of apparent DC conductivity of samples with certain 
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preparation which to the author’s best of knowledge has not been previously 

reported in the literature. 

Studies on XLPE and LDPE plaque samples with different heat-treatments show 

that the behavior of conductivity during thermal dynamics depends on the type of 

the press film. Upon degassing, samples pressed with PET film show a decline of 

conductivity at all temperatures and a reduction of the non-monotonic behavior. 

Based on the results from the experiments, a set of hypotheses as potential 

explanation of this behavior is put forward and discussed. 

Keywords 

HVDC insulation, power cable insulation, cross-linked polyethylene insulation, 

conductivity, dielectric losses, space charge 
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Sammanfattning 

Extruderade likspännings (DC) kablar infördes 1998. Sedan dess  ha 

likspännings (DC) kabeltekniken utvecklats snabbt och har lett till många 

existerande kabelsysteminstallationer med driftspänningar på upp till 320 kV och 

typprovade extruderade DC kabelsystem har nått driftspänningar på upp till 640 

kV. 

Den elektriska ledningsförmågan påverkan på den elektrisk fältfördelning i 

isolationsmaterial vid DC, kräver en god förståelse av hur den elektriska 

konduktiviteten påverkas av fältstyrka, temperatur och en mängd 

materialparametrar relaterade till polymerernas morfologi och kemi. Idag är 

tvärbunden polyeten (PEX) det dominerande material som används i 

isolationssystem för extruderade DC-kablar. PEX innehåller 

tvärbindningsrestgaser och det har lett till stort intresse för bättre förståelse av 

tvärbindningsrestgasers påverkan på materialets elektriska egenskaper. 

Restgaserna och andra kemikalier är flyktiga och kan röra sig i systemet genom 

diffusion som gör karakterisering av kabelisoleringen mer utmanande. Dessutom, 

liksom andra semi-kristallina polymerer, ändras PEX materialets morfologi med 

temperatur över tiden. Med tanke på att materialet kan ändras under 

provpreparering, lagring och även vid mätning, så måste samtliga steg ovan väljas 

mycket försiktigt.  

I detta arbete, diskuteras olika karakteriserings tekniker för polymera 

isolationsmaterial och deras möjligheter och begränsningar. Viktiga aspekter för 

provpreparering, lagring och mätning är listade till vilka tagits hänsyn till under 

detta arbete. Design och prestanda av mätuppställningen för DC ledningsförmåga 

har utvärderats.  

 Tjocka plattprover av pressad LDPE och PEX samt plattor ursvarvade från 

kommersiellt tillverkade högspänningskablar preparerades och studier 

genomfördes på deras ledningsförmåga under högspänning DC. Mätning av 

ledningsförmåga genomfördes både med konstant och med varierande temperatur 

enligt specifika program. Olika provprepareringar och provprogrammen användes 

och resultaten analyserades och jämfördes.   

Resultaten visar att typ av pressfilm som använts under provpreparering kan ha 

en stor betydelse för resultaten och användning av PET filmer leder till högsta 

ledningsförmåga. Studier med varierande temperatur program hos PEX och LDPE 
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plattor med visa prepareringar, visar ett icke monotont beroende av DC 

ledningsförmåga på temperatur som tidigare inte rapporterats i litteraturen. 

Studier på PEX och LDPE plattor med olika värmebehandling visar att 

beteenden beror på typ av press film som används under provpreparering. Efter 

avgasning, uppvisar prover pressade med PET film en minskning i 

ledningsförmåga i samtliga temperaturer och en minskning av det icke monotona 

temperatur beteendet. Baserade på experimentresultaten har ett antal hypoteser 

som förklaring av observationer tagit fram och diskuterats.   

Nyckelord 

HVDC isolation, kraftkabel isolation, tvärbunden polyeten isolationsmaterial, 

elektrisk ledningsförmåga, dielektriska förluster, rymdladdning 

 

 

 

  



vii 

 

Acknowledgements 

First and foremost, I would like to thank my supervisor Hans Edin who made 

this work possible with his support and for his helps as the main supervisor of this 

project. I am also deeply thankful to the management of NKT High Voltage Cables 

(HVC) in Karlskrona for supporting this project, especially to Marc Jeroense, 

Anders Gustafsson and Anne Jansson. Kind regards and thanks go to my internal 

supervisors Markus Saltzer and Thomas Christen for their guidance. My deep 

thanks to all my colleagues at NKT HVC especially to Andreas Farkas, Tobias Quist, 

Fredrik Fälth, Svetlana Zlatkovic and Sofie Lindahl for all the friendly 

collaboration and their direct and indirect support to this work. 

I would like to sincerely thank all colleagues at ABB Corporate Research Centers 

in Sweden and Switzerland especially Henrik Hillborg, Mikael Unge, Birgitta 

Källstrand, Sara Arnsten, Emmanuel Logakis, Roman Kochetov and Lorenz 

Herrmann. My especial acknowledgement goes to Carl-Olof Olsson for our close 

collaboration and our many interesting and passionate discussions.  

I would like to acknowledge Pierre Hulden, Tanbhir Hoq and Fahim Abid for 

the great works they did during their MSc thesis works. 

Especial thanks to all friends at Borealis in Stenungsund, Sweden especially to 

Villgot Englund and Johan Andersson. 

Expressing my deepest gratitude and love to my dear family, I would like to give 

this work to the memories of my kind father from whom at early ages I picked up 

the thirst in reading and learning.   

 

Hossein Ghorbani 

Malmö, Sweden, May 2018 

  



viii 

 

List of Publications 

This thesis is based on the following papers: 

I. H. Ghorbani, C. O. Olsson, J. Andersson and V. Englund, "Robust 

characterization of the DC-conductivity of HVDC insulation materials at 

high electric fields", in JiCable 15, Versaile, France, 2015. 

II. H. Ghorbani, T. Hoq and H. Edin, "Effect of heat treatment on morphology 

and dielectric properties of PE cable insulation material”, in Nordic Insul. 

Symp. (Nord-IS 15), Copenhagen, Denmark, 2015.  

III. H. Ghorbani, A. Farkas and P. Hulden, "Conductivity measurement of 

plaque samples obtained from the insulation of high voltage extruded 

cables”, in Nordic Insul. Symp. (Nord-IS 15), Copenhagen, Denmark, 

2015. 

IV. H. Ghorbani, F. Abid, H. Edin and M. Saltzer, "Effect of Heat-treatment 

and sample preparation on physical properties of XLPE DC cable 

insulation material" IEEE Trans. Dielectr. Electr. Insul., Volume 23, Issue 

5, 2016. 

V. H. Ghorbani, T. Christen, et al, ”Long-term conductivity decrease of 

polyethylene and polypropylene insulation materials”,  IEEE Trans. 

Dielectr. Electr. Insul., Volume 24, Issue 3, 2017. 

VI. H. Ghorbani, M. Saltzer, C. O. Olsson, “Observation of non-monotonic 

dependence of leakage current with temperature during thermal cycling”, 

IEEE Electr. Insul. Conf. (EIC), proceedings p. 488-491, 2016. 

VII. H. Ghorbani, T. Christen, H. Edin, “Role of thermal and electrical 

relaxations for the long-term conduction current in polyethylene – Decay 

of DC conduction current in polyethylene under constant thermal and 

electrical conditions”, IEEE Int. Conf. Dielectr. (ICD), proceedings p. 1106-

1109, 2016. 

VIII. H. Ghorbani, C. O. Olsson, A. Abbasi, M. Saltzer, “Influence of press 

films on conduction in polyethylene plaque samples”, IEEE Int. Conf. 

Dielectr. (ICD), proceedings p. 1179-1182, 2016. 

IX. H. Ghorbani, C. O. Olsson, M. Jeroense, ”DC conductivity of polyethylene 

and crosslinked polyethylene measured with a dynamic temperature 

program”, Nordic Insul. Symp. (Nord-IS 17), Västerås, Sweden, 2017. 



ix 

 

X. H. Ghorbani, A. Abbasi, M. Jeroense, A. Gustafsson, M. Saltzer, “Electrical 

characterization of extruded DC cable insulation – The challenge of 

scaling”, IEEE Trans. Dielectr. Electr. Insul., Volume 24, Issue 3, 2017. 

List of patent applications 

Within the framework of the project, the author has been has contributed as a 

co-inventor to the following patent applications: 

I. US20150015273 (EP2831606, WO2013143575A1) A. Farkas, H. Ghorbani, 

T. Ahlborg, J. Andersson, U. Nilsson, “Method for determining an 

electrical property of cable insulation”, Applicant ABB Technology Ltd., 

Publication Feb. 2015. 

II. WO 2016131478 C. O. Olsson, A. Farkas, H. Ghorbani, “Electric power 

cable and process for the production of electric power cable”, Applicant 

ABB AB, publication date Aug 2016. 

III. WO 2017084709 H. Ghorbani, S. Zhao, A. Jedenmalm, C. H. Ho, M. 

Saltzer, “Electric power cable and process for the production of electric 

power cable”, Applicant ABB AB, publication date May 2017. 

IV. WO 2017088899 H. Ghorbani, E. Rebillard, S. Zlatkovic, S. Lindahl, 

”Flexible vulcanized joint between two electric cables and process for 

producing said joint”, Applicant ABB HV Cables (Switzerland), publication 

Jun 2017. 

V. EP 3183788 F. Fälth, M. Saltzer, Santhosh BVMP, H. Ghorbani, “Electric 

field control device for high power cable and method for manufacturing 

therof”, Publication date Jun 2017. 

 

List of supervised MSc thesis projects 

Within the framework of the project, the following MSc. thesis projects were 

defined and supervised by the author: 

VI. P. Hulden, “Conductivity measurement on thick insulating plaque 

samples”, M.Sc. Thesis report, KTH, Stockholm, 2014. 

VII. T. Hoq, “Effect of heat treatment on morphology and dielectric properties 

of Polyethylene”, M.Sc. Thesis report, KTH, Stockholm, 2014. 



x 

 

VIII. F. Abid, “Effect of heat-treatment on dielectric properties of crosslinked 

polyethylene”, M.Sc. thesis report, KTH, Stockholm, 2015. 

 

List of other publication contributions 

Within the framework of the project, contributions were made to the following 

publications: 

I. C. O. Olsson, B. Källstrand, H. Ghorbani, ”Conductivity of crosslinked 

polyethylene influenced by water”, IEEE Conf. Electr. Insul. Dielectr. 

Phenomena (CEIDP), proceedings p 832-835, 2014. 

II. F. Abid, H. Ghorbani, A. M. Pourrahimi, H. Edin, “Differences in 

morphology and polarization properties of heat-treated XLPE and LDPE 

insulation”, IEEE Conf. Electr. Insul. Dielectr. Phenomena (CEIDP), 

proceedings p 113-116, 2016. 

  



xi 

 

List of abbreviations 

AC     Alternating Current 
AL     Aluminum 
CB     Carbon Black 
DC     Direct Current 
DCP     Dicumyl Peroxide 
FDS     Frequency Domain Dielectric Spectroscopy 
FTIR    Fourier Transform Infrared Refractometry 
GC     Gas Chromatagraphy 
HDPE    High Density Polyethylene 
HPLC    High pressure Liquid Chromatography 
HV     High Voltage 
HVAC    High Voltage Alternating Current 
HVDC    High Voltage Direct Current 
LDPE    Low Density Polyethylene 
PA     Polyamide 
PDP     Peroxide Decomposition Products 
PE     Polyethylene  
PEA     Pulsed Electro-Acoustic  
PET     Polyethylene Terephthalate 
PP     Polypropylene 
PVDF    Polyvinylidene Fluoride 
RCP     Reactor Compensation Platform 
TSC     Thermally Stimulated Current 
TSPC    Thermally Stimulated Polarization Current 
VSC     Voltage Source Convertor 
XLPE    Crosslinked Polyethylene 
 

  



xii 

 

 

  



xiii 

 

Contents 

1 Introduction .................................................................................................... 1 

1.1 Extruded HVDC cables.......................................................................... 2 

1.2 Conduction characterization methods ................................................. 5 

1.3 Crosslinked polyethylene .....................................................................12 

1.4 Research gaps .......................................................................................21 

1.5 Scope and aim of the project ............................................................... 22 

1.6 Thesis outline ....................................................................................... 23 

1.7 Author’s contributions ........................................................................ 24 

2 Sample preparation method........................................................................ 27 

2.1 Materials .............................................................................................. 27 

2.2 Considerations for electrical characterization methods .................... 27 

2.3 Sample preparation and handling ...................................................... 29 

3 Dielectric spectroscopy on thick plaque samples ....................................... 35 

3.1 Influence of heat-treatment LDPE and XLPE ................................... 35 

3.2 Conclusions .......................................................................................... 37 

4 High field DC conduction measurement .................................................... 39 

4.1 Solid insulation under electric field .................................................... 39 

4.2 Experimental setup ............................................................................. 45 

4.3 Leakage current under DC with static temperature program ........... 47 

4.4 Samples from cable insulation ............................................................ 57 

4.5 Leakage current under DC with dynamic temperature program ..... 58 

5 Summary of contributions ........................................................................... 71 

5.1 Summary of publications ..................................................................... 71 

5.2 Summary of the supervised MSc. Thesis projects ............................. 77 

6 General conclusions and future work ......................................................... 79 

A. MATLAB script for moving median filtering ............................................. 81 

Bibliography ......................................................................................................... 83 

 

  



xiv 

 

  



1 

 
 
 

Chapter 1 
1 Introduction 

High Voltage Alternating Current (HVAC) overhead transmission lines, since 

long, have been the main means for power transmission over long distances. 

Although HVAC overhead line provide simple and low-cost solution with relatively 

easy maintenance, it is not suitable for many applications. For example, for power 

transmission through populated areas or protected natural or historical areas, HV 

power cables are preferred due to their smaller footprint. The early generations of 

power cables had oil impregnated lapped paper insulation systems but upon their 

introduction, HV cables with extruded insulation system were preferred due to 

their simplicity of production, lower cost and easier jointing and their maintenance 

free property. Nowadays, due to the simplicity of production, no need for 

maintenance, thermal and mechanical properties, extruded cables with 

crosslinked polyethylene (XLPE) insulation system is the dominating HVAC power 

cable technology. Recently, extruded cables with thermoplastic insulation system 

have been introduced to the market which show potential for an alternative power 

cable technology in future [1]. 

For power transmission over longer distances, or for longer underwater 

transmission, due to the very high capacitive currents, the use of HVAC cables 

becomes problematic. With the recent developments in large offshore wind power 

plants in Europe, such applications have become even more relevant. At one side, 

need for very long (longer than 100 km) subsea power cable transmission in large 

offshore windfarms and at the other side, need for transmission of large 

intermittent wind power from shore to the centers of consumption through densely 

populated areas are applications where very long power cables are needed.  

One way to address the problem of capacitive current in long power cables is to 

introduce intermediate Reactive Compensation Platforms (RCP) as described in 

[2]. Another solution is to use HVDC (Direct Current) which has the advantage of 

not having any capacitive current, hence no compensation is required. Application 

of HVDC voltage has other advantages as well such as no skin effect, no need for 

synchronization at the two ends, possibility of connecting systems with different 

frequencies, etc. Besides, using Voltage Source Convertor (VSC) based HVDC, 

provides voltage and frequency control features at both ends contributing to a 

more stable power system. The main disadvantage of HVDC transmission systems 
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is the higher costs than HVAC systems which makes it economic only for longer 

distances. 

1.1 Extruded HVDC cables 

The first extruded XLPE DC cables were introduced to the market in 1998 at 80 

kV [3], followed by the installation of the first commercial extruded HVDC cable 

system in Gotland, Sweden [4]. Since then the technology has been growing rapidly 

and today many commercially installed extruded HVDC connections for voltages 

up to 320 kV exist [5, 6]. Recently, cable manufacturers have been investing heavily 

on further development of extruded DC cables leading to introduction of cables 

with voltages rating from 525 kV [7], 600 kV [8] and up to 640 kV [9].   

1.1.1 Applications 

Although power transmission with HVDC is generally more expensive than 

HVAC, due to technical advantages, it is preferred over HVAC in many applications 

and for transmission over very long distances, it is in principle the only feasible 

solution. The main advantage of HVDC transmission is that the transmission 

capability is decoupled from the capacitance or inductance of the line which is 

advantageous for transmission with extra high voltages over very long distances 

especially when power cables are needed. Besides, with DC there is no need for 

synchronization of the two connected AC systems which is advantageous for power 

flow control in interconnection application. In case of undersea cable connections, 

the required high capacitive current due to the cables capacitance, makes the 

transmission with HVDC impractical and HVDC is the only feasible technology. 

The classical applications of HVDC cables include transmission of power from 

off-shore wind farms, power from shore to remote oil platforms, subsea 

interconnector, and special application for strengthening the power network or 

connection of systems with different frequencies [10]. In case of offshore wind 

power, so far two different transmission technologies have been used. In many 

cases, the offshore windfarms are connected to shore by several HVAC power 

cables where in some cases intermediate RCP are introduced to compensate for the 

capacitance of the cable, for example [11] [2]. The other method is to connect 

several small or medium size offshore windfarms to an offshore converter platform 

using HVAC cable, and transmit the power from the offshore converter platform 

to an onshore converter station using HVDC cables, for example Dolwin projects 

[12], [13], Borwin and Helwin projects [14] and Sylwin project [15]. As the size of 

windfarms has been growing with windfarms in excess of 1 GW (almost 1.4 GW in 
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Hornsea 2 [16]), it is possible that in future HVDC transmission is used for power 

transmission of single windfarms.   

1.1.2 Production method 

Figure 1.1 shows typical HVDC extruded cables with an XLPE insulation system 

produced with copper or aluminum conductors.  

  
 

Figure 1.1: Typical extruded HVDC cable. Photo from NKT High Voltage Cables [9]. 

The cable production starts with producing the conductor by assembling the 

conductor with aluminum or copper wires, followed by winding conductive tapes 

to avoid the molten extrusion compound to flow in between the wires and by water 

blocking conductive tapes to provide longitude water tightness under the 

insulation system to limit the water ingress in case of a damage through the 

insulation. Then the semi-conductive inner layer, the insulation and the outer 

semi-conductive layer are extruded in one step. The cable then goes through a 

vulcanization step at higher temperature in range of 200 - 300 °C to activate the 

peroxide in the insulation system and crosslink the polymers. This step changes 

the LDPE to crosslinked polyethylene (XLPE). The XLPE insulated cables usually 
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go through a heat-treatment step to remove the volatile gases which are formed in 

the insulation by the crosslinking reactions. Since during heat-treatment, the 

volatile gases leave the insulation from the outer parts of the insulation, after this 

step, the distribution of the volatiles in the insulation will be non-homogenous. 

The gradient of the polarizable species in the insulation may influence the electrical 

field distribution in the cable insulation and has therefore been a subject of 

research [17]. 

After heat-treatment, other layers including protective layers, water blocking 

tapes, screen wires, metallic barrier laminates, and plastic jacket are added to 

make the final cable. In case of submarine cables, lead sheath, armor wires and 

yarn and bitumen are also added to the cables.  

For connecting cables to each other or to other power components at the ending 

points, special equipment known as cable accessories are used. Most important 

cable accessories include cable joints and cable terminations. Although cable 

accessories are very important parts of the cable system, this work only focuses on 

the cable insulation system, therefore the accessories are not discussed further. 

More detailed description of the HVDC cable accessories designs and the 

application of field grading materials in these accessories can be found in 

literature; please refer to [18, 19, 20, 21].  

1.1.3 Insulation materials 

Building on the experiences from HVAC extruded cable technology, in the first 

commercial extruded DC cables, XLPE was used as the insulation and in the 

semiconducting layers. While XLPE is still the dominating HVDC insulation 

technology covering most of the qualified and/or installed commercial systems, 

alternative technologies are also emerging. These include concepts based on 

thermoplastics [22, 23] or systems with micro or nano-particle filled polymers [24, 

25, 26].  

Looking at the High Voltage insulation literature, a lot of research is ongoing on 

cable insulation to find new materials including new concepts such as 

thermoplastics and nano-composites. As important as these efforts are, the 

electrical properties of existing commercial XLPE insulation materials, especially 

their DC conduction properties still are not fully understood. Studying the DC 

conduction properties of XLPE, not only provides a deeper understanding of this 

material, but it also provides a stronger scientific platform for designing the 

future’s insulation materials. This work has been planned and carried out with this 
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mindset, and aims to deepen the understanding of the HVDC cable XLPE 

insulation materials opting for further stretching the application of this technology 

and providing knowledge and methodologies applicable to other insulation 

concepts. 

1.2 Conduction characterization methods 

A wide range of methods exist for studying the dielectric properties of insulation 

materials. Ranging from rather simple and classical methods to more elaborate 

and complicated techniques, these methods provide information about different 

aspects of dielectric properties of the insulation materials. A wise combination of 

several methods is required to achieve a more complete picture. In this chapter, 

some of the most common methods are briefly discussed to detail their application 

and limitations.  

1.2.1 Polarization-depolarization current measurement 

Measurement of polarization and depolarization current of test sample under 

DC voltage is a classical measurement method used for characterization of 

dielectric materials, Figure 1.2.  

 

Figure 1.2: Three electrode system for volume and surface resistivity measurements; two 

connections, left volume resistivity and right surface resistivity measurements [27].  

This method is applicable both to large scale products and to pressed plaque 

samples, although the latter is more common and practical. In this case, the three-

electrode system is commonly used which is also the standard electrode system for 

volume resistivity measurements according to IEC 60093 [27] and ASTM-D257-
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07 [28]. As shown in, depending on the connections the same electrode system can 

be used to study the volume properties or surface properties of the sample. 

In this technique, a step voltage is applied and the charging current through the 
insulation volume is measured using a picoammeter. The charging current (𝐼𝑐ℎ𝑎𝑟𝑔𝑒) 

includes both a conductive part and a polarization part (𝐼𝑝𝑜𝑙). If the voltage 𝑈𝐶  is 

applied at 𝑡 = 0, assuming a constant conductivity 𝜎0, the charging and 

polarization currents can be written as: 

𝐼𝑐ℎ𝑎𝑟𝑔𝑒 = 𝐶0𝑈𝐶 (
𝜎0

𝜀0
+ 휀∞𝛿(𝑡) + 𝑓(𝑡))  and 

Eq. 1.1 

𝐼𝑝𝑜𝑙 = 𝐶0𝑈𝐶(휀∞𝛿(𝑡) + 𝑓(𝑡)),  Eq. 1.2 

in which 𝐶0 is the geometric capacitance, 𝑈𝐶  is voltage step at t=0, 휀0 is the vacuum 

permittivity, 휀∞ is high frequency permittivity, and 𝑓(𝑡) represents the slow 

polarization of the dielectric. 

According to the above, the high frequency permittivity leads to an impulse 

current.  The polarization current is a function of time and decays towards zero as 

time passes. For long times after the voltage applications, the charging current 

tends to a purely conductive current from which the DC conductivity can simply be 

obtained.  

The depolarization current can be measured by removing the voltage and 

grounding the system at 𝑡 = 𝑇𝑐. The depolarization current flows in the opposite 

direction of the charging current and contains no conduction term, and for 𝑡 ≥ 𝑇𝑐 

it can be written as: 

𝐼𝑑𝑒𝑝𝑜𝑙 = −𝐶0𝑈𝐶(휀∞𝛿(𝑡 − 𝑇𝐶) + 𝑓(𝑡 − 𝑇𝐶) − 𝑓(𝑡)),  Eq. 1.3 

Considering the 𝑇𝐶  as the reference time, 𝑡′ = 𝑡 − 𝑇𝐶 , one obtains: 

𝐼𝑑𝑒𝑝𝑜𝑙 = −𝐶0𝑈𝐶(휀∞𝛿(𝑡′) + 𝑓(𝑡′) − 𝑓(𝑡′ + 𝑇𝐶)).  Eq. 1.4 

For longer polarization periods (large 𝑇𝐶), 𝑓(𝑡′ + 𝑇𝐶 ) can be neglected, hence the 

depolarization current will be equal to the polarization current with opposite 

polarity: 
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𝐼𝑑𝑒𝑝𝑜𝑙 = −𝐶0𝑈𝐶(휀∞𝛿(𝑡′) + 𝑓(𝑡′))  Eq. 1.5 

 Theoretically, by analyzing the polarization and depolarization currents, the 

conductivity of the sample and the polarization as a function of time or frequency 

can be derived; for more detailed discussions please see [29, 30]. 

A very important consideration to the above is that in the formulation, the DC 

conductivity of the sample (𝜎0) is assumed to be constant. While for lower electric 

fields, this assumption may be reasonable, under high electric fields this 

assumption is not correct. It is a well-known fact that high DC field, the electrical 

conductivity is a function of electric field and increases with electric field [31]. 

Besides, as it will be discussed in detail in this report, even with a constant HVDC, 

DC conductivity changes and decays by time. Therefore, the logic above does not 

hold, hence polarization and depolarization currents cannot be simply decoupled. 

Due to this problem, polarization-depolarization method is not very useful for 

measurements on high DC fields which are relevant for HVDC cable applications. 

Nevertheless, when using lower electric fields this method can provide information 

about the polarization properties of the insulation relevant for characterization of 

AC dielectric properties.  

1.2.2 High field leakage current measurement 

As discussed, the polarization-depolarization current measurements are most 

suitable for lower field levels and not useful for high electric fields since the 

conductivity of solid dielectrics (such as XLPE) have a conductivity that is 

dependent on the electric field. Furthermore, in these materials, the conductivity 

appears to decay by time and a steady conductive state will not be achieved even 

after longer times [32, 33, 34, 35, 36]. The change of conductive current with time 

makes it especially hard to decouple the conductive current from the decaying 

polarization current. Furthermore, except for very short times after voltage 

application, the conductive current under high voltage DC is often much larger 

than the polarization current.  

Besides the physical limitations above, for leakage current measurements under 

higher electric fields and voltage levels, often a protective circuit is needed to 

protect the picoammeter. This protection system may influence or even hinder the 

measurement of the depolarization current [35]. Because of these reasons for 

higher electric fields, usually mainly the charging current is measured and one 

tends to omit measuring the depolarization current.  
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It is notable that high field leakage current measurement can be conducted both 

on small scale samples and on full-scale high voltage cables with insulated jackets. 

As demonstrated in Figure 1.3, for testing full scale cables, the cable ends are 

terminated and connected to the same voltage source while the current is induced 

in the cable conductor using an induction transformer. For leakage current 

measurement, the screen wires are connected to a picoammeter via a 

protection/filter system [37].  

 

Figure 1.3: Full-scale cable test setup including screen separations, leakage current and space 

charge measurement systems, Paper X.  

In this case, the screen wires should be insulated from ground at the other end. 

Since often several cable sections and cable accessories are included in a cable 

testing circuit, one needs to separate the cable length for measuring its leakage 

current. This is done by so called “screen separations” which is done e.g. by 

disconnecting the screen wires over a certain cable length to obtain a high enough 

resistance over the outer semiconducting layer. Another method is to include the 

screen separation in a prefabricated joint. In this case, the resistance over the 

screen separation should be sufficiently larger than the internal resistance of the 

picoammeter, Paper X.  
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Although conductivity is one of the most important properties of HVDC 

insulation materials, majority of publications on insulation materials limit the 

studies to space charge measurements and do not provide conductivity 

measurements. More studies are needed to build a better understanding of high 

field conductivity of insulation materials. Besides, it is necessary to have more 

conductivity measurements from small scale and full-scale cable tests to be 

published to provide more information for comparison.  

High field DC conductivity measurement is the main method used for studying 

the XLPE insulation materials in this work and it will be discussed in more details. 

1.2.3 Pulsed electro-acoustic method (PEA) 

Pulsed electro-acoustic (PEA) method is a measurement technique to obtain 

information about the distribution of the total apparent space charge in the 

insulation bulk [38]. The principle of this method is illustrated in Figure 1.4.  

 

Figure 1.4: Principle of PEA measurements [39] 

For PEA measurements, first a DC voltage is applied to the insulation system, 

then fast voltage pulses are applied to the system either via the ground electrode 

or the high voltage electrode. The voltage pulse causes the space charge to displace, 

leading to a pressure change hence acoustic waves which depend on the polarity 

and distribution of the total space charge. The acoustic waves can be recorded 

using an acoustic-electric transducer which commonly is made of polyvinylidene 

fluoride (PVDF). The obtained acoustic signal needs to be post processed using 
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inverse methods (including deconvolution) to obtain space charge in the insulation 

bulk and the surface charges at the interfaces such as the electrodes [40]. 

This method was used for insulation research by several institutes in the early 

1990s [41, 42] and since then it has been applied broadly to study the space charge 

distribution in different insulations. Especially normal and crosslinked 

polyethylene have been the subject of extensive space charge investigations [31, 

43]. PEA measurements are most often performed on thin plaque samples with 

thicknesses around 100-400 µm [31, 38, 44, 45], but although it is more 

challenging, it is also possible to perform PEA measurements on cable [43, 46, 47, 

48, 49]. Combining PEA and leakage current measurements at the same time can 

provide a more complete picture of the conduction phenomenon [50]. 

As discussed in detail by the author in a Licentiate report [39] and as discussed 

in Chapter 4.1, using PEA measurements, the detected signals are related to the 

unpaired space charge, at steady state conditions under HVDC voltage the 

measured charge can be written as: 

𝜌𝑚 = 𝜌𝐶 − (𝛁휀). 𝐄 = −
𝜀

𝜎
(𝛁σ). 𝐄,  Eq. 1.6 

where 𝜌𝐶  is real “unpaired” space charge due to conduction, 휀 𝜎⁄  is the ratio 

between permittivity and conductivity, 𝐄 is the electric field. 

At steady state, the measured space charge concentration is related to the 

gradient of conductivity but it differs from the real space charge with a term related 

to the gradient of permittivity and the electric field. The result therefore depends 

on the objects geometry and the divergence of the electrical properties through the 

bulk of the insulation and even electrode material [51, 52, 53, 54]. Therefore, PEA 

measurement is most relevant when performed on the goal object, i.e. full-scale 

cable. Although PEA on thin films can be very useful to understand the conduction 

physics in the insulation [32, 55], it can be misleading to simply extrapolate the 

observations to larger objects with different geometries.  

1.2.4 Thermally stimulated current measurement 

The thermally stimulated current (TSC) measurements are done on thin pressed 

insulation films [56, 57]. Using a fresh sample without electrical history, the 

thermally stimulated polarization current (TSPC) can be measured which gives 

information on the activation energy of the polarization and conduction 

phenomena.  
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Figure 1.5 shows the principle of X-ray induced TSPC measurement [56]; the 

sample is first cooled down to temperatures as low as -100 °C, then X-ray pulses 

are applied to excite electrons to fill energy traps with different energy levels [58]. 

Then, DC voltage is applied and the sample is carefully heated (up to e.g. 100 °C) 

at a typical rate of a few 𝐾/𝑚𝑖𝑛 and the TSPC is measured. As shown in Figure 1.6, 

the measured current includes peaks which provide information on the activation 

energy of the charge traps in the system [59, 60].  

In another method, the sample is first charged by high voltage DC, then it is 

cooled down fast keeping the voltage on to freeze the polarizations and space 

charges in the system. Then as the temperature is slowly increased, the thermally 

induced depolarization current (TSDC) is measured.  

These methods provide information about the types of charge carriers, charge 

traps and polarization physics of the polymer. In practice, TSC is applicable to thin 

films and as of now not possible for larger test objects. In the common TSC 

measurement procedures the current is only measured during heating therefore 

the behavior of the current during cooling is not well studied.  

 

 

Figure 1.5: Typical electric field and temperature profiles during X-ray induced thermally stimulated 

polarization current measurements. 
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Figure 1.6: Example of X-ray induced thermally stimulated current (TSC) and thermal luminescence 

(TL) curves measured on LDPE films. Figure from [60]. Different peaks can be associated to different 

traps or polarization relaxations. 

1.2.5 Frequency domain dielectric spectroscopy (FDS) 

In frequency domain dielectric spectroscopy (FDS), AC voltage with different 

frequencies is applied to the sample and the capacitive current through volume of 

the sample is measured. By separating the capacitive current into real and 

imaginary parts, and considering the geometry, the real and imaginary permittivity 

of the material can be obtained as a function of frequency. Fitting polarization 

models and studying the lower frequencies, one can estimate the conductivity of 

the material. This method was the main measurement method used in two of the 

supervised MSc thesis works within this project, therefore not further discussed in 

this report. More detailed discussion on the FDS method is available in the MSc 

thesis reports [29, 30].  

1.3 Crosslinked polyethylene 

Polyethylene (PE) is the most common plastic. It is produced via polymerization 

reactions on ethylene at high temperatures, high pressures and in presence of 

catalyzers. Different chain length, branching degree and morphology, lead to PE 

with different grades with different properties such as high-density polyethylene 

(HDPE) and low-density polyethylene (LDPE). LDPE is the base polymer used to 
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produce crosslinked polyethylene which is also the most common polymeric cable 

insulation material.  

1.3.1 Production  

Although different methods for crosslinking of PE exist, crosslinking mediated 

by peroxides is the most common method which is the only method used for 

crosslinking in case of polymer insulated cables. Peroxides are chemical 

compounds that contain an oxygen-oxygen single bond and can be represented as 

R1OOR2 in which R1 and R2 are commonly hydrocarbon groups.   

Dicumyl peroxide (DCP) is a very common peroxide in XLPE insulation of 

polymer insulated cables. Figure 1.7 shows the main reactions during crosslinking 

of LDPE mediated by DCP. The crosslinking reactions start when at higher 

temperatures the oxygen-oxygen single bond in the DCP molecules breaks and it 

splits into two radicals 1 (a). Two crosslinking reaction paths exists. In the first path 

(b), the peroxide radical, further splits into an acetophenone molecule and a 

methyl radical; the methyl radical can react (d) to the LDPE polymer leaving a 

radical on the polymer chain and one methane molecule. In the second path, the 

peroxide radical reacts (c) to the LDPE polymer and leaving a radical on the 

polymer chain and one cumyl-alcohol molecule. The LDPE polymer chains with 

radicals can react (e) leading to crosslinks between the polymer chains. In certain 

conditions, the cumyl-alcohol may go through a dehydration reaction (f) and split 

into an alpha-methyl-styrene molecule and one water molecule. Other chemical 

reactions also happen for example two methyl radicals can react and create an 

ethane molecule [61].   

By formation of crosslinks in LDPE changes it from a thermoplastic polymer 

into a thermoset polymer (XLPE). Due to the presence of an interconnected 

network of chains (also known as the gel), when heated above the melting 

temperature, XLPE will not flow and can preserve its shape. This property of XLPE 

makes it more desirable for power cable applications because in case of temporarily 

                                                             
 
 
1 In chemistry, a radical (or a free radical) is an atom, molecule, or ion that has 

unpaired valence electrons.  The free radicals are highly chemically reactive 
towards other substances, other free radicals and even themselves.  
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high temperatures e.g. during large fault current in the conductor, the insulation 

will not melt or flow and can preserve its shape and keep the conductor in place. 

 

Figure 1.7: Main crosslinking reactions mediated by decomposition of dicumyl peroxide (DCP) [39].  

The peroxide mediated crosslinking reactions, leave a group of low weight 

molecules in the polymer know as peroxide decomposition products (PDP), also 

known as crosslinking by-products. In case of DCP, these by-products include 

acetophenone, cumyl-alcohol, alpha-methyl-styrene, methane and water. If the 

content of these chemicals is higher than their solubility in the polymer, they tend 

to leave the polymer. This is often the case for methane and if not eliminated, it 

can cause problems in XLPE insulated cables by leaving the polymer and creating 

bubbles on the interface of cable and accessories which can be dangerous especially 

since Methane is an inflammable gas. Besides, the polar PDP such as acetophenone 
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and cumyl-alcohol are suspected to negatively influence the electrical properties of 

HVDC cable insulation by contribution to ion generation in the insulation [62]. 

Different peroxides lead to different kinds of PDP, therefore it is expected to obtain 

different electrical properties in the XLPE insulation [63]. Therefore, XLPE 

insulated cables usually go through a heat-treatment process to release the excess 

of PDP from the cable.  

In XLPE insulated cables, beside the insulation, the inner and outer 

semiconducting sheaths are also usually crosslinked. It is usual that the polymer 

compound and the peroxide used in the semiconducting layers differ from the 

insulation. Considerable amount of Carbon Black (CB) is added to the 

semiconducting materials to make them sufficiently conductive. Presence of high 

CB content, strongly influences the chemical and physical properties of the 

polymer therefore the base polymer and peroxides need to be chosen accordingly. 

Using different peroxides in the semiconducting layer leads to a different set of the 

PDP in these layers compared to the insulation.  

1.3.2 Diffusion  

After completion of crosslinking reactions, the PDP in the insulation and 

semiconducting layers will move in the system via diffusion. It is notable that 

beside the PDP and other chemicals in the insulation system, chemical substances 

from other materials outside the insulation system may also diffuse into the 

insulation and influence the electrical properties [64]. To understand the electrical 

properties of the insulation system, the diffusion of these substances and their 

diffusion properties should be carefully considered [65] [66]. 

The diffusive flow of a substance can be described by Fick´s first law [67]: 

𝐹 = −𝐷 (
𝒅𝑪

𝒅𝒙
),  

Eq. 1.7 

where 𝐹 is the penetrant flux, 𝐷 is the molecular diffusion coefficient and 
𝑑𝐶

𝑑𝑥
 is 

the penetrant concentration gradient. 

In simple words, the difference in the penetrant concentration is the driving 

force for its transport and at steady state a homogeneous distribution of the 

penetrant can be expected.  
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To make the picture more complete, the solubility of the penetrant in the base 

materials should also be considered. In this case Fick´s law can be modified as 

[65]: 

𝐹 = −𝐷𝑀 (
𝒅𝑪

𝒅(𝑴𝒙)
),  

Eq. 1.8 

Where 𝑀 is the saturation concentration of the penetrant in the material.  

Therefore, a gradient in the saturation concentration (solubility) of the 

penetrant can also drive diffusion. In this case, the concentration at steady state 

will not necessarily be homogenous and will depend on the gradient of solubility.  

In case of solid polymers, the diffusion constant (𝐷) has an Arrhenius 

temperature dependence [65]: 

𝐷 = 𝐷0𝑒
𝐸𝐷
𝑅𝑇 ,  

Eq. 1.9 

where 𝐷0 is the pre-exponential diffusion coefficient, 𝐸𝐷 is the diffusion 

activation energy, 𝑅 is the gas constant and 𝑇 is temperature in Kelvin. 

The saturation coefficient 𝑀 also has an Arrhenius temperature dependence: 

𝑀 = 𝑀0𝑒
𝐸𝑀
𝑅𝑇 ,  

Eq. 1.10 

where 𝑀0 is the pre-exponential saturation coefficient, and 𝐸𝑀 is the activation 

energy of solubility. 

The diffusion and saturation coefficient of each substance in each polymer is 

different. These properties are studied for the main PDP in XLPE crosslinked with 

DCP [68] [69] and for water [66]. The PDP in the semiconducting layers and XLPE 

can be different, their diffusion and solubility is different in insulation and 

semiconducting layers and temperature gradient across the insulation leads to a 

gradient in diffusion and solubility. Due to the difference in level and temperature 

dependence of diffusion and solubility constants of chemicals in the insulation and 

semiconducting layers, interesting dynamics can be expected when the cable goes 

through heating and cooling. For example, at higher temperature, chemicals may 

accumulate in one layer with high solubility (e.g. semiconducting layers) and at 

lower temperature accumulate in another layer (e.g. insulation) which has a higher 
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solubility at lower temperatures. Although these facts make it challenging to model 

the diffusion of chemicals in the system, if sufficient experimental data exist, it is 

possible to obtain satisfactory simulation results.  

The diffusion of chemicals is a very important phenomenon that needs to be 

considered to ensure reliable and representative experimental results. For 

example,  Figure 1.8 shows the normalized total concentration of cumyl-alcohol in 

XLPE plaque samples with different thicknesses after free exposure to air for 

different duration at 25 °C.  

 

Figure 1.8: The normalized of cumyl-alcohol in XLPE samples with different thicknesses exposed to 

air at 25 °C for different durations; obtained by diffusion simulations in COMSOL Multiphysics, Paper 

X. 

It is obvious that using thicker samples, the total content of chemicals becomes 
less sensitive to exposure time. While a few minutes of exposure with a 0.1 mm 
thick sample leads to a considerable loss of the original content, with 0.5-2 mm 
thick samples, this loss is negligible. Due to this fact, using thicker samples can 
give much more reliable results than thinner samples therefore in this work 
samples in range of 0.5-1.5 mm have been mainly studied. 

1.3.3 Supersaturation and phase change  

Besides the normal diffusion physics discussed in the previous section, the 

chemicals may go through phase change. Besides the normal solution state which 

can be described by diffusion models, in case of high concentration, the chemicals 

can go through supersaturation leading to phase separation in form of 

agglomerates in form of droplets, perception or crystals in the bulk or at the 
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surfaces. This can happen especially if followed to a period of higher solubility (e.g. 

higher temperature) and after the system has reached saturation, the solubility 

decreases (e.g. via cooling). In this case if the reduction of solubility happens fast 

enough not to let the dissolved substance to diffuse out of the solvent, the penetrant 

can go to supersaturation state and phase change. This is a known phenomenon 

for example when PE water pipes go through thermal cycling, at higher 

temperature water is dissolved in the polymer and upon cooling it can go to 

supersaturation, forming droplets in the polymer which can lead to aging of the 

polymer [70] [71].  

In case of XLPE insulated HVDC cables, if such phenomenon happens, one can 

hypothesize unconventional behavior of electrical properties (e.g. conductivity) 

during heating and cooling, assuming the influence of dissolved chemicals is 

different based on the phase they are in (i.e. dissolved or phase separated).  

1.3.4 Morphology 

Polyethylene and XLPE are semi-crystalline polymers which means that they 

have crystalline regions surrounded by amorphous regions as demonstrated in 

Figure 1.9.  

Depending on the polyethylene and XLPE grade, the shape, size, proportion and 

distribution of the crystalline amorphous differ. Morphology of PE and XLPE 

strongly influences their physical properties such as the mechanical, electrical and 

thermal properties. For example, PE with higher degree of crystallinity, is often 

more rigid, has a higher thermal conductivity [72] and lower electrical conductivity 

[73]. Crosslinking influences the morphology of polymers. In general, since 

presence of the crosslinks limit the chains’ freedom of movement, it hinders 

alignment of chains and crystal formation, therefore XLPE usually has lower 

crystallinity than its base LDPE. 

Besides the chemical composition of the polymer, its thermal history also 

influences the morphology. For example, slower cooling rate allows for better 

annealing (i.e. easier migration of atoms in the structure) hence enhancing the 

crystallite formation and growth.  

Crystallinity of polymers varies by temperature; increasing the temperature 

thinner crystalline lamellas start melting first and as the temperature increases 

crystallinity of the polymer decreases. At the melting point all crystalline regions 

will be melted and polymers become completely amorphous. In case of 
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thermoplastics, after melt the polymer can behave like a viscous liquid while for 

thermoset polymers such as XLPE the material behaves like a soft gel.  

 

Figure 1.9: On top: semicrystalline structure of polyethylene with crystalline and amorphous regions; 

on the bottom: molecular structure of the crystalline regions; Figure from [74]. 

1.3.4.1 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) is a common method for studying the 

crystallinity of polymers. In this method, while the sample is gradually heated from 

very low temperatures until complete melt, the heat flow to the polymer is 

measured versus the temperature [75]. The crystallites with different size and 

formation absorb heat and melt at different temperatures, and this will appear as 

steps or peaks in the measured heat flow in the DSC measurement. Figure 1.10 

shows example heat flow curves measured with the DSC on LDPE samples which 

have been heat-treated at different temperatures prior to the DSC; these curves 

show that heat-treatment at higher temperatures and for longer durations leads to 

the formation of thicker crystallites which cause a peak in the DSC results at higher 

temperatures. 

It is shown that the morphology of LDPE and XLPE changes even at 

temperatures as low as 50 °C [29, 76], therefore, such structural changes in the 

polymer should be considered in systems with dynamic temperatures.  
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Figure 1.10: Influence of heat-treatment on the morphology of polyethylene. Heat-treatment at higher 

temperatures lead the formation and growth of the crystalline regions to an extra peak in the 

measured DSC curve [76]. 

1.3.5 Heat-treatment effects 

As discussed in Chapter 1.3.1, DCP mediated crosslinking reactions, lead to 

formation of the PDP including methane, acetophenone, cumyl-alcohol, alpha-

methyl-styrene and water. The XLPE insulated cables usually go through a heat-

treatment process also known as “degassing” to remove excess methane in the 

system. In case of HVDC applications, degassing also leads to removal of the polar 

PDP such as cumyl-alcohol, acetophenone, alpha-methyl-styrene and water from 

the cable insulation [50, 77] which is believed to improve the electrical properties 

of the insulation under high voltage DC. The speed of diffusion of each chemical 

specie depends on its molecule size, temperature, and the morphology and the 

content of polar groups in the base polymer [69].  

In studies on the correlation between heat-treatment of XLPE and its electrical 

properties, it has been concluded that presence of the polar PDP such as 

acetophenone can improve the AC breakdown withstand strength of polyethylene 

[78, 79].  This has been attributed to the electronegative properties of 

acetophenone which can hinder the acceleration of electrons and act as a voltage 

stabilizers. 
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As for XLPE insulated HVDC cables, it is generally believed that the removal of 

the polar chemicals and other mobile species during degassing can lead to lower 

number of charge carriers in the system and hence improving the electrical 

properties [77, 80, 81]. Based on studies with plaque samples, it has been 

concluded that degassing of XLPE plaque samples can lead to a reduction of their 

conductivity [50]. It is also reported that degassing of thin plaque samples changes 

their space charge profile measured by PEA method [77].  

Although heat-treatment in presence of atmospheric air, at high temperatures 

and for longer durations, may lead to oxidization of the polymer, it is shown that 

the amount of oxidation with moderate heat-treatment temperatures (< 90°C) is 

small [82]. Nevertheless, the oxidization shall not be fully neglected because the 

presence of carbonyl groups in the polymer can modify its electronic structure [56]. 

Furthermore, it is well-known that heat-treatment influences the crystallinity and 

morphology of polyethylene [76, 77].  

Since the chemical composition and morphology of polymers are both 

influenced during degassing, the distinction of these effects is not straight forward. 

Consequently, the reported reduction of apparent conductivity in XLPE plaque 

samples upon degassing, cannot be solely attributed to removal of polar PDP 

unless the morphological changes and other changes in the material are properly 

evaluated and considered.  

1.4 Research gaps 

There has been an extensive research ongoing on the electrical properties of 

polymeric insulation materials for HVDC power cable applications but the 

following research gaps were identified during the literature review: 

- While there are many publication of space charge phenomenon in polymeric 

insulations, there has not been much focus on leakage current 

measurements under high DC electric fields. 

- Most of the publications are based on measurements on very thin press 

molded films in range of 100-200 micro meters; it is therefore need for 

measurements on thicker samples to provide more representative 

measurements. 

- Although there are studies on influence of degassing on electrical properties 

of XLPE insulation materials, in most of the publications, the possible 
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morphological changes in the material has been neglected. Therefore, there 

is need for studies were samples are heat-treated with diffusion barrier on 

to provide references on the possible influence of morphological changes in 

the material. 

- Most of the published investigations with high DC electric field are based on 

thermostatic measurements; the behavior of the electrical properties such 

as electrical conductivity under temperature variations needs to be 

investigated more. 

- Although there have been studies on peeled films from cable insulation, in 

most of these studies the extracted films are very thin and are typically 

degassed; therefore, studies on thicker samples extracted from cable 

insulation without degassing is interesting to provide more representative 

measurements of the actual properties of the full-scale cable insulation. 

- While protective films such as PET film are almost always used during press 

molding of insulation samples, the potential influence of the choice and type 

of the press molding film is not properly studied in the existing prior 

publications. 

1.5 Scope and aim of the project 

1.5.1 Scope 

The scope of this project includes evaluation of different measurement 

techniques and their relevance to characterization of DC conduction in XLPE 

insulation materials used in HVDC extruded cables. Secondly, a measurement 

setup for reliable and accurate measurement of DC conductivity is developed and 

its performance is evaluated in comparison to other systems. Consequently, this 

measurement setup was extensively used to evaluate the behavior of DC 

conductivity of different polymeric insulation materials firstly at constant 

temperature and secondly during temperature and voltage dynamics to build more 

understanding about the physics behind this phenomenon. Although 

measurements on model cables and full-scale cables was outside the scope of the 

projects, the results from press molded plaque samples, plaque samples obtained 

from cable insulation are analyzed in comparison with cable measurements to 

provide more understanding on relevant scaling effects. The project was an 

industrial PhD project funded by NKT High Voltage Cables (previously ABB High 
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Voltage Cables) and performed at laboratories at the KTH and NKT High Voltage 

Cables.  

Within the project scope, three MSc. thesis projects have been defined and 

supervised by the author. The projects where done in collaboration with the KTH; 

the goal of the MSc projects has been to provide wider knowledge via performing 

different electrical measurements such as DC conductivity and dielectric 

spectroscopy on similar samples.  

1.5.2 Aim 

The aim of this work is to 

• investigate electrical characterization of HVDC cable insulation materials 

by performing comparative studies on plaque samples at constant 

temperature; 

• investigate electrical characterization of HVDC cable insulation materials  

by performing comparative studies on plaque samples at dynamic 

temperature; 

• study the influence of sample preparation on the physical and electrical 

properties of XLPE plaque samples;  

• study the influence of post manufacturing heat-treatment on the physical 

and electrical properties of XLPE plaque samples; 

• analysis of the results and propose reliable and relevant measurement 

methods applicable to characterization and development of insulation 

systems in HVDC extruded cables.  

1.6 Thesis outline 

This PhD thesis is based on the Papers I-X and the summary of the results 

obtained in the MSc thesis I-III. Chapters 1 through 6 provide an introduction to 

the subject and serve as a guide to the results and discussions in Papers I-X.  

Chapter 1 is an introduction to extruded HVDC cable technology, and formulates 

the research questions and scope of work. 

Chapter 2 describes the materials which have been studied, the sample 

preparation, storage and handling procedures.  
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In Chapter 3, a brief description of the frequency domain dielectric spectroscopy 

measurements, mainly done within the MSc thesis II and III, is provided and the 

main conclusions from these works is summarized. 

In Chapter 4, first discusses physics relevant for dielectrics under DC electric 

field to clarify and define the terms used in the work. The second section describes 

the design and construction of the high field DC conductivity measurement setup 

used in the studies. In the thirds section, results of high field DC conductivity 

measurements with static temperature conditions is presented and discussed. The 

fourth section briefly summarizes the results from studies on samples obtained 

from large scale cable insulation. Finally, the results of high field DC conductivity 

experiments with dynamic temperature is presented and discussed. 

Chapter 5 summarizes papers I to X. 

Chapter 6 presents the general conclusions from the studies and puts forward 

proposals for future works.  

1.7 Author’s contributions 

The author has been the main responsible in the design and construction of the 

high-field DC conductivity measurement setup at NKT High Voltage Cables 

(previously known as ABB High Voltage Cables) which has been used in most of 

the experiments presented in this work.  

The author is responsible for Papers I-X. Paper I summarized the results of a 

series of round-robin measurements on high—field DC conductivity measurement 

setups, performed together with two other institutes (Borealis AB Stenungsund 

and ABB Corporate Research Center in Västerås). In Paper II, the high field DC 

conductivity measurements on LDPE samples are presented together with the 

results of dielectrics spectroscopy measurement results from the MSc. Thesis II 

(supervised by the author). In Paper III, the results of the high field DC 

conductivity measurements on thick XLPE insulation samples extracted from the 

insulation of two cables are presented and compared to the results obtained from 

full-scale tests. In Paper IV, the high field DC conductivity measurements on XLPE 

samples with different heat-treatments are presented together with dielectric 

spectroscopy measurements from the MSc Thesis III (supervised by the author). 

The author has been the main responsible for coordination and preparation of the 

Paper V; the presented results include results obtained by the author as well as 

other relevant measurement results from ABB Corporate Research Centers in 
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Västerås, Sweden and in Dättwil, Switzerland. Paper VI presents the results of DC 

conductivity measurements performed by the author on different samples under 

constant DC field with a dynamic temperature profile is presented and in specific 

the observation of non-monotonic temperature dependence of conductivity in 

some samples is highlighted. Paper VII presents the results obtained by 

experiments conducted by the author from high field DC conductivity 

measurements on XLPE plaque samples measured under constant temperature 

with constant, switching or stepping DC voltage profiles. Paper VIII discusses the 

influence of the protective film used during press molding of XLPE and LDPE 

samples on the results of DC conductivity measurements and PEA measurements; 

the DC conductivity measurements in this work were carried out by the author and 

the author has been closely involved in supporting the PEA measurements. Paper 

IX further investigates the non-monotonic temperature dependence of XLPE and 

LDPE insulation samples all measurement results presented in this work are 

obtained by the author. Paper X provides a summary on the most important 

considerations and challenges on DC conductivity measurement and space charge 

measurements on samples from plaque samples to full-scale cable measurements; 

the author has been the main responsible for this paper and all sections related to 

DC conductivity including the figures are prepared by the author. 

The author has been responsible for definition and supervision of the MSc 

Thesis projects I-III. 

The author has been co-inventor of the patent applications I-V. 

The author has also contributed as a co-author to preparation of the manuscript 

of two papers related to this work as listed under “List of other publication 

contributions”.  
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Chapter 2 
2 Sample preparation method 

2.1 Materials 

In this work, HVDC grade, LDPE and XLPE insulation materials from different 

material suppliers provided by NKT High Voltage Cables, have been investigated. 

All XLPE compounds studied in this work include di-cumyl peroxide (DCP) as the 

crosslinking agent. As a reference, the base LDPE compound of the some of the 

XLPE compounds are also studied. In this case, the base LDPE is free from both 

antioxidant and peroxides. In Paper X, results of studies other polymers such as 

Polypropylene measured in other institutes are also provided for sake of 

comparison. 

All studied insulation materials are free from organic or inorganic micro- or 

nano-particles.  

2.2 Considerations for electrical characterization methods 

There are several important considerations to make during preparation and 

handling of XLPE samples. These are especially important for studying the 

conduction behavior of XLPE because conduction in XLPE is very sensitive to its 

chemical composition and morphological and physical structure. This section 

provides a list of the most important considerations made during the studies 

performed in this work and is strongly recommended for studies involving 

electrical characterization of polyethylene samples. 

1. The crosslinking reactions and chemical composition of the final XLPE 

sample are influenced by the crosslinking temperature [83], it is therefore 

important to choose the right press molding program and keep it consistent. 

One must be careful when comparing measurement results on samples 

prepared using different equipment or press molding programs. 

2. Since the cooling rate influences the samples, it is best to use the same 

cooling method and not to change it. 

3. For press molding of polymeric samples from pellets, to protect the 

polymer sample from the external impurities or other effects during pressing, 

two protective press films are needed. Since polyethylene terephthalate (PET) 
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film is a good diffusion barrier [84] and can be easily removed from the PE, it 

is the most common protective press film for this application. But it has been 

shown that using PET protective films can lead to the introduction of carbonyl 

groups on the samples surface [85]; furthermore, studies have indicated that 

using PET protective press films can influence the space charge behavior of 

LDPE samples in comparison using aluminum foil [85, 86]. Due to these facts 

it is important that early in the studies, different protective press films are 

evaluated and the best option is chosen. 

4. After press molding of polymeric samples, it is recommended to keep the 

protective press films on to have a proper diffusion barrier on the sample. It is 

a good idea to further wrap the samples in aluminum foil prior to storage. Prior 

to the measurement, the duration that the sample is freely exposed to air 

should be kept to minimum, otherwise the chemical composition of the 

samples can change and influence the results. 

5. Since even at normal temperatures the morphology of LDPE can change, it 

is recommended that for storage, the samples are kept in a freezer. Obviously, 

the storage time should be kept to minimum. 

6. In case of keeping samples in freezer, after retrieval from the freezer, the 

samples should be brought to room temperature before removing the diffusion 

barrier otherwise water condensation may influence the results. 

7. The thermal history of the samples should be carefully controlled. It is 

recommended to control and note the duration of time for which the samples 

have been exposed to temperatures higher than room temperature (20 °C) 

prior the electrical tests. 

8. Application of high voltage DC to plaque samples, leads to changes in the 

sample such as movement of intrinsic charge carriers and ions, removal or 

injection of charge carriers to the system, and trapping/de-trapping of charge 

carriers at different energy levels. These effects make the electrical history of 

the sample very importance. A sample which has been under HVDC has a 

different electrical history than a fresh untested sample. Therefore, it is 

recommended to avoid reusing tested samples and prepare new samples for 

each experiment. 
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2.3 Sample preparation and handling 

As explained in section 1.3.2, thicker samples sustain their chemical 

composition much better than thinner samples therefore in this work the focus has 

been on thicker plaque samples. Press molded samples with thicknesses in the 

range of 0.5-1.5 mm are mainly used. The details of samples in each study is 

detailed in the papers. In Paper III, 1 mm thick plaque samples which are extracted 

from cable insulations are studied and compared to the results obtained from the 

full-scale testing of the original cables. While samples from cable insulation have 

been studied in previous works [87, 88, 89], in these works the samples have been 

degassed prior to testing. In this work, the samples were immediately moved to a 

freezer to keep their chemical composition intact.  

2.3.1 Press molding  

To produce the plaque samples, LDPE and XLPE granulates are sandwiched 

between two layers of protective press films and pressed using a polymer press. In 

studies presented in Paper I and II and MSc thesis I-II PET film was used as the 

protective press film. Later, to investigate the influence of different protective 

press films, samples were produced with either PET film or aluminum foil or 

polyamide film as described in Paper III and X and MSc thesis III. 

Figure 2.1 shows the press molding program used for preparing XLPE samples. 

It starts with a melting period at 130 °C for 4 minutes at 20 bar followed by 2 

minutes with 200 bar then keeping 200 bar pressure to form the sample, the 

temperature is then increased to 180 °C to crosslink the samples during 15 

minutes. Finally, the sample is cooled down to room temperature keeping 200 bar 

pressure using the press water cooling function.  

For press molding LDPE, the crosslinking operation is not necessary. In this 

case the program starts with 12 minutes of heating from room temperature to 130 

°C with 20 bar pressure, followed by 18 minutes at 130 °C with 200 bar pressure 

to form the sample and finally cooling with the presses water cooling function with 

200 bar during 9 minutes. As described in the papers, in some cases, for having 

more comparable results from XLPE and LDPE samples, some LDPE samples were 

prepared using the XLPE press molding program. 

Most of the samples were prepared using a Schwabenthan Polystat 300S press 

at NKT High Voltage Cables, shown in Figure 2.2. This polymer press has two pair 

of press plates with independent temperature control. For press molding XLPE 
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samples, the two pairs were heated to 130 °C and 180 °C and used respectively for 

melting and crosslinking. 

 

Figure 2.1: Pressure and temperature program during press molding of XLPE plaque samples. 

 

 

Figure 2.2: Schwabenthan Polystat 300S press used for pressing plaque samples. 
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2.3.2 Samples extracted from cables 

In one of the studies, 1 mm thick samples were extracted from the insulation of 

two large scale cables by means of lathing. In this method, after cutting a short 

piece of the cable (20-30 cm) and removing the conductor, using a lathing 

machine, the outer semiconducting layer and the excess insulation is removed 

down to the desired outer radius of the sample. Then by lathing from inner side 

the inner semiconducting layer and excess insulation is removed until 1 mm thick 

cylinder is remained. The cylinder is simply cut open to obtain a plaque sample as 

shown in Figure 2.3. The plaque samples were immediately wrapped in aluminum 

foil and stored in freezer prior to the measurements.  

 

Figure 2.3: A 1 mm thick plaque sample extracted from the insulation of a cable via lathing. 

2.3.3 Heat-treatment 

Heat-treatment of the samples was done in two different ways either by simply 

exposing the sample to atmospheric air in the oven (degassing) or by keeping two 
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layers of diffusion barriers on sample surfaces not to have the free diffusion of 

chemical species to the surrounding air.  

In most of the studies in this work, 50 °C was chosen as the heat-treatment 

temperature. This temperature was chosen to have more reasonable diffusion 

speeds of the PDP to better capture the evolution of changes in the properties. For 

example, the diffusion constant of acetophenone in XLPE at 50 °C is around 

9.3 × 10−12  
𝑚2

𝑠
 which is around four times smaller than the 3.7 × 10−11  

𝑚2

𝑠
 at 70 °C 

[65]. 

In one of the studies in this work, 0.5 mm XLPE plaque samples were degassed 

at 50 °C for different durations and the content of cumyl-alcohol and acetophenone 

were measured, see Figure 2.4, from Paper IV. The measurement results are 

plotted in together with results of diffusion simulation using COMSOL 

Multiphysics according to the model described in [90]. In this case, diffusion 

constants of 1.8 × 10−11  
𝑚2

𝑠
  and 4.0 × 10−11  

𝑚2

𝑠
 fitted respectively to acetophenone 

and cumyl-alcohol.  

 

Figure 2.4: Normalized PDP content of 0.5 mm XLPE plaque samples versus degassing time at 

50 °C, Paper IV 

2.3.4 Storage 

After production, all samples were tightly wrapped in aluminum foil and 

immediately stored in a freezer with a temperature less than -10 °C where the 

samples were kept prior to the measurements. After retrieval of the samples from 
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the freezers, they were rested to reach room temperature before removing the 

diffusion barriers. The diffusion barriers where removed right before placing the 

samples in the test setup to minimize the evaporation of chemical species from the 

samples. 

The heat-treated samples were moved directly from the oven to the 

measurement cell and no storage time was applied.  
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Chapter 3 
3 Dielectric spectroscopy on thick plaque samples 

MSc. thesis II and III focused on performing frequency domain dielectric 

spectroscopy (FDS) on LDPE and XLPE samples with different heat-treatments. 

The results of these works are reported in [29] and [30] and also compared to other 

measurements such as morphological studies and DC conductivity presented in 

Paper IV and in [91]. The main conclusions of these works are summarized in this 

chapter. 

3.1 Influence of heat-treatment LDPE and XLPE 

A measurement system for performing high accuracy FDS measurements on 

thicker (> 0.5 mm) plaque samples was developed and a series of measurements 

was performed on press molded LDPE and XLPE samples with different heat-

treatments. In this work, all LDPE samples were press molded using PET 

protective press films and XLPE samples were prepared either with PET film or 

aluminum foil. The samples were heat-treated for different durations by either 

keeping the PET film on or removing them hence exposing the samples to the oven 

air. An interesting observation was that after heat-treatment, the thickness of the 

samples typically increased.  The thickness increased up to 2% of the thickness 

after press molding. This thickness change is attributed to relaxation of mechanical 

tension remained in the sample while they go through large temperature changes 

under high pressure during the press molding. It was necessary to account for the 

change of sample thicknesses to correctly interpret the results from the FDS 

studies.  

Figure 3.1 shows the crystallinity of LDPE and XLPE samples heat-treated at 50 

°C for different durations and measured by DSC. As expected, heat-treatment leads 

to increase of crystallinity in both LDPE and XLPE samples and LDPE samples 

have higher crystallinity than XLPE samples. In literature, change of free space in 

the polymer during heat-treatment measured by positron annihilation 

measurement has been reported [92]. After correcting for change of sample 

thicknesses, FDS investigations on LDPE samples, did not indicate a meaningful 

change of the dielectric response upon heat-treatment. 
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Figure 3.1: Crystallinity of LDPE and XLPE samples versus heat-treatment time at 50 °C, Paper IV 

FDS studies on XLPE samples showed that the dielectric loss of the samples 

depends on the type of protective press film as well as the heat-treatment method 

and duration. Figure 3.2 summarizes the dielectric loss of XLPE samples with 

different preparations at 10 mHz.  

 

Figure 3.2: Dissipation factor of XLPE samples pressed with PET film or aluminum foil (AL) and heat-

treated with or without the barrier; measured at room temperature and 10 mHz, Paper IV. 

Independent of the type of the protective press film, degassing leads to a 

reduction in the dielectric losses when compared to fresh samples. XLPE samples 



37 

 
 
 

press molded with PET protective press film heat-treated with the PET films on, 

show an increase in the dielectric losses. It is speculated that diffusion of polar 

chemical species from the PET film into the XLPE sample are the reason this 

increase. The XLPE samples press molded with aluminum foil as protective press 

film did not show this behavior, instead the dielectric losses mildly decrease upon 

heat-treatment either with or without the diffusion barrier kept on. 

3.2 Conclusions  

The main conclusions of the FDS experiments are: 

• The thickness of LDPE and XLPE pressed plaques may change upon heat-

treatment. The change depends on the material, the press program and 

thermal history. This change needs to be taken into consideration when 

analyzing FDS results. 

• Crystallinity of LDPE and XLPE increases with heat-treatment at 50 °C 

and LDPE shows higher crystallinity than XLPE with the same base 

polymer. 

• The dielectric response of LDPE is not sensitive to heat-treatment. 

• The dielectric loss of XLPE, is sensitive to the type of protective press film 

used during the press molding. Using PET protective press film leads to 

higher dielectric losses when compared to aluminum foil. 

• Heat-treatment of samples press molded with PET protective press film 

keeping the PET film on, leads to increase of dielectric losses measured by 

FDS. 

• Degassing of XLPE samples leads to a reduction of the dielectric losses 

independent of the protective press film used. 
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Chapter 4 

4 High field DC conduction measurement 

4.1 Solid insulation under electric field 

4.1.1 Dielectric physics 

The Maxwell equation for electrical displacement D is: 

  𝜵. 𝑫 =  𝜌𝐶  Eq. 4.1 

 in which 𝜌𝐶  is sometimes called “free charge” as in [93]; in this work, instead the 

term “unpaired charge” is used to highlight the fact that 𝜌𝐶  includes mobile or 

trapped charges without a counter charge. In HVDC insulation, the unpaired 

charge is formed due to the movement and trapping of singular charge carriers in 

the system. Electrical displacement D can be written as: 

  𝑫 = 휀0𝑬 + 𝑷 Eq. 4.2 

where 휀0 is the vacuum permittivity, 𝐄 is the electric field and 𝐏 is the dielectric 

polarization.  

Eq. 4.1 and Eq. 4.2 can be combined as: 

  𝜵. 𝑬 =
1

𝜀0
(𝜌𝐶 − 𝜵. 𝑷) =

1

𝜀0
(𝜌𝐶 + 𝜌𝑃) Eq. 4.3 

where the polarization  𝜌𝑃 is defined as: 

   𝜌𝑃 = −𝜵. 𝑷 Eq. 4.4 

The polarization charge is due to the gradient of polarization and is not directly 

related conduction in the system.  

With DC voltage after the polarization transients have passed, the polarization can 

be simplified to: 
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  𝑷 = 휀0(휀𝑟 − 1). 𝑬 Eq. 4.5 

Where 휀𝑟 is the relative permittivity of the insulation. The electrical displacement 

can therefore be related to electric field as:  

  𝑫 = 휀0휀𝑟𝑬 Eq. 4.6 

The unpaired charge in Eq. 4.1 is related to conduction current density 𝐉𝐂 and: 

𝜵. 𝑱𝑪 = −
𝜕𝜌𝐶

𝜕𝑡
  Eq. 4.7 

𝜌𝐶(𝑡) = 𝜌𝐶0 + ∫ 𝜵. 𝑱𝑪. 𝑑𝜏
𝑡

0
 , Eq. 4.8 

It is important to note that the total current density from leakage current 

measurements 𝐉𝐌, includes the conduction current 𝐉𝐂 and the displacement current 

density 𝐉𝐃: 

𝑱𝑴 = 𝑱𝑪 + 𝑱𝑫  Eq. 4.9 

𝑱𝑫 =
𝜕𝑫

𝜕𝑡
 . Eq. 4.10 

The conduction current is created by drift of charge carriers under the electric 

field and for 𝑁 different charge carriers:  

𝑱𝑪 = ∑ 𝑱𝑪𝒊
𝑁
𝑖=1 = ∑ |𝑛𝑐𝑖𝜇𝑐𝑖𝑞𝑐𝑖𝑬|𝑁

𝑖=1   Eq. 4.11 

in which 𝑛𝑐𝑖 is the density of the ith carrier,  𝜇𝑐𝑖   is its mobility, and  

𝑞𝑐𝑖  is its electric charge which is typically an electron charge.  

Understanding the elements in conduction current is quite challenging because 

the number of charge carriers depends on the electric field, temperature and 

external effects such as chemical species. Besides, the mobility of charge carriers is 

also temperature dependent. It is common to use a simple and pragmatic 

description of conduction based on conductivity 𝜎: 

𝑱𝑪 = 𝜎𝑬 . Eq. 4.12 

Although this representation is practical but one should remember its 

limitations and the assumptions made for deducing it. Attributing a conductivity 

𝜎 may be misinterpreted as that conductivity is purely an inherent property of the 

material while electrical and thermal history and introduction of extrinsic charges 
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affect the conductivity. Extensive studies have been done to relate the LDPE and 

XLPE conductivity to their composition, temperature and electric field [34, 37, 94, 

95], leading to different conductivity functions. One of the common 

representations of conductivity has an Arrhenius temperature dependence 

decoupled from an exponential electric field dependence: 

𝜎 = 𝜎0𝑒
−

𝐸𝑎
𝐾𝐵

(
1

𝑇
−

1

𝑇0
)

(1 + (
𝐸

𝐸0
)

𝑛

)  
Eq. 4.13 

in which 𝜎0 is the conductivity at reference temperature 𝑇0, 𝐸𝑎 is the activation 

energy and 𝐸0 and 𝑛 define the electric field dependence. 

The Arrhenius temperature dependence is common in chemistry and material 

science when molecules or particles need a certain amount of energy to be excited 

and take part in a certain reaction. In case of conductivity, this means that charge 

carriers contribute to conduction only after acquiring a certain energy level. For 

example, a polar molecule may dissociate into ions after acquiring a certain energy 

level or an electron can be de-trapped and exited to the conduction band with a 

certain energy level. The activation energy of the material determines its sensitivity 

to temperature change; this is a key parameter for behavior of conductivity in 

insulation materials. Due to the difference in the activation energy of different 

insulation materials, the electric field distribution in multi-dielectric systems may 

significantly vary by temperature [96]. This is an important consideration for 

proper insulation materials in prefabricated joints used on power cables with 

polymeric insulation. 

It is common to plot conductivity versus temperature in so called Arrhenius 

plots. In this case, the logarithm of conductivity on ‘y’ axis is plotted versus reverse 

of temperature (
1

𝑇
) in Kelvin on the ‘x’. A perfect Arrhenius temperature 

dependence will appear as a perfect line with a negative slope in the Arrhenius plot.    

4.1.2 HVAC versus HVDC 

Generally, the choice of HVDC cable insulation system is much more 

complicated than that of HVAC cables. This is because in case of HVAC, the electric 

field distribution across the insulation is determined by geometry and relative 

permittivity of the insulation. Since the permittivity of XLPE insulation is not 

sensitive to electric field or temperature, the AC field distribution is almost purely 

geometrical and does not change with temperature gradient or electric field.  
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On the other hand, with HVDC, while after voltage application, the electric field 

distribution is similar that of a HVAC cable, due to the conduction current and 

accumulation of space charge, the electric field gradually changes. After 

sufficiently long time from voltage application (𝑡 ≫ 휀0휀𝑟/𝜎), it reaches a DC steady 

state. The electric field distribution at DC steady state is determined by geometry 

and the conductivity of the insulation and often is very different from the AC field 

distribution. At steady state DC, 𝛁. (𝜎𝐄) = 0, therefore the electric field distribution 

depends on the gradient of conductivity through the insulation; i.e. the sections 

with higher conductivity, will have lower electric field and vice versa.  

Since DC conductivity of polymeric insulations is very sensitive to temperature 

and electric field, the electric field distribution under HVDC strongly depends on 

conditions such as thermal history of the cable, temperature level and distribution 

and the voltage level. For example, at full current load, a temperature gradient is 

formed across the insulation with hottest points close to the conductor. In this 

case, the electric field will be higher at the outer parts with relatively lower 

conductivity level.  On the other hand, with low current loading, the temperature 

profile will be more homogenous therefore the field distribution will differ from 

the case with high load.  This phenomenon is specific to HVDC cables and is also 

known as the “field inversion”.  

Another effect of a temperature dependent conductivity is that at high 

temperature and electric fields, the higher ohmic losses in the insulation will also 

contribute to further increase of the temperature. In extreme cases, with 

insufficient cooling, the system may go to a positive feedback loop in which high 

temperature increases the conductivity, higher conductivity gives higher losses 

hence higher temperature. This phenomenon is also specific to HVDC cables and 

is known as the “conductivity thermal runaway”. In practice, thermal run away of 

conductivity is not a problem during cable operation, instead it can be an issue 

during the standard type test of HVDC cables when very high voltages (up to 1.85 

times the nominal voltage) are applied to the cable [97].  

4.1.3 Space charge 

While the term “space charge” is very often used in publications about HVDC 

cables, sometimes it is used with different meanings leading to confusion. 

Therefore, in this chapter the terms related to space charge are discussed, defined 

and distinguished to provide more clarity in the discussions.  
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In comparison to other mediums with free movement such as air, in solid 

dielectrics the positive and negative charge concentrations tend to strongly overlap 

without being recombined. In HVDC cable applications, the term space charge 

commonly refers to the results obtained from space charge measurements such as 

PEA method. In space charge measurements for example with PEA method, the 

net apparent sum of the positive and negative charge concentrations can be 

different. For example, if the positive and negative charge densities are equal, the 

measured space charge will be zero while the concentration of the charge carriers 

is not zero. The net charge measured with PEA includes both the unpaired space 

charge density (𝜌𝐶) due to conduction and the bound polarization charge density 

(𝜌𝑃) formed due to the gradient of electrical polarization.  

The net unpaired space charge is formed due to the conduction in the insulation 

as described in Eq. 4.7. Assuming 𝑱𝑪 = 𝜎𝑬, at steady state (
𝜕𝜌𝐶

𝜕𝑡
= 0): 

𝜵. (𝜎𝑬) = (𝜵𝜎). 𝑬 + 𝜎𝜵. 𝑬 = 0  Eq. 4.14 

Considering the Maxwell equation at steady state: 

𝜵. 𝑫 = 𝜵. (휀𝑬) = (𝜵휀). 𝑬 + 휀𝜵. 𝑬 = 𝜌𝐶   Eq. 4.15 

The net unpaired charge be derived as: 

𝜌𝐶 = (𝜵휀). 𝑬 −
𝜀

𝜎
(𝜵𝜎). 𝑬  Eq. 4.16 

Since gradient of permittivity in XLPE insulation is negligible the unpaired 

space charge is mainly determined by the gradient in conductivity: 

𝜌𝐶 = −
𝜀

𝜎
(𝜵𝜎). 𝑬  Eq. 4.17 

The polarization space charge 𝜌𝑃 is formed due to the gradient in the electrical 

polarization. Assuming no permanent polarization and a constant permittivity, the 

polarization charge can be determined by gradient of electric field: 

𝜌𝑃 = −𝜵. 𝑷 = −휀0(휀𝑟 − 1)𝜵. 𝑬  Eq. 4.18 

As done in some text books [93], the sum of the unpaired and polarization 

charges is referred to as the total charge. It is the total charge that defines the 

divergence of the electric field: 
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𝜌𝑡𝑜𝑡 = 𝜌𝐶 + 𝜌𝑃 = 휀0𝜵. 𝑬  Eq. 4.19 

In case of space charge measurements by PEA method, neglecting the 

mechanical deformation and change of density due to the presence of electric field, 

the electrostatic force 𝐟𝐞 can be obtained as the gradient of the electrostatic 

pressure, 𝑝𝑒 as [39]: 

𝒇𝒆 = 𝜵𝑝𝑒 = 𝜵 (
1

2
𝑫. 𝑬) = (𝜵. 𝑫)𝑬 +

1

2
((𝜵. 𝑬)𝑫 − (𝜵. 𝑫)𝑬)  Eq. 4.20 

or: 

𝒇𝒆 = 𝜌𝐶𝑬 −
1

2
(휀0(𝜵휀𝑟 )𝐸2)  Eq. 4.21 

During PEA measurements, a fast voltage pulse ∆𝑉 is applied to the system 

providing an electric field pulse ∆𝐄. This leads to a pulse in the electrostatic force 

which is a function of the electric field pulse: 

 ∆𝒇𝒆 = (𝜌𝐶 − 휀0(𝜵휀𝑟)𝑬). ∆𝑬  Eq. 4.22 

Therefore, the PEA “measured space charge 𝜌𝑚” can be written as: 

𝜌𝑚 = 𝜌𝐶 − 휀0(𝜵휀𝑟)𝑬  Eq. 4.23 

𝜌𝑚 = −
𝜀

𝜎
(𝜵𝜎). 𝑬  Eq. 4.24 

Note that while the unpaired charge (𝜌𝐶  in Eq 4.16) includes the gradient of 

permittivity, the measured space charge (𝜌𝑚) differs from the unpaired charge and 

the gradient of permittivity is not captured with PEA. In extruded cable insulation, 

the gradient of permittivity is negligible therefore the difference between the real 

unpaired charge and the measured charge negligible. On the other hand, in 

systems with more than one dielectric material (e.g. two layers of different 

insulation materials), the gradient of permittivity may be large therefore the 

difference between 𝜌𝐶  and 𝜌𝑚 should be considered.  

In this work, the term “space charge” is used to refer to the real unpaired space 

charge 𝜌𝐶  which for a cable with one layer of homogenous insulation material is 

the same as the measured space charge 𝜌𝑚. 

It is notable that to derive the equations above, a steady state in the conduction 

is assumed. In practice, even after long times, often the measured leakage current 

and the space charge profiles do not show a steady state and continue evolving by 
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time. Therefore, in some cases, the above formulations may be inaccurate so the 

underlying assumptions should be kept in mind when using these equations.  

Using the charge transport models, the outbound space charge can be obtained 

by summing up all (mobile or immobile) charge carrier concentrations:  

𝜌𝐶 = ∑ 𝑛𝑐𝑖𝜌𝑐𝑖
𝑁
𝑖=1   Eq. 4.25 

in which the positive and negative charges will cancel out. It is useful to define 

the absolute charge concentration 𝜌𝑎𝑏𝑠 by neglecting the sign of the charges as: 

𝜌𝑎𝑏𝑠 = ∑ 𝑛𝑐𝑖|𝑞𝑐𝑖|𝑁
𝑖=1   Eq. 4.26 

While it is not possible to directly measure the absolute charge concentration, it 

is a useful concept to understand the dynamics in a DC insulation system. For 

example, two insulation systems may have similar apparent space charge 

concentration (same net charge concentration) at a certain condition but very 

different absolute charge concentration. In this case, the system with higher 

absolute charge concentration will have a higher apparent conductivity, be more 

sensitive to thermal or electrical conditions and have a less robust space charge 

behavior. Therefore, during design and choice of HVDC cable insulation system, 

besides considering systems with uniform space charge distribution, insulations 

with lower apparent conductivity should be opted for. 

4.2 Experimental setup 

The high-field DC conduction measurement setup used in this work was built at 

NKT high voltage cables (previously called ABB High Voltage Cables) material 

laboratory in Karlskrona, Sweden. The author of this work has been the main 

responsible for the design and construction of the setup. The MSc. Thesis I focused 

on evaluation of the performance, accuracy and reliability of the measurement 

setup. The design, calibration and robustness of the setup is described the MSc. 

thesis I report [35]. 

An illustration of the setup is provided in Figure 4.1. The system is controlled by 

a computer using a Labview program and can run complicated test programs 

including voltage or temperature variations. During the measurements, all 

parameters such as the applied voltage, leakage current, air and electrode 

temperature, etc. are logged by the computer.  
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Figure 4.1: The high field conductivity measurement system used in the present studies [35]. 

4.2.1 Electrical system 

A Spellman SL100*300 DC voltage source capable of supplying up to 100 kV is 

used. As demonstrated in Figure 4.2, the three-electrode system according to IEC 

60093 [27] is designed and made of brass. Two identical electrode systems 

connected to the same voltage source where used to be able to test two samples at 

the same time which helps to save time and makes the comparison easier. A 100 

MΩ high voltage resistance is put in series with the sample as a current limiter in 

case of failures. Before entering the picoammeters, the leakage current goes 

through a filter and protection box including a 0.68 µF filter capacitor, two small 

spark gaps, and two Zener diodes.  

The obtained leakage current is further filtered with a simple digital filter based 

on moving median in MATLAB, see Appendix. 
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The accuracy of the measurements is in range of ±30 pA which corresponds to 

an accuracy of ±0.1 fS/m when testing on 0.5-1 mm thick samples at 30 kV/mm.  

 

Figure 4.2: The schematic of the three-electrode system used for conductivity measurements on 

plaque samples, Paper X.   

4.2.2 Temperature control 

The temperature control is done by placing the measurement electrodes inside 

a Memmert GmbH oven capable of providing stable temperatures with 0.1 °C 

accuracy. While the air temperature is measured by the oven, the electrode 

temperature is measured using a PT100 sensor mounted on the ground electrode.  

Two main sets of experiments were performed in this work namely with static 

or dynamic temperature programs. In case of static temperature program, after 

placing the sample in the oven, it was heated up to the desired temperature and 

after reaching thermal steady state, the voltage was applied. In case of dynamic 

temperature, the voltage was usually applied at room temperature before starting 

the thermal dynamics. Most of the dynamic temperature studies were performed 

with the temperature program shown in Figure 4.18.  

4.3 Leakage current under DC with static temperature program 

For static temperature studies, after reaching thermal steady state, DC voltage 

is applied and leakage current is measured for long durations in range of 24 h up 

to 350 h. The measured leakage current includes the polarization current and 

conductive current. Depending on the electrical time constant of the system, the 

polarization current decays during the first few hours after voltage application and 

typically after 5-10 h, the current is almost purely conductive.  
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The measured leakage current (𝐼) depends on voltage (𝑉), samples thickness 

(𝑑) and measurements electrodes area (𝐴), therefore it is practical to scale the 

measured leakage current to obtain the apparent conductivity 𝜎𝑎 as: 

𝜎𝑎 =
𝐼

𝑈
.

𝑑

𝐴
  Eq. 4.27 

𝜎𝑎 has the same dimension as conductivity (S/m) but it is not necessarily the 

same as the conductivity. For the first few hours after voltage application, 𝜎𝑎 

includes the polarization current as well but as time passes, due to the decay of 

polarization, it tends to the real conductivity.  

4.3.1 Constant DC voltage 

Figure 4.3 shows a typical apparent conductivity measured on a 1 mm thick 

XLPE sample tested at 70 °C with 30 kV. As expected, the curve strongly decays 

for the first few hours after voltage application but interestingly even several days, 

it continues to decay. Similar behavior has been reported in the literature [98, 99, 

100, 101]. 

 

Figure 4.3: Typical measured apparent conductivity curve from high field DC conductivity tests. Test 

done on 1 mm thick XLPE sample, 70 °C and 30 kV. 

In a log-log plot (Figure 4.4), the apparent conductivity appears to show a power 

law 𝑡−𝑛 behavior with 𝑛 to be close to 0.5, see Paper IV, Paper V and [102]. Since 



49 

 
 
 

this power law behavior with 𝑛 = 0.5 typically appear in systems involving 

diffusion, it is suspected that diffusion of chemical species (e.g. gradual degassing) 

may contribute to this behavior. 

 

 

Figure 4.4: Typical measured apparent conductivity curve from high field DC conductivity 

measurements. The black line shows the trend line of 𝐼 = 𝐼0. (
𝑡

𝑡0
)−𝑛 with 𝑛 = 0.5. 

As shown in Figure 4.5 experiments with different electric fields show that in 

this range the decaying behavior does not seem to be sensitive to electric field.  

As shown in Figure 4.6, measurement of the remained PDP content in the 

samples after 24 h test at different temperatures, showed that only a small amount 

of the PDP leaves the sample after 24 h of measurement while during this period 

the apparent conductivity can decay in range of one decade. This observation does 

not support the hypothesis that the leakage current decay is solely associated to 

degassing of the PDP. Furthermore, measurements on additive free LDPE samples 

also leads to similar decaying behavior as in XLPE as shown in Figure 4.7. Since 

LDPE does not contain any PDP, the PDP degassing hypothesis for explaining the 

decay of apparent conductivity is not convincing and other explanations should be 

considered. 
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Figure 4.5: The leakage current from a 1 mm thick XLPE plaque samples measured at 70 °C and with 

different voltages. 

 

Figure 4.6: The percentage of the average PDP concentration remained in a plaque sample after 24 

hours of measurement at different temperatures. 
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Figure 4.7: Apparent conductivity of 1 mm thick XLPE and LDPE plaque samples measured at 70 °C 

and 30 kV. LDPE and XLPE show a similar decay in the measured apparent conductivity.  

It is also notable that as discussed in Paper V, decay of leakage current with 

similar trend is observed in completely different insulation materials including 

different LDPE, XLPE and polypropylene (PP) insulation materials. Instead it 

seems to be a more general behavior in insulating polymers.  

4.3.2 Switching and stepping DC voltage 

To understand the role of electrical history in the decay of apparent conductivity, 

studies were done with switching or stepping voltage profiles in which the voltage 

was changed in steps and the obtained results are compared to measurements with 

constant DC voltage. Figure 4.8 shows the measured apparent conductivity of two 

XLPE samples tested at the same temperature but with different voltage programs.  

For one sample, voltage is kept constant during the experiment while for the 

other sample, it is periodically grounded before reapplying it. After each voltage 

application, a polarization transient is observed with the switched voltage program 

but interestingly after the polarization decay is complete, the conductive current 

tends to the same level as for the constant voltage program. This clearly shows that 

the long-term decay in leakage current is not related to electrical phenomenon 

such as polarization, charging, space charge accumulation or electrical aging. 

Instead it seems that the decay is due to thermal history of the sample. 
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Figure 4.8: Apparent conductivity of two 0.7 mm XLPE samples tested at 70 °C and 21 kV/mm with 

constant voltage versus switched voltage program, from Paper V.  

In some cases, during long term leakage current measurements, apparent 

conductivity shows temporary peaks before decaying further. As shown in Figure 

4.9, even in these cases, the switched voltage program gives similar to those with 

constant voltage. This is valid for both LDPE and XLPE insulation materials.  

Figure 4.10 shows the apparent conductivity of 1 mm thick LDPE and XLPE 

samples with same base polymers, tested at 25 °C and 30 kV for a very long 

measurement for 350 h. Interestingly, both samples show the decaying behavior 

for even such a long measurement time. Plotting the ratio between the apparent 

conductivity of the XLPE sample compared to the LDPE sample shows a very 

interesting observation, Figure 4.11. Besides the periods with decaying polarization 

current, the ratio between the XLPE and LDPE apparent conductivity is very 

consistent and it seems that LDPE and XLPE samples decay with the same rate. 

Similar observation can be obtained for example if the DC voltage is changed 

between different levels as shown in Figure 4.12 where for the sample with 

stepping voltage program, voltage is changed between three different levels. Again, 

after decay of polarization current, the apparent conductivity from the stepping 

program tends to that of the samples tested with constant voltage.  
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Figure 4.9: Apparent conductivity of 1.2 mm XLPE and LDPE samples tested at 70 °C with 25 kV/mm 

with constant voltage or switched voltage programs, Paper V. 

 

Figure 4.10: Apparent conductivity of 1 mm XLPE and LDPE samples tested at 25 °C with 30 kV/mm 

with a switched voltage programs, Paper V 
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Figure 4.11: The ratio between the apparent conductivity of 1 mm XLPE and LDPE samples tested at 

25 °C with 30 kV/mm with a switched voltage programs, Paper V 

 

Figure 4.12: The apparent conductivity of 1.2 mm XLPE samples tested at 70 °C with different electric 

fields and versus a test with a stepping voltage profile, Paper VII 
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4.3.3 Effect of protective press film and heat-treatment 

In a series of studies on 0.5 mm LDPE and XLPE plaque samples press molded 

either with PET film or aluminum foil as protective press films, were heat-treated 

at 50 °C without the diffusion barrier. The apparent DC conductivity of the sample 

was then the measured at 50 °C under 18 kV/mm. As shown in Figure 4.13 and 

Figure 4.14, for XLPE and LDPE samples press molded with PET film, the apparent 

DC conductivity decreased with degassing. When the same study was performed 

on XLPE and LDPE samples press molded with aluminum foil, no clear trend was 

observed with degassing time. Furthermore, samples prepared with aluminum 

foil, showed considerably lower apparent conductivities than the samples prepared 

with PET film as shown for LDPE studies in Figure 4.15.    

 

 

Figure 4.13: The apparent conductivity of 0.5 mm XLPE samples pressed with PET film degassed at 

50 °C with different durations and tested at 50 °C and 18 kV/mm, Paper IV 
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Figure 4.14: The apparent conductivity of 0.5 mm LDPE samples pressed with PET film degassed at 

50 °C with different durations and tested at 50 °C and 18 kV/mm, Paper IV 

 

Figure 4.15: The apparent conductivity of 0.5 mm LDPE samples pressed with PET film or aluminum 

foil degassed at 50 °C with different durations and tested at 50 °C and 18 kV/mm, Paper IV 

4.3.4 Conclusions from static temperature studies 

From the static temperature studies, the following conclusions are made: 
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• The DC leakage current (and apparent conductivity) of LDPE and XLPE 

press molded plaque samples continues to decay for very long times after 

the polarization has completely decayed voltage application.  

• Since the same apparent conductivity decay is observed even without 

voltage, this decay is not only due to electrical effects such as polarization, 

charging, space charge accumulation, or electrical aging; instead it seems 

to be due to thermal driven changes in the material. Diffusion of other 

substances, and structural changes in polymer morphology are examples 

of such thermally driven changes. 

• Since the same behavior is observed in LDPE samples free from 

antioxidant or peroxide (no PDP), this decay cannot be explained to be 

purely the result of degassing of the PDP from the sample.  

• LDPE and XLPE samples press molded using PET protective press film, 

show considerably higher apparent DC conductivity than those press 

molded using aluminum foil. 

• For both LDPE and XLPE samples press molded with PET film, degassing 

leads to a clear reduction in the apparent conductivity while no clear trend 

could be established for LDPE and XLPE samples press molded using 

aluminum foil. This means that when effect of PET film is eliminated, no 

clear relation between the PDP content of XLPE and its conductivity could 

be established. 

4.4 Samples from cable insulation 

As detailed in Paper III and Patent application I [103], a very good way to obtain 

insight into the conductivity profile of cable insulations is to retrieve and test thick 

plaque samples from the cable insulation. It was shown that the PDP content of 

the obtained samples is very similar to that of the original cables. Samples from 

different radial locations in the insulation of two large scale cables were extracted 

and studied with DC conductivity measurements. Good correlation was found 

between the results of extracted samples to those obtained from the full-scale 

testing of the original cables. Besides measurement on static temperature, the DC 

conductivity of the samples were measured during cooling from 70 °C down to 25 

°C to simulate the thermal cycles during standard tests (see Figure 4.16).  
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Figure 4.16: Arrhenius plot of the conductivity; 1 mm thick plaque samples from cable insulation 

measured with 30 kV with a varying temperature. Samples from two radial locations of cable 

insulation; Radius 1: 1 mm from inner semicon; Radius 2: 2 mm from the outer semicon, Paper III.  

Plotting these results for samples the conductivity function and activation 

energy for different radial locations in the cables was estimated.  By interpolating 

the parameters through the whole cable insulation, the expected average 

conductivity of the original cables was estimated and compared to the actual 

results from full-scale tests. A good correlation was observed between the results 

of studies on extracted plaque samples and full-scale tests which shows that such 

methods can be very valuable for fast and low-cost estimation of conductivity 

profiles in full-scale cables. 

4.5 Leakage current under DC with dynamic temperature program 

During one experiment comparing two XLPE plaque samples press molded with 

PET film and aluminum foil, one heat cycle was introduced in the middle of a long 

static temperature program with 25 °C. As shown in Figure 4.17 an interesting and 

unexpected behavior was observed in the measured apparent conductivity of the 

sample press molded with PET film.  
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Figure 4.17: Apparent conductivity (top) and electrode temperature (bottom) measured for two 1 mm 

thick LDPE samples pressed either with PET press film or aluminum foil and tested with 30 kV [39]. 

During cooling period, the apparent conductivity of this sample does not 

monotonically decrease and instead shows a peak which is contradictory to the 

generally expected Arrhenius temperature dependence.   

To understand this behavior, a series of studies were planned and conducted on 

LDPE and XLPE samples with different preparations and tested with the dynamic 

temperature program shown in Figure 4.18. The test starts with applying the DC 

voltage at room temperature followed by heating to 70 °C in around 2 hours; the 

temperature is kept constant for 22 h before it is decreased towards room 

temperature during 10 h of cooling; it is then increased to 70 °C and consequently 

to 90 °C and finally cooled down towards room temperature. Besides having 

periods with constant 70 °C and 90 °C, this program also includes heating and 

cooling periods which provide a good insight into the dynamic behavior of leakage 

current during temperature dynamics. The results of these studies are published 

in Papers VI, VIII, and IV. A summary of the findings in these studies follows in 

this chapter.  
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Figure 4.18: Electrode and oven air temperature conductivity measurements with the dynamic 

temperature program. 

4.5.1 General behavior and influence of protective press films 

Comparing XLPE and LDPE samples press molded with PET film or aluminum 

foil showed that the non-monotonic temperature dependence of apparent 

conductivity is present in samples pressed with PET film, see Figure 4.19 and 

Figure 4.20. This deviation from the expected Arrhenius behavior is clearer when 

the same data is plotted in Arrhenius plots, see Figure 4.21 and Figure 4.22.  

An Arrhenius temperature dependence such as in Eq. 4.28 would appear as a 

perfect line with negative slope in an Arrhenius plot. It is obvious that while the 

behavior of samples prepared with aluminum foil is close to an Arrhenius function, 

the samples prepared with PET film strongly deviate from the Arrhenius behavior. 

𝜎 = 𝜎0𝑒
−𝐸𝑎
𝐾𝐵

(
1

𝑇
−

1

𝑇0
)
  

Eq. 4.28 
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Figure 4.19: Measured apparent DC conductivity curves for 1.2 mm thick XLPE samples with 30 kV. 2 

samples pressed with PET and 2 samples pressed with aluminum foil. 

 

Figure 4.20: Measured apparent DC conductivity curves for 1.2 mm thick LDPE samples with 30 kV. 

one sample is pressed with PET and the other one with aluminum foil. 
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Figure 4.21: Apparent conductivity of XLPE samples, during cooling from 90 °C to 30 °C in an 

Arrhenius plot versus the electrode temperature. 

 

Figure 4.22: Apparent conductivity of LDPE samples, during cooling from 90 °C to 30 °C, in an 

Arrhenius plot versus electrode temperature. 

 

The same study was repeated XLPE press molded with different protective press 

films as shown in Figure 4.23 and Figure 4.24. In this case, XLPE was pressed with 

two different PET films (PET 1 and PET 2), with aluminum foil (AL 1) and one 
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sample had PET film during melting, and polyamide film during crosslinking 

(PET/PA). The study shows that using PET film leads to higher conductivity levels 

compared to other options. Peaks are observed with both PET films although one 

film seems to have a stronger effect. Even having PET in contact only during 

melting (PET/PA), lead to small peaks during cooling and heating.  

From these results, it is hypothesized that during press molding of LDPE and 

XLPE samples in contact with PET film, some chemical species are introduced into 

the samples which contribute to higher conductivity at static temperature and 

peaks during cooling and heating of dynamic temperature program.  

 

Figure 4.23: Apparent conductivity of 1.2 mm thick XLPE samples, press molded with different films, 

two different PET films (PET 1 and PET 2), aluminum foil (AL 1) or melted with PET film and 

crosslinked in with polyamide (PET/PA), tested at 30 kV. 

Furthermore, studies were done on different insulation materials including 3 

different XLPE blends and one LDPE blend press molded using PET film. The 

results indicate that the same behavior can be observed for all these materials. 

Although for XLPE C which has a much higher general conductivity, the peaks are 

not very clear in the plot, but considering that conductivity axis is logarithmic, size 

of the peak is comparable to those of XLPE A. This indicates that this behavior is 

not specific to a specific insulation grade. 
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Figure 4.24: Arrhenius plot of apparent conductivity of the XLPE samples during cooling (50-60 h) for 

plate samples prepared using different protective pressing films. 

 

Figure 4.25: The apparent conductivity of 1.2 mm thick samples of different insulation materials press 

molded using PET 1 protective press film. 3 different XLPE materials (XLPE A, XLPE B and XLPE C) 

and one LDPE material (LDPE) are tested at 30 kV. 

4.5.2 Influence of heat-treatment 

In another study, XLPE samples press molded with PET film, were degassed at 

50 °C for different durations before their apparent conductivity was measured with 
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the dynamic temperature program. As presented in Figure 4.26 and Figure 4.27, 

degassing clearly leads to reduction of the conductivity at all temperatures. 

Especially the peaks during cooling and heating decrease by longer degassing and 

completely disappear with sufficiently long degassing time.  

Furthermore, studies on XLPE samples which after complete degassing are 

repressed in contact with PET film at 180 °C for 12 min, show that the peaks will 

reappear after this operation. 

These observations strongly support the hypothesis that the non-monotonic 

conductivity behavior is associated to chemical species which are introduced 

during sample preparation and leave the material upon degassing. 

 

Figure 4.26: Apparent conductivity of 1.2 mm thick XLPE A vs time for plate samples prepared using 

PET 1 protective press film and degassed at 50 °C for different durations, tested at 30 kV. 
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Figure 4.27: Arrhenius plot of apparent conductivity during cooling (50-60 h). 

4.5.3 Possible explanations for the non-monotonic temperature dependence of 

conductivity 

As explained in the discussion of dynamic temperature measurement results, 

there is a direct connection with the type of protective press film used during 

sample preparation and the conductivity level and behavior. One hypothesis is that 

chemicals entering the samples during press molding in contact with PET are 

involved in the deviation from Arrhenius dependence.  

Candidate chemical species include the low weight molecules formed due to 

degradation of PET film [104]. Depending on the PET grade, these include water 

and acetaldehyde [105]. Besides, traces of chemicals such as antimony trioxide 

(Sb2O3) used as catalysts during PET production may exist on PET film and 

therefore can be considered as candidate chemicals.  

Influence of antimony trioxide was tested by contaminating surface of degassed 

aluminum pressed XLPE samples with antimony trioxide dissolved in water and 

testing with the dynamic temperature program. Although the resulting 

conductivity was considerably higher than reference degassed XLPE sample, no 

deviation from the Arrhenius behavior was observed. Therefore, antimony trioxide 

can be considered eliminated as the reason for this behavior. 
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Chemical analysis using high pressure liquid chromatography (HPLC) and Gas 

Chromatography were conducted without success in tracing acetaldehyde in the 

PET pressed samples.  

Carl-Fischer measurements did not show a meaningful increase of water 

content of PET pressed samples but such measurements on plaque samples is not 

very reliable as water has a very high diffusion content and during preparations it 

can leave the small samples used for the analysis. 

In the literature [85], using PET film also leads to introduction of Carbonyl 

groups on the surface of the produced LDPE and XLPE samples. As discussed in 

[106], the Fourier transform infrared spectroscopy (FTIR) spectrum of LDPE 

samples press molded with PET film differ from that of LDPE samples press 

molded with aluminum foil indicating presence of carbon-oxygen bonds on the 

PET pressed samples.  FTIR analysis on samples confirmed that PET pressed 

samples have different spectrums than samples pressed with aluminum foil. This 

explains the higher conductivity of PET pressed sample even after very long 

degassing compared to that of aluminum foil pressed samples.  

Considering the higher carbonyl content of the sample surface another 

hypothesis can be put forward. Since carbonyl groups are very polar, the surface of 

PET pressed samples will be more polar than the bulk. Higher polarity of the 

polymer leads to different solubility of polar substances (e.g. water, acetophenone, 

etc.) at the surface of the sample compared to the bulk of the polymer. Assuming 

different activation energies of the solubility in bulk of sample compared to the 

surface, this can lead to dynamic behavior of polar substances during thermal 

cycling. For example, they may tend to be dissolved in the polymer bulk at higher 

temperature but accumulate at the sample surface at lower temperatures. These 

dynamics and phase shift may manifest itself as non-monotonic behavior of 

conductivity. If this hypothesis is correct, in cases where two polymers with 

different polarity are in contact, one can expect to see such non-monotonic 

temperature dependence in electrical properties. For example, cables inner and 

outer semiconducting layers may have very different polarity and solubility 

compared to the insulation therefore chemicals polar chemicals such as water may 

go through such dynamic diffusion behavior during thermal cycling.  

As discussed in chapter 1.3.3, at concentrations close to the saturation levels, 

during cooling, chemicals may go through supersaturation and phase separation. 

In this case, even in the bulk of a polymer with homogenous solubility, the phase 
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change of chemicals due to supersaturation can lead to non-monotonic 

temperature dependence of electrical properties. Therefore, this can also be 

considered as a hypothesis. 

Other hypothesis can be put forward for example by considering the dynamic 

changes in the base polymer during thermal variations. These include 

morphological changes, changes in degrees of freedom of polar groups on the 

chains or phase change of additives in the polymer. But these hypotheses are not 

strongly supported by the results presented in this work. 

More theoretical and experimental works are needed to study the hypotheses to 

better understand the physics behind this behavior. 

4.5.4 Conclusions from dynamic temperature studies 

From the experiments performed on different XLPE and LDPE materials press 

molded with different protective press films and tested with the dynamic 

temperature program, the following conclusions can be made: 

• Besides higher apparent conductivity with static temperature, using PET 

film for press molding LDPE and XLPE samples, can lead to deviation of 

conductivity temperature dependence from Arrhenius behavior.  

• Different XLPE and LDPE materials press molded with PET film show 

peaks in the apparent conductivity during cooling and heating. 

• Degassing of PET pressed samples, leads to reduction of conductivity at all 

temperatures, reduction of peaks during cooling and heating and with long 

degassing times, the apparent conductivity curves tend to the expected 

Arrhenius behavior. 

• Repressing degassed samples reintroduces the increase in conductivity 

and peaks during cooling and heating. 

• The results support the hypothesis that press molding samples with PET 

film leads to introduction of chemical species into the sample affecting the 

conductivity level and behavior. Upon degassing these hypothetical 

species leave the sample. 

• Adding antimony trioxide on surface of degassed XLPE samples does not 

lead to a non-monotonic temperature behavior. 
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• Chemical analysis failed to detect meaningful acetaldehyde content in PET 

pressed samples.  

• Press molding with PET film leads to higher Carbonyl content hence 

higher polarity of the surface. This higher surface polarity may also 

contribute to the higher conductivity of the samples and its non-

monotonic temperature behavior.  
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Chapter 5 
5 Summary of contributions 

5.1 Summary of publications 

5.1.1 Paper I 

In this paper, the results of measurements performed on a high field DC 

conductivity measurement setup is presented in comparison to two other similar 

setups in different locations. Measurements were done on similar XLPE pressed 

plaque samples. The PDP content of the samples was also analyzed using Gas 

Chromatography before and after the tests. It was concluded that the 

measurements show a good reproducibility of the results in each setup. 

Comparison between different setups show that the systems with similar heating 

method, show very similar results. It was shown that deviations less than 11 % can 

be expected for the results after 23 hours of test at 70 °C. The analysis of the PDP 

before and after the tests show that only a small portion of the PDP is degassed 

from the samples after 23 hours measurements. As expected, at higher 

temperatures, the speed of diffusion and degassing is higher therefore more PDP 

is lost. 

5.1.2 Paper II 

In this paper, the correlation between heat-treatment, the change of crystallinity 

and dielectric properties of clean additive free LDPE samples was studied. 

Investigations were done on 1 mm thick pressed LDPE samples with different heat-

treatments. Measurements included DSC, FDS and high field DC conductivity. It 

was concluded that upon heat-treatment, the sample thickness increased up to 

1.5% from the original thickness before heat-treatment. This should be considered 

in the analysis of FDS results otherwise wrong conclusions may be made. The DSC 

measurements show that heat-treatment leads to an increase in the crystallinity of 

the samples which shows that the morphology of the material changes during heat-

treatment. After correction for thickness changes, the FDS experiments on samples 

with different degassing time did not indicate any change in the dielectric response 

of the LDPE samples; but the high field DC conductivity showed a decrease with 

degassing time.  
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5.1.3 Paper III 

In this paper, a simple method for extracting plaque samples from the insulation 

of high voltage extruded cables is introduced and discussed. Chemical analysis on 

the Peroxide Decomposition Products (PDP) and high field DC conductivity 

measurement results from the extracted samples are compared to those of the 

original cable. Tests are performed on samples obtained from different radial 

locations across the insulation of two different cables. It is demonstrated that via a 

good control of the temperature and exposure time of the samples during 

production and storage, the PDP content of the samples is very similar to the 

original cable therefore the chemical composition can be kept intact. High field DC 

conductivity measurements were performed with 30 kV/mm at 70 °C followed by 

cooling to room temperature. After analysis of the results of samples from different 

radius of the two cables, an acceptable correlation between the conductivity level 

and temperature dependence of the two cables was obtained. Based on these 

results, this method is concluded to be a representative method which can provide 

valuable information about the conductivity of cables using simple, fast and low-

cost tests on plaque samples. 

5.1.4 Paper IV 

In this paper, the influence of heat-treatment with or without a diffusion barrier 

on press molded XLPE and LDPE plaque samples is studied. The samples were 

press molded with either PET film or aluminum foil as protective press film. Gas 

Chromatography (GC) on XLPE samples show that as expected, the PDP content 

of the samples decrease upon degassing while DSC results show an increase in the 

crystallinity of the samples. Results of electrical tests on samples pressed with PET 

film differ considerably from those pressed with aluminum foil; the samples 

pressed with PET film showed higher polarization losses in FDS tests and higher 

conductivity during high field DC conductivity measurements. Independent from 

the type of protective film used during press molding, degassing of XLPE samples 

lead to a reduction in the polarization losses and in the DC conductivity of the 

samples. The studies show that the influence of using PET film during sample 

preparation can dominate the results from electrical measurements and it is 

concluded that aluminum foil may be a better option for protective film during 

sample preparation. 

5.1.5 Paper V 

In this paper, the results of several DC conductivity measurement studies on 

different materials is presented and discussed. The studied materials include 
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polypropylene (PP), low density polyethylene (LDPE) and cross-linked 

polyethylene (XLPE). All samples are prepared by press molding and 

measurements are done under constant DC voltage and constant temperature. The 

main observation was that for all samples, no steady-state direct current (DC) was 

established even after very long measurement times which poses major challenges 

to evaluation of DC conductivity of insulation materials. More detailed study of this 

behavior shows that some common systematic features can be observed. The first 

observation is that the behavior at lower fields (below 10 kV/mm) is different from 

that of high fields. At higher electric field, for all studied materials, decays with a 

sub-linear trend 𝐼~𝑡−𝑛 where 𝑛 is mostly around 0.5. Experiments presented in the 

paper provide evidence that this behavior is independent of the presence of the 

voltage and the peroxide decomposition products (e.g. in XLPE). The observations 

support a thermally driven relaxation process related to the structural changes of 

the polymer. One major implication of the discussed observations is that assuming 

steady state of leakage current after a few hours of measurements can be 

misleading. Instead much longer measurement times should be considered and 

beside the level of conductivity, its decaying trend shall be considered and 

evaluated. 

5.1.6 Paper VI 

In this paper, the results of high voltage DC conductivity measurements on 

approximately 1 mm thick LDPE and XLPE samples under dynamic temperature 

conditions are presented and discussed. A DC voltage of 30 kV is used and the 

temperature is varied between room temperature and 90 °C. While the 

measurement results under constant temperature agrees with the previously 

published results, an interesting and new behavior with varying temperature was 

observed. The measurement results during thermal transition, deviate strongly 

from the expected Arrhenius temperature dependence and exhibits a non-

monotonic temperature dependence in which during heating and cooling, peaks 

are observed in the measured leakage current. Further it is observed that this 

behavior is strongly influenced by the type of protective film used during sample 

preparation by press molding; using PET films leads to higher apparent 

conductivity and non-monotonic behavior of the leakage current during heating 

and cooling. Furthermore, this behavior has been observed in both LDPE and 

XLPE samples which rules out the direct relation of the peroxide decomposition 

products in this phenomenon.  
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5.1.7 Paper VII 

In this paper, the results of DC current measurements on thick LDPE and XLPE 

press molded plate samples is discussed. The measurements are done at constant 

temperature of 70 °C. Two different voltage profiles are used: 1. constant DC 

voltage, 2. switching program in which the voltage is turned on and off every few 

hours and 3. Stepped voltage in which every few hours the voltage is changed to 

different levels. The results show that the obtained leakage current from both 

LDPE and XLPE samples decays with a very similar trend. Sometimes 

intermediate maxima are observed. The studies with the switched and stepped 

voltage profiles from both LDPE and XLPE samples show after decay of transients 

including polarization currents, the measured quasi steady leakage current tends 

to the constant voltage measurement. This indicates that the decay of the leakage 

current is not voltage dependent but rather related to some thermally driven 

relaxation processes. Examples of thermally driven processes are diffusion of 

chemicals, into/out of the samples, morphological changes in the polymer due to 

thermal relaxation of polymer chains. Further since the sample behaviors is 

observed in both LDPE and XLPE samples, it can be concluded that this decaying 

behavior is independent from presence of the peroxide decomposition products. 

5.1.8 Paper VIII 

In this paper, the influence of protective film used during press molding of XLPE 

plaque samples on the conduction behavior of samples under high voltage DC is 

investigated. Specifically, samples prepared using either aluminum foil or 

Polyethylene terephthalate (PET) films are compared. PEA space charge 

measurement in room temperature and high field conductivity measurement 

under a varying temperature program were performed on the samples. The space 

charge measurements at room temperature show different behaviors for samples 

pressed using PET film or aluminum foil; the PET pressed sample, demonstrate 

positive heterocharge accumulation close to the cathode while in the aluminum foil 

pressed sample homocharge accumulated close to both anode and cathode 

electrodes. Leakage current measurements on PET pressed samples, at constant 

DC field of 30 kV/mm and 70 °C, show considerably higher apparent conductivity 

than samples pressed with aluminum foil. Degassing of samples prior to 

measurement leads to (around 50%) reduction of apparent conductivity in both 

PET and aluminum foil pressed samples. Furthermore, leakage current 

measurements of PET pressed sample during cooling and heating, show peaks in 

the apparent conductivity which is a major deviation from the expected Arrhenius 

temperature dependence of conductivity. This deviation is reduced when the PET 
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pressed samples are degassed. The aluminum foil pressed samples especially after 

degassing show the closest behavior to the expected Arrhenius behavior.  Since 

PET films are widely for preparation of samples used for study of electrical 

characterization of polymeric insulation materials, it is important to consider and 

evaluate its possible influence on the results. The results of this study indicate that 

the influence of PET film on the results is not negligible and that using aluminum 

foil seem to be a better choice in this regard. 

5.1.9 Paper IX 

In this paper, the deviation from Arrhenius temperature dependence of DC 

conductivity of XLPE and LDPE samples press molded using PET protective 

pressing film, presented in the previous paper, is further investigated. This work is 

focused on the behavior of electrical conductivity during dynamic thermal 

conditions under high voltage DC field. XLPE and LDPE plate samples press 

molded with PET film, Polyamide (PA) film and aluminum foil are tested under 25 

kV/mm DC field with a dynamic temperature program changing between room 

temperature to 90 °C. The results show that both XLPE and LDPE samples pressed 

with PET protective film demonstrate peaks in the apparent conductivity when 

measured during cooling and heating; this shows that the non-monotonous 

temperature dependence of conductivity in these samples cannot be solely related 

to the Peroxide Decomposition Products (PDP) since LDPE does not contain any 

peroxides. Studies on PET pressed samples degassed for different durations clearly 

show that the size of the conductivity peaks during cooling and heating, reduces 

with longer degassing and with after a long enough degassing operation, the 

conductivity curves tend to the expected Arrhenius temperature dependence. 

Furthermore, it was shown that the peaks can be created in degassed samples if 

they are re-pressed in contact with PET film. Based on the study results, it is 

speculated that this deviation from Arrhenius behavior is due to chemicals that 

enter the insulation samples when they are pressed molded in contact with PET 

films. Reduction of this deviation upon degassing of the samples, further supports 

this hypothesis. Furthermore, since the same behavior is observed for three 

different XLPE materials and one LDPE material from different suppliers, this 

behavior is not specific to one insulation material or supplier rather it seems to be 

a more generic phenomenon.  

5.1.10 Paper X 

In this paper, the relevance and challenges associated with high field DC 

conductivity measurement and space charge measurements using PEA are 
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discussed for different stages during development process of HVDC extruded 

cables. Most important considerations for measurements on different samples 

from press molded plate samples, model cables, full scale cables and plate samples 

extracted from full scale cables are detailed.  

Conductivity measurement on plaque samples is a practical method for study 

and comparison of different insulation materials. The most important challenge 

associated with these measurements include, the influence of sample preparation 

method such as choice of protective film during press molding. Besides, evaluation 

of influence from other layers in the cable such as the semi-conductive shield is not 

straight forward. Obtaining repeatable and representative space charge results 

from PEA measurements on press molded plate samples is even more challenging 

than conductivity measurements. Due to the high sensitivity of space charge 

behavior many factors such as sample preparation, handling and storage 

conditions, and sample thickness can strongly influence the PEA measurement 

results. It is therefore not uncommon to see contradictory results on similar 

studies in the publications. Generally, PEA measurements combined with leakage 

current measurements can be useful in providing more information about the 

behavior of charge carriers in the sample under study.  

Since model cables have cylindrical geometry and include the semiconducting 

shields, the conductivity and PEA results are expected to better represent the full-

scale cables. Since compared to plate samples, higher voltage is required for testing 

of model cables, the proper screen separation and shielding need more attention. 

Besides, for PEA measurements on cables, special attention needs to be paid to the 

contact area, electrode pressure, the temperature and its gradient across the 

insulation.  

Full-scale cable tests provide the most representative results as they include the 

final full-size product. Procedures for prequalification, type test, routine test, 

sample test, factory acceptance test and site acceptance tests of full-scale cables are 

detailed in standards and technical recommendations. Performing leakage current 

measurement on full-scale cables during the standard tests is a very practical way 

to obtain valuable information about the average conductivity of the insulation 

system. For measurements during full-scale tests special attention shall be paid to 

exclude the external disturbances, especially from the inductive heating systems. 

Although full-scale cables are the most representative test objects for space charge 

measurements with PEA, there are major technical challenges for obtaining good 

accuracy. Thick insulation system, temperature gradient, electrode temperature 
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control, electrode contact area, acoustic reflections, local degassing and 

disturbances from the heating system and high voltage source are some of the 

challenges to overcome. If the disturbances are properly addressed and eliminated, 

PEA measurement on full-size cables can provide extremely valuable information 

about the conduction behavior across the cable insulation. In summary, the 

successful completion of the standard prequalification tests and type tests are the 

best measures for judging the functionality of HVDC cable system and leakage 

current and PEA measurements results are most useful for building better 

understanding and further development of the insulation system.    

5.2 Summary of the supervised MSc. Thesis projects 

5.2.1 MSc. Thesis I 

This MSc. thesis was done under supervision of the author at ABB High Voltage 

Cables (now called NKT High Voltage Cables) in collaboration with the KTH in 

Stockholm. In this work, the design and construction of a high field DC 

conductivity test setup is detailed. Besides, measurements on different samples 

and different measurement conditions were performed to evaluate the reliability 

and reproducibility of the results obtained from this test setup. In summary, a good 

reproducibility and reliability of the results was obtained from the setup. The 

details of this work are available in the MSc. thesis report [35]. 

5.2.2 MSc. Thesis II 

This MSc. thesis was done under supervision of the author at the KTH in 

Stockholm. In this work, a test setup for Frequency Domain Dielectric 

Spectroscopy (FDS) measurements on (0.5-1 mm) thick plaque samples was 

prepared and evaluated. Consequently, a series of experiments were conducted on 

press molded LDPE plaque samples heat-treated in different ways. While the 

change in sample thickness may influence the measured capacitance, when 

corrected for this change, the dielectric response of LDPE is not sensitive to 

degassing. The results of this work are reported in MSc. thesis report [29]. 

5.2.3 MSc. Thesis III 

This MSc. thesis was done under supervision of the author at the KTH in 

Stockholm. In this work, FDS measurements were performed on thick press 

molded XLPE plaque samples with different heat-treatments. It was observed that 

the dielectric loss results may be sensitive to the type of the protective press film 

used during sample preparation. It was observed that using PET film during press 
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molding leads to higher dielectric losses when compared to using aluminum foil. 

Furthermore, the influence of heat-treatment on samples prepared with PET film 

was different from samples prepared with aluminum foil. The results of this work 

are reported in MSc. thesis report [30].  
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Chapter 6 
6 General conclusions and future work 

The purpose of this work was to build a better understanding on the behavior of 

conduction current in HVDC grade polymeric insulation materials. The 

conclusions made during the studies are as follows. 

Static temperature studies on XLPE and LDPE samples prepared using different 

protective press films, show that using PET film can lead to higher dielectric losses 

measured by FDS and higher DC conductivity levels in comparison to using 

aluminum foil.  

DC conductivity measurement on XLPE and LDPE samples heat-treated with 

different durations show that samples prepared using PET show a decline in 

conductivity upon degassing while samples prepared with aluminum foil do not 

show a clear trend. This observation does not support the generally believed 

relation between the content of peroxide decomposition products (PDP) and 

conductivity. 

Plaque samples extracted from different radial locations of two large scale cables 

were obtained and tested for high voltage DC conductivity. The experiment results 

show good agreement to the full-scale measurements on the original cables. 

Therefore, this method is confirmed to be a relevant technique for characterization 

of conductivity across HVDC cable insulation.  

Dynamic temperature conductivity measurements were performed on different 

XLPE and LDPE plaque samples with different preparations. It was discovered 

that DC conductivity of samples prepared using PET film can strongly deviate from 

Arrhenius behavior and show non-monotonic temperature dependence in form of 

peaks during cooling and heating periods. The same behavior was observed on at 

least three different XLPE and one LDPE insulation materials concluding that this 

behavior is not limited to a single polymer grade. Degassing of the PET pressed 

samples lead to reduction and eventually elimination of the non-monotonic 

temperature dependence and repressing degassed samples with PET film leads to 

reappearance of them. 
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Chemical analysis was used to detect candidate chemicals responsible for the 

observations and some of them were ruled out. The results of dynamic temperature 

conductivity measurements were discussed and several hypotheses were listed 

which can potentially explain the non-monotonic behavior of conductivity during 

cooling and heating. These hypotheses include phase change of polar species in the 

insulation either due to high polarity of the sample surface or due to 

supersaturation of the species upon cooling. 

The future works based on the results from this project can include: 

1. Further chemical analysis on the chemical species introduced to LDPE and 

XLPE samples press molded with PET film. 

2. Studies on the influence of different protective press films on the physical 

and chemical structure of polymeric samples. 

3. Static and dynamic temperature DC conductivity measurements on plaque 

samples at temperatures outside the range of this study, e.g. lower than 25 °C 

and/or higher than 90 °C. 

4. Theoretical modelling on diffusion behavior of polar species in systems 

with non-homogenous solubilities. 

5. Theoretical modelling of phase change of polar species dissolved in 

polymers during supersaturation. 

6. Dynamic temperature studies on LDPE and XLPE insulation samples in 

contact with semiconducting electrodes. 

7. Further studies on the DC conductivity of plaque samples extracted from 

cable insulation in comparison to full-scale experiments.  
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Appendix A 

 

A. MATLAB script for moving median filtering 

 
 
function I = mavg(I1,N,Nstart) 
 
% This function makes a moving average filtering of the measured 
% leakage current. The functions selects a number of measurement 
% points, sorts them and choose the middle point (median). 
% I1: input current vector 
% N: half of the width of the moving window. 
% Nstart: determines the first and last point for filtering. 

Points prior 
% to Nstart are not changed. 

  
l = length(I1); 
for i = 1:Nstart 
    I(i) = sum(I1(1:i+N-1))/(i+N-1); % Average for starting points     

 
end 
for i = Nstart:l-N+1 
    IS = sort(I1(i-N+1:i+N-1));      % Sorting 
    I(i)= IS(N);                     % Choosing the median 
 

end 
for i = l-N:l 
    I(i)= sum(I1(i-N+1:l))/(2*N-1-l+i); % Average for the ending  

% points 
 

end     
end 
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