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ABSTRACT 

The purpose of this work is to present and to discuss a methodology for the assessment 

of materials intended to be used as insulation in HVDC cables, particularly as regards 

the evaluation of the effects of material formulation on space charge accumulation 

within the insulation. Sample design, testing method and protocol and criteria used for 

the material evaluation are specifically considered. The criteria being put forward are 

based on available models of insulation life vs. stress with consideration of polarity 

reversal effects. It is shown through several examples using low density polyethylene 

and crosslinked polyethylene materials that criteria such as the Field Enhancement 

Factor and the space-averaged residual charge density are indeed sensitive to material 

formulation and especially to the presence of crosslinking by-products. When using a 

crosslinking process that does not produce residues, the material tends to behave like 

low density polyethylene regarding space charge features. Finally, the question of the 

representativeness of tests performed on flat specimens vs. model or full cables is 

discussed.   

                          Index Terms — HVDC insulation, space charge, materials assessment, LDPE, XLPE. 

 

1   INTRODUCTION 

THE number of HVDC links installed and in projects is 

experiencing an unprecedented growth due to the superiority 

of DC over the traditional HVAC energy transport with latest 

developments in converter technologies [1, 2]. Further, the 

development of cable manufacturing with synthetic insulations 

is encouraged, as it provides advantages in terms of cost, 

operating temperature, the risk of pollution or maintenance in 

comparison to impregnated paper-based insulation [3]. These 

evolutions of HVDC energy networks have impacts on 

insulating materials: design rules as well as material quality 

assessment criteria are not necessarily anymore the same as 

with HVAC systems [4, 5]. Material conductivity, the non-

linear response in field and space charge effects are among 

key features for HVDC with challenges for full control and 

modelling. Indeed, the switch from a capacitive-shaped to a 

resistive-shaped field distribution on going from AC to DC 

faces the much stronger dependence of conductivity than 

permittivity on temperature, field, and even material nature. 

Impact on design can be viewed at least in three practical 

situations: in HVDC cables under temperature gradient, in 

piece parts with materials of different nature, and in designs 

imposing a large geometrical field enhancement.  

In cables under thermal gradient, the consequence is a 

reduction of the field at the inner semiconductor (semicon) of 

the cable and a strengthening of the field to the outer one [6]. 

So, this could be viewed as a trend to field homogenization in 

the bulk. However, depending on the actual field and 

temperature dependencies of the conductivity, a stress 

inversion phenomenon can be obtained, i.e. field being 

maximum at outer semicon [7], with consequences on 

accessories reliability. Therefore, from the standpoint of field 

homogenization, the targeted properties for materials would be 

a relatively low activation energy for conductivity (i.e. weak 

dependence of conductivity on temperature) and effective 

nonlinear conductivity with field [7].  

In association of dielectrics, the stress can move from one 

material to the other, with changing field or temperature and 

experimental measurements on field distribution on flat 

specimen are consistent with field distribution expected from 

conductivity data [8]. The association of insulating materials 

of different nature, as in joints and cable terminations [9], 

coupled to these non-linear effects and to thermal gradients, 

may make the prediction of field distributions in service 

conditions substantially more difficult. Out of the cable 

applications, the association of solid and gaseous insulations 

as with spacers in gas-insulated systems constitutes another 

situation where it is impossible to anticipate which of the three 

field distribution states: capacitive, resistive or transient, will 

be most critical [10]. 

Finally, in HVDC cables with thick insulations, thermal 

runaway in the insulation could eventually occur at high 



 

temperature: the resistivity of the material must be sufficiently 

high to avoid these effects [11, 12].  

All the features addressed above can in principle be handled 

at the design step if the materials properties are known at any 

field/temperature. Here much could be said about the 

appropriate determination method of conductivity, as most 

often it is extremely hypothetical to obtain a steady state DC 

current and the measurement can be sensitive to the electrodes 

being used and do not necessarily represent intrinsic properties 

of materials [5, 13].  

The other main properties to be assessed for application of 

insulating materials to HVDC is that concerning space charge 

features, which are suspected to lead to the reduction of the 

cable performance and/or lifetime. A direct effect of the space 

charge is the distortion of the electric field distribution in the 

insulation, therefore hampering the modelling of field 

distribution that can be done based on conductivity data. This 

concerns the generation and storage of charges into the 

insulation, in principle by process other than conductivity 

gradient: the conductivity gradient found in cables under 

thermal gradient on its own generates a space charge [14] and 

early field distortions found in HVDC cables have been 

interpreted by McAllister et al. [15] as a consequence of non-

uniform conductivity. A second harmful consequence of space 

charges is the possibility to trigger ageing phenomena into the 

insulation though potential or kinetic energy associated with 

the release of these charges. 

The propensity of insulations made for HVAC cables, 

especially crosslinked polyethylene, to generate space charges 

has led to the development of new generation of materials 

providing fewer charges, with emphasis on the improved 

physical and chemical cleanliness of materials [12].  

Whatever their origin, depending on their position in the 

bulk of the insulation, on their nature (polarity, homo- vs. 

hetero-charges, etc.), the consequences of the presence of 

charges may not be the same. Besides, the space charge 

distribution patterns can be substantially different from one 

material to the other and therefore, there is a need for reducing 

the amount of data available into relevant quantities for 

materials assessment. Space charges measurement in 

dielectrics has become rather common practice for 

investigating charge accumulation processes under electrical 

stress. A wealth of measurement system exists with their 

respective merit in terms of sensitivity, sample geometry, 

measurement dynamics, etc. They represent interesting tools 

in the perspective of optimizing semicon / insulation materials 

formulation intended to HVDC cables provided adequate 

criteria are identified. The aim of the present work is to 

present a methodology for cable materials screening, 

including: 

 Manufacturing of plaque samples; 

 Field and temperature testing conditions; 

 Measurement technique; 

 Criteria for materials assessment.  

In a first section of this contribution, we present the 

approach we have developed for space charge criteria [16], 

based on models for materials endurance under DC stress. The 

analysis provides figures for the relative merit of materials for 

the purpose of materials screening. In a second section, we 

show how the so-developed analysis can be implemented on 

polyethylene materials of different nature.  

2  ASSESSMENT METHODOLOGY 

2.1 LIFE MODELS VS. SPACE CHARGE 

2.1.1 WITHOUT POLARITY INVERSION 

When a cable is intended to work with Voltage Source 

Converters - VSC system, the inversion of power flux is 

achieved by changing the current direction without inverting 

the voltage polarity. In that case, the insulation life is 

generally estimated through the well-known Inverse Power 

Law - a semi-empirical relationship giving the time to 

breakdown as a function of the maximum stress level through 

the insulation:  
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where Fmax accounts for the maximum electrical stress through 

the insulating material, N is the aging parameter also known as 

the Voltage Endurance Coefficient (VEC) and C is a constant. 

Space charge accumulation under DC stress leads to local 

field enhancement within the insulating material hence 

decreasing the time to breakdown. Furthermore, it has been 

pointed out that space charge is likely to take part in the 

ageing process through the modification of the material 

structure [17] and may act to increase the VEC. Considering a 

value of VEC of 10, in accordance with the Cigré 

recommendations for HV extruded cables [18], a field 

enhancement of 10% of the Laplacian field leads to a life 

reduction by a factor about 3. For non-optimized insulation, 

the amount of space charge (and thus the field distortion 

factor) mostly increases with the applied voltage. In order to 

keep an acceptable cable life, the design stress has then to be 

limited reducing thereby the power transmission efficiency 

(power per unit of the cable weight).  

2.1.2 WITH POLARITY INVERSION 

Line Commutated Converters -LCC cable system requires 

voltage polarity reversals for changing the power flux. Hence 

cables have to be designed to withstand such kind of stress. In 

that case, it has been demonstrated [19] through accelerated 

life tests coupled to space charge measurements that the 

insulation life depends not only on the electrical stress level 

but also on different parameters related to the charge 

accumulation among which the quantity of charge (QM) 

obtained after a polarization procedure under an applied field 

Fapp, the charge depletion rate during depolarization (s) and 

the frequency of polarity inversion (f). According to the model 

proposed by Cavallini et al [20], the ratio between life with 

and without voltage inversion is given by:  

 
21 ).(.1

1
a

app

a

I

fFQsKL

L



   (2) 

where K, a1 and a2 are correlation coefficients.  

According to the above relationship, it can be emphasized 

that the insulation life decreases with the frequency of 



 

 

Figure 1. Typical geometry of plaque samples. 

 

 

Figure 2. Cross-section of a SC/XLPE/SC sandwich. 

 100 µm 

inversion and the amount of trapped charge (QM). For 

polymeric materials, QM is generally assumed to evolve as a 

power function of the applied field Fapp [19, 20] for electrical 

stresses above the ohmic regime, namely b

appM FQ  , with b 

characterizing the charge accumulation rate versus the applied 

stress. 

It is worth mentioning that, according to the model, the 

insulation life in the presence of inversions (LI) decreases 

inversely with the charge depletion rate. It means that in the 

presence of inversion, the material should be able to expel 

trapped charges as fast as possible during short-circuit. As a 

consequence, the presence of deep traps within the insulating 

material introduced by chemical additives may be harmful 

with regard to the material endurance.  

2.1.3 ASSESSMENT BASED ON SHORT TERM 

TESTS 

According to the model presented above, qualification of 

additives relevant to crosslinked materials (antioxidants, 

crosslinking agents, etc.) may be performed by deriving 

relevant parameters from space charge measurements. For a 

given case study (i.e. XLPE), it can be assumed that the 

correlation coefficients (K, a1 and a2) involved in the 

expression of the insulation life (LI) are not modified by 

changing the nature of additives and only the parameters 

related to space charges that are the field reinforcement factor, 

the trapped charges density and the depletion rate during volt-

off are modified. These parameters may be derived using short 

term testing under proper conditions of electrical stress and 

temperature. Moreover, when several formulations are 

investigated, quality comparison could be done on the basis of 

space charge parameters assuming that the best formulation is 

the one which exhibits an optimized set of properties, say the 

lowest amount of space charge (implying in general weak field 

amplification) and a high rate of charge release during volt-

off.  

2.2 TEST CONDITIONS 

2.2.1 SPACE CHARGE MEASUREMENT 

TECHNIQUE 

For the current analysis, we have selected the pulsed 

electro-acoustic –PEA- method for space charge measurement 

[21] first because of its simplicity of use and second because 

of its flexibility insofar as a wide range of material thicknesses 

can be measured, typically from 100 µm to several millimeters 

for XLPE materials. This can be achieved by adapting the 

device characteristics such as the pulse width or the 

piezoelectric sensor thickness. Another advantage of the PEA 

method is that measurements are easy to perform both in Volt-

on and Volt-off because of the nature of the excitation 

(electrical pulse) and through the use of a decoupling 

capacitor. The PEA system also provides an excellent time 

resolution (typically 1 profile/s for plaque specimen) and 

therefore enables to detect fast time-varying phenomena such 

as the so-called fast charge packets [22].  

The method can also be adapted to coaxial geometry which 

is advantageous for taking into account the thermal gradient 

existing in cables and to fit to the cylindrical geometry of real 

cables. However, signal processing is somewhat trickier due to 

the impact of thermal gradient and the need to account for the 

cylindrical geometry and the attenuation of the acoustic waves 

in the deconvolution of raw PEA signal [23, 24]. 

2.2.2 SAMPLES PROCESSING 

Rough products were LDPE –low density polyethylene – 

and semiconducting materials- SC, in the form of granules, 

both being cross-linkable, i.e. containing peroxide. Plaques of 

LDPE and SC materials were processed by press-molding at 

120 °C. Then, disks of SC material, 12 mm in diameter, were 

cut. The final samples were obtained, with structure described 

in Figure 1, by cross-linking the 3 layers altogether at 180 °C 

for 15 min under a press. The upper semiconducting electrode 

(in contact with the PEA electrode to which voltage is applied) 

is chosen thicker (typically 600 µm) than the lower one (in 

contact with the PEA electrode connected to the acoustic 

sensor) to attenuate possible reflection of the acoustic waves 

that may occur at the interfaces between the sample and the 

metallic electrodes of the PEA cell due to acoustic impedance 

mismatch between these materials. The lower semiconducting 

electrode is chosen as thin as possible (typically 200 µm) to 

keep a reasonable spatial resolution. The insulation layer was 

limited to 500 μm for the purpose of reaching high level of 

electrical stress (up to 40 kV/mm) taking into account the 

maximum voltage than can stand the PEA test cell (30 kV). 

This is also advantageous because it reduces attenuation and 

dispersion of the acoustic waves.  

The picture of Figure 2 shows an example of cross-section 

of such samples (showing distinctly the three different layers). 

Typical sample geometry is 200 µm / 500 µm /600 µm for 

SC/Insulation/SC structures. 



 

 

Figure 3. Stress cycle applied for space charge measurements on flat 

specimens. 
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For evaluating the impact of insulating material formulation 

(base resin, antioxidants or different cross-linking agents), 

gold electrodes were used instead of semicon. In that case, 

electrodes are deposited onto the insulating samples by 

sputtering of a gold target. Deposited gold layers have to be 

thick enough (typically thicker than 30 nm) to avoid possible 

influence of the electrodes of the PEA cell.  

2.2.3 OUTGASSING ISSUES 

Cross-linking by-products are known to promote space 

charge formation under DC field. Predominantly heterocharge 

build-up, i.e. charge of polarity opposite to that of the adjacent 

electrode was reported [25, 26, 27]. This phenomenon is 

generally attributed to charge mobility enhancement due to the 

presence of by-products (mainly cumyl alcohol, acetophenone 

and alpha-methyl styrene when using dicumyl peroxide as a 

cross-linking agent) and the blocking nature of electrodes. 

Heterocharges enhance electric stress in the vicinity of the 

electrodes leading to a premature failure of the specimen 

according to the Inverse Power Law. The amount of 

heterocharges can be reduced by degassing the sample [28]. 

Actually, fully degassing a real cable may require long time 

and considerable energy, becoming economically 

unsustainable. For this reason, cables are partially degassed 

for the purpose of eliminating low boiling point species such 

as methane and ethane. 

To be as close as possible to the real condition in cables, 

by-products concentration in plaque samples should be 

adjusted to the one contained in real cable. However, in 

general, plaque samples exhibit a very high rate of degassing 

due to their shape and thickness making it difficult to control 

the amount of by-products. For that reason, all samples were 

degassed, at 50 °C for 2 days to constitute a baseline for 

comparison of material formulation. 

2.2.4 TEST PROTOCOL 

For plaque specimens, the typical test procedure is depicted 

in Figure 3, consisting in polarization/depolarization at -10,  

-20, -30 kV/mm, each step lasting 3 h, up to -40 kV/mm step 

followed by polarity inversion to +40 kV/mm lasting for 3h, 

and finally depolarization measurement for 3 h. Applied field 

ramps-up and ramps-down were 1 kV/mm/s. Cycles of 3 h/3 h 

polarization/depolarization were chosen as a compromise 

between a quasi-steady state behavior and reasonable 

measurement time.  

Ideally, plaque sample should be stressed with temperature 

gradient as in cable. This requires setting two different 

temperatures at each face of the plaque. This kind of set-up 

has already been developed [29, 30]. Given the thickness of 

sample and the PEA cell configuration, such heating system is 

however difficult to set-up with accurate thermal control. 

Hence measurements were carried out in isothermal conditions 

in the range of 25 to 50 °C as the maximum allowable 

temperature is limited to 70 °C by the electronic part of the 

measuring system. 

Space charge profiles were acquired all along the cycle at a 

frequency of 1 profile/s. Spatio-temporal evolution of space 

charge can be pictured by means of a cartography using a 

color code for representing the net charge density. This 

representation enables to identify the global behavior of the 

material regarding space charge accumulation under different 

levels of field. From the observation of the cartography, one 

can also make a first idea about charge depletion rate during 

Volt-off. Furthermore, such representation is suitable to 

identify particular phenomena such as charge injection or 

heterocharges build-up. Hence, cartography of space charge 

can be used as a starting point for comparison between 

different formulations. 

An example of charge pattern for gold-metalized 

commercial HVAC-XLPE is given in Figure 4. The 

measurement is done at 40 °C using the protocol of Figure 3. 

The time is given on X-axis (each step lasts 3 h); the thickness 

is along the vertical axis (anode is to the top, cathode to the 

bottom before polarity reversal) and the color scale represents 

charge density, negative and positive polarity being 

represented by cool (blue) and warm (yellow) colors, 

respectively. 

For -10 kV/mm, charges are injected at both anode and 

cathode forming homocharges adjacent to the electrodes. A 

large fraction of these charges still remains after 3 h in Volt-

off, suggesting the presence of deep traps within the bulk of 

the material.  

For higher stress level (from -20 to -40 kV/mm), the bulk of 

the insulation is mainly dominated by negative charges that 

appear injected from the cathode and transported into the bulk. 

Negative charges enhance the field at the anode triggering an 

injection of positive charges as it can be seen at the beginning 

of the Volt-on step at -40 kV/mm. This phenomenon is even 

more spectacular after polarity reversal where positive charges 

are injected from the anode. 

One has to realize here that the PEA technique as well as 

the other methods for space charge measurements is only 

sensitive to the net space charge density. A domain appearing 

as negatively (respectively positively) charged is a domain 

where the negative (positive) carriers dominate over the 

positive ones. One therefore has to think in terms of majority 

vs. minority carriers. 

2.3 CRITERIA DEFINITION 

2.3.1 FIELD ENHANCEMENT FACTOR 
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Figure 5. Left column: Evolution of the FEFmax vs. time. Right column: 

evolution of the FEFmax position vs. time under various fields for the 

gold-metalized HVAC-XLPE sample. Before polarity inversion, x=0 is 
the cathode, x=d the anode. 

 

Figure 4. Space charge pattern for a gold-metalized HVAC-XLPE 

sample obtained using the protocol of Figure 3. The color bar represents 

charge density in C/m3. 

The Field Enhancement Factor (FEF) is defined as the ratio 

between the internal field and the Laplacian field. The FEF is 

rigorously equal to 1 along the sample thickness if no space 

charge is present. If charges accumulate in the dielectric, the 

FEF takes necessarily a value higher than the unity somewhere 

within the dielectric (and, conversely, a value lower than the 

unity somewhere else). Hence, it seems relevant to consider 

the evolution in time of the position where the FEF is at 

maximum. Also its position during a polarization step could 

bring interesting information. As an example, a maximum 

FEF in the vicinity of an electrode could be attributed to a 

possible presence of charges of opposite polarity to that 

electrode. Similarly, a maximum FEF located in the bulk is 

mostly due to homocharges. 

Figure 5 portrays the evolution vs. time of the FEFmax for 

different electrical stresses in the case of the HVAC-XLPE 

sample (left column). The evolution of its position is 

represented on the right column. The evolution of the position 

of the FEF is interesting to follow, as it can be considered that 

interfaces constitute weak points of the system: if 

heterocharges are present, the FEF will be positioned close to 

the interfaces and this can be considered as a negative feature. 

For -10 kV/mm, the highest value of the field is located in the 

bulk (closer to the anode) as a consequence of homocharges. 

For higher stress (-20 and -30 kV/mm), a FEFmax of about 1.2 

is reached after 3 h of polarization and is located next to the 

anode due to negative charges in the bulk. The injection of 

positive charges occurring at -40 kV/mm leads to a 

displacement of the maximum stress from the anode to the 

bulk of the insulation.  

2.3.2 DYNAMIC OF SPACE CHARGE 

RELAXATION 

The total amount of trapped charges cannot be fully 

quantified by the FEF value. Consider, for example, 

successive layers of negative and positive charges. In this case 

the FEF can take a small value throughout the bulk of 

insulation whereas the amount of charge could be relatively 

high and may accelerate the material aging through the storage 

of electromechanical energy [17]. A more relevant way to 

quantify the amount of trapped charges is to compute the 

space averaged charge density (x) along the sample depth:  
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where d is the inter-electrodes distance. The value estimated 

immediately after grounding (in volt-off) could be considered 

as the amount of accumulated charges during the volt-on 

procedure.  

Figure 6 shows the different curves of QM(t) obtained 

during depolarization in the case of the HVAC-XLPE sample. 

One can notice that before polarity reversal, the amount of 

charges (at the beginning of depolarization) increases with the 

applied field. However, the value of QM (t = 0, +40 kV/mm) 

after polarity reversal falls below the one obtained after  

-30 kV/mm. This is due to the complex reorganization of 

space charges controlled by the voltage inversion, e.g. 

recombination between the bulk negative majority carriers and 

the injected positive charges following the polarity reversal 

(see Figure 4).  

The temporal evolution of QM(t) is directly related to charge 

detrapping. Using a proper detrapping model [31], relevant 

parameters related to the traps (density, apparent depth in 

energy) can be extracted from such curves.  

For analyzing the charge decay, we consider the ensemble 

of charges irrespective of their nature. Charge detrapping is 

supposed to occur through thermal activation from traps to the 

conduction band and valence band, respectively for electrons 



 

 

Figure 8. Example of fit of QM(t) to equation 4 for a XLPE sample pre-

polarized under 40 kV/mm at 40°C for 3h. Fit parameters are: N0=1019  

m-3.eV-1, min =0.93 eV and max=1.1 eV. The slope of the curve provides 

the charge decrease rate per decade of time.  
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Figure 7. Model of charge detrapping by thermal activation without 

retrapping. Electrons only in this example. 
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Figure 6. Time evolution of the space-averaged charge density obtained 

during 3 h in volts-off after 3h polarization steps under fields indicated in 
the caption. 
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and holes – as depicted in Figure 7. Neglecting retrapping 

phenomena and hypothesizing a constant trap density N0 per 

unit energy within a range of trap depths [min - max ] close to 

the Fermi level, it is possible as initially proposed by Dissado 

et al [31, 32] to relate the residual charge in depolarization to 

the minimum and maximum trap depths and to the trap 

density: 

  ).().(...)( max1min10 tEtETkeNtQ BM    (4) 

where e is the elementary charge. Quantities min and max are 

linked to the emission frequency from traps (T) and to trap 

depths: 
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E1 is the integral exponential function defined as: 
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Fitting the experimental curves of QM(t) through equation 4 

provides quantities N0, min and max. An example of fit of 

decay curve so obtained is plotted in Figure 8. In general, 

acceptable fits are obtained through this procedure, whatever 

the material, charging conditions and temperature. It can be 

expected that the charge decay rate depends on the charge 

density since the field induced by space charge aids the 

transport. However, with the hypotheses taken herein, the rate 

limiting step in sample discharge is considered as being 

detrapping of charges and not their drift to the electrodes. 

Combining equations 4 through 6 gives:  

  minmax00 ..)0(  NeQtQ MM
 (7) 

The charge resorption rate, expressed in % per decade in 

time depends on the trap depth range:   
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Among the above quantities, the effect of the charge 

relaxation rate is worth discussing. A slow relaxation of 

charges implies that at polarity reversal the residual field will 

add to the applied field. If homocharges were present before 

field inversion, it means that field reinforcement on the 

interfaces, which are considered as weak points, will be 

present at polarity reversion. Improvement of XLPE 

withstanding to polarity inversion stresses was observed with 

incorporation of tree-retardant additives [33]. The effect was 

explained by the dissipation of injected charges away from the 

injecting electrode and hence to the mitigation of field 

intensification effect at polarity inversion. Lifetime 

measurements carried out by Cavallini et al. on different 

materials [20] point along that direction, with an inverse 

correlation of charge release rate with life.  

On another respect, it can be argued that fast space charge 

relaxation can trigger the release of energetic carriers and 



 

 
(a) LDPE 

 
(b) LDPE + 1% wt. acetophenone 

Figure 9. Space charge pattern obtained on LDPE (a) and acetophenone-
soaked LDPE (b) using the stress cycle shown in Fig. 3. The color bar 

provides charge density in C/m3. 
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produce some ageing effects to the insulation. Resorting to 

long term degradation and life models, generally static 

processes involving electrostatic or electromechanical energy 

are considered [34, 35]; however, under fast varying voltages, 

carriers accelerated in defective/lower density region of the 

material may trigger defects growth and contribute to life 

reduction [36, 37]. Therefore, the interpretation of the criterion 

has to be appreciated depending on whether polarity inversion 

has to be applied and on expected switching rates of the 

system.  

Combining equations (2), (7) and (8) one gets the following 

relation between quantities extracted from space charge 

measurements and lifetime with polarity inversion, for a given 

applied stress:  
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where N0, a0, a1 and a2 are positive quantities. This expression 

highlights the detrimental effect of field distortion, charge 

quantity and apparent trap depth on expected lifetime.  

In practice, considering data obtained on various materials, 

variations in the decay rate are mainly due to variations in the 

maximum trap depth. To sum up, the spatio-temporal charge 

distribution obtained on flat specimen under charging and 

discharging steps with various voltages are analyzed 

considering as main output parameters: 

 the FEF obtained in volts-on for typical polarization 

time of 3 h: a single parameter extracted can be the 

maximum of FEF obtained during the step; 

 the initial quantity of charges when switching off the 

voltage; 

 the maximum in trap depth, that represents the 

capability of the material to permanently store the charges.  

Eventually the position in the insulation where the FEF is at 

maximum and the minimum trap depth are worth considering. 

In the following we show examples of the application of such 

criteria for a comparison of the performance of different 

materials that are candidate for insulation in HVDC. 

3 APPLICATION TO MATERIALS 
SCREENING 

The screening procedure is illustrated below through a 

comparison of different materials involved in DC insulation 

development. In a first step, we compare space charge features 

on the LDPE resin serving as basis for DC-XLPE to the same 

material soaked into acetophenone, reaching a concentration 

of 1 wt.%, which is the order of magnitude of the 

concentration found in peroxide-crosslinked materials. In a 

second step, we compare the features obtained on AC-XLPE 

(XLPE-1) previously described to those obtained on peroxide-

crosslinked XLPE (XLPE-2) providing similar features to a 

commercial grade HVDC product and that obtained with a 

crosslinking process based on the use of co-agents of 

crosslinking with allylic functions (XLPE-3) [38]. The process 

requires a much lesser amount of peroxide and is virtually 

without by-products. No thermal treatment was achieved in 

the latter case before measurements. 

3.1 LOW DENSITY POLYETHYLENES 

Figure 9 shows the space charge patterns obtained on LDPE 

and acetophenone-soaked LDPE, with initially 1% wt. 

concentration. Both samples were gold-coated and 

measurements were carried out at 40°C. A relatively small 

amount of charges is detected on LDPE with the current 

stressing conditions. These are essentially negative charges 

detected, still visible after polarity reversal. The residual 

charge density at the beginning of the Volt-off step is given in 

Table 1. It increases only slightly with the applied stress. 

Comparatively, the acetophenone soaked sample reveals a 

much larger amount of negative charges occupying the whole 

volume and tending to accumulate at the anode. At polarity 

reversal, a front of positive charges is detected in the first 

minutes, and then negative charges dominate again. The build-

up of this negative space charge may correspond to trapping of 

electronic carriers by the molecule or to field-induced 

ionization effects. A FEFmax as high as 1.5 has been found for 

this material whichever the stress, cf. Table 1. 



 

 
(a) XLPE-2 

 
(b) XLPE-3 

Figure 10. Space charge patterns obtained on peroxide-crosslinked 

material (a) and crosslinking process without by-products (b) with the 
same stress conditions and representation of data as in Figure 9.  

Table 1. Sum-up of space charge data for some of the tested insulations. 

F
app

 (kV/mm)  -10 -20 -30 -40 40 

LDPE-1 

FEF
max

 1.06 1.05 1.07 1.09 1.09 

Q
M0

 (C/m³) 0.08 0.08 0.12 -- 0.13 

LDPE-2 

 (1% 
acetophenone)  

 

FEF
max

 1.50 1.53 1.53 1.53 1.47 

Q
M0

 (C/m³) 0.25 0.63 0.97 -- 1.45 


min

 (eV) 1.04 1.00 0.92 -- 0.96 


max

 (eV) 1.14 1.14 1.13 -- 1.07 

XLPE-1 
(AC-XLPE,  

peroxide,  

outgassed) 

FEF
max

 1.02 1.25 1.30 1.23 1.15 

Q
M0

 (C/m³) 0.13 0.52 0.78 -- 0.67 


min

 (eV) 1.02 0.98 0.97 -- 0.95 


max

 (eV) 1.13 1.10 1.11 -- 1.11 

XLPE-2  
(peroxide,  

outgassed) 

FEFmax 1.10 1.13 1.10 1.05 1.15 

Q
M0

 (C/m³) 0.26 0.45 0.75 -- 0.35 

min (eV) 1.05 1.03 1.02 -- 1.05 

max (eV) 1.14 1.19 1.17 -- 1.13 

XLPE-3 

(without  
by-products)  

 

FEF
max

 1.07 1.05 1.05 1.06 1.02 

Q
M0

 (C/m³) 0.10 0.09 0.09 -- 0.33 


min

 (eV) 1.01 1.02 1.04 -- 1.03 


max

 (eV) 1.16 1.21 1.22 -- 1.17 

 

3.2 CROSSLINKED POLYETHYLENES 

Space charge patterns for the crosslinked polyethylenes are 

shown in Figures 4 and 10. Compared to the AC-XLPE 

(Figure 4), the patterns in Figure 10 clearly reveal fewer 

charges and are somewhat less complex. In XLPE-1, the 

charge switches from homocharge to heterocharge, depending 

on stress conditions, as if there were competition between 

injection and dissociation. For XLPE-2 (Figure 10a), carriers 

appear mainly due to injection at the electrodes, with a nearly 

symmetrical density and position at low field and with positive 

charges dominating over negative ones at higher field. For 

XLPE-3 (Figure 10b), the charge tends to be negative before 

polarity reversal (as for LDPE-1). Positive charges appear next 

to the bottom electrode after inversion, presumably due to the 

field amplification resulting from to the previously stored 

negative charges. The residual charge densities after switching 

off the voltage are particularly low for XLPE-3, being of the 

order of 0.1 C/m³ for the first 3 levels of stress and of 0.3 C/m³ 

for the last one. Also, the FEF is low. 

4 DISCUSSION 

4.1 OUTPUTS FOR MATERIALS ASSESSMENT 

Considering the parameter values of FEFmax and QM0 

extracted for LDPE samples, it appears obvious that 

acetophenone exhibits a considerable role on the space charge 

response, especially with promoting the formation of negative 

heterocharges whatever the applied field, and with as 

consequence an increase in the local field by about 50% in 

respect to the applied field. The features appear consistent 

with earlier reports [39].  

The AC-grade XLPE has really poor performances 

comparatively to the other two materials and the features 

support the efforts put along the years to develop crosslinked 

materials with improved properties in terms of space charge 

features [12, 40, 41]. Comparing features for XLPE-2 and 3, 

both the FEFmax and the residual charge QM0 appear lower for 

the latter before polarity inversion at 40 kV/mm. Quantities 

approach here those obtained for LDPE-1. After polarity 

inversion, XLPE-3 performs as well as XLPE-2. Only the 

charge dissipation rate, reflected by the value of max, is larger 

for XLPE-3, for all stress levels. The very fact that charge 

density is less might be one of the reasons for the slower 

charge release and hence larger apparent trap depth. Indeed, 

the residual field that controls charge transport is not taken 

into account in the detrapping kinetic model. Overall, XLPE-

3, which was crosslinked without by-products, exhibits better 

performances. This is all the more remarkable that it was 

obtained without thermal conditioning of the material, which 

could also evacuate volatile residues like water.  

The effects of by-products, among which acetophenone 

incorporated into LDPE or present as cross-linking residue 

within XLPE, are investigated for long for their detrimental 

properties to charge accumulation. Nevertheless, there is no 



 

 

Figure 11. Space charge pattern obtained applying the stress cycle of 

Figure 3 on a sandwich structure SC/XLPE/SC crosslinked altogether. 

general agreement on the details of the mechanisms at play. 

When acetophenone is incorporated into LDPE, space charge 

accumulation is observed, sometimes as heterocharge features, 

and electrical conductivity is increased. Three processes can 

be envisaged, being injection-assisted process for electronic 

carriers [42], transport-assisted process for these charges [43], 

and promotion of ionic transport either by direct ionization of 

acetophenone under the field or indirectly through ion 

solvation effects. As an example, Hozumi et al [44] have 

shown that saturation of acetophenone into LDPE favors the 

injection of negative charges. Charge packets can be formed 

by solvation of impurities into acetophenone [45]. Finally 

according to Kobayashi et al [46], the conduction into 

acetophenone-containing LDPE is of ionic type.  

In results presented above, acetophenone clearly promotes 

the formation of a negative space charge into LDPE. The same 

effects are observed at all fields in XLPE-1 and at moderate 

fields (10-20 kV/mm) in XLPE-2. For high fields 

(40 kV/mm), positive and negative charges coexist. The 

behavior of by-products into XLPE is more complex, owing to 

the presence of several species and on possible interactions 

with antioxidants. The new feature is that through a 

crosslinking process that does not lead to by-products, 

materials with much less pronounced space charge phenomena 

can be produced, which points on the very effects of by-

products when dealing with peroxide crosslinked materials.  

At the present time such alternative crosslinking scheme has 

not been transferred to the industrial scale. Therefore, 

peroxide crosslinking is still used. Obviously, though the trend 

is to reduce the amount of peroxide, crosslinked cables have to 

be degassed, at least partially, in order to reduce 

heterocharges. However, the degassing process consumes 

considerable amounts of energy. For instance, 43 days at 

60 °C are required to remove 50% of the initial concentration 

of acetophenone contained in the middle of the insulation for a 

18 mm-thick XLPE insulated HV power cable [47]. Thus 

developing processes leading to less charge accumulation are 

highly desirable. 

4.2 REPRESENTATIVENESS FOR DC CABLES 

The extension of the above approaches to model cables and 

to full size cables would be of course desirable for 

guaranteeing the validity of the method, this, all the more that 

devices for measurement on full size cables become available 

[48, 49]. However, at the stage of materials screening and 

particularly for formulation purpose this would be very heavy 

to implement as optimization concerns not only the insulation 

(nature of base resin, crosslinking agent and antioxidant) but 

also the semicon (matrix, carbon black and processing agents). 

As the possibilities for changing composition are far larger for 

the later, the sampling matrix for the full study would require 

a large number of cables to be produced. At the stage of 

materials selection, flat specimens certainly constitute a lighter 

approach and also may provide the possibility of carrying out 

a deeper investigation.  

Some comments are worth giving on the transposition of 

results from flat specimen to cable scale. The association of 

semicon and insulation can be checked applying the PEA 

technique on sandwich structures processed as described in 

section 2.2. An example of space charge pattern obtained in 

commercial materials crosslinked altogether is shown in 

Figure 11. The pattern reveals the formation of heterocharges 

(in relatively low amount) and a substantial positive charge 

injection upon polarity reversal. The geometry itself (cable vs. 

flat geometry) does not constitute an obstacle for screening 

since if materials are well characterized in plaque form, with 

the relevant field range, then it should be possible to anticipate 

their behavior in case of non-uniform field. The reciprocal is 

not true however. Indeed, features for cables response, 

including space charge response, are brought about by non-

linear conduction and thermal gradients, as addressed in the 

introduction. In many instances, it becomes extremely difficult 

to discriminate for example charge build up due to ion 

migration from that relevant to conductivity gradient. So for 

pure material approaches, homogeneous field is preferable.  

Sample thickness (about 500 µm herein vs. several cm 

within full size cables) and conditioning probably constitute 

more debatable aspects. Concerning thickness, it is generally 

observed that charge release after DC stressing decreases 

when the material thickness increases. For example, Fu et al 

[27] showed that, in MV cables with 4 mm thick insulation, 

the heterocharge build up under a given polarity subsists after 

stressing for more than 30 min under the reverse polarity. 

Also, we have observed that pre-stressed MV cables may 

retain their charge for months in Volt-off and ambient 

conditions. Such features are usually not observed in thin 

samples. This can be understood since charge redistribution 

implies transit over longer distances.  

Outgassing is another key point in the space charge 

behavior. Clearly it is extremely difficult to test plaque 

samples or even miniature cable samples pretending to be in 

conditions representative of HV cables regarding by-products 

concentrations [13, 28]. Expelling is a relatively fast process 

in plaque samples, and as DC testing necessarily requires long 

testing times, combined with thermal stress, initially freshly 

crosslinked samples necessarily evolve during the testing time. 

For these reasons, thermal annealing is most always achieved 

prior to testing. Even though thermal treatment was achieved, 

present results have confirmed, in line with earlier works, that 

crosslinking by-products are detrimental to materials 

performance regarding space charge criteria. Therefore, there 



 

is no more real challenge regarding the effect of crosslinking 

residues.   

5 CONCLUSION 

We have presented a methodology for assessing insulation 

as well as semicon materials for use in HVDC cables 

application from the standpoint of space charge 

characteristics. Materials figures of merit are defined in line 

with life models of insulations under DC stress, which 

encompass materials endurance under polarity reversal. 

Quantities of interest are maximum field distortion, residual 

charge density after DC stressing and parameters related to the 

kinetics of charge release. The use of such quantities, though 

resulting in a coarser picture of material response than space 

charge patterns may provide, has the advantage of permitting a 

direct material-to-material comparison, including comparison 

of materials association. Though the examples are given for 

flat specimen, in principle the procedure can be extended to 

cable geometry samples. Using this methodology, we confirm 

earlier reports on the detrimental effects of crosslinking by-

products regarding space charge features considering 

crosslinking of LDPE initiated by peroxide radicals.   
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