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Background

he undergrounding of energy transmission cables is widely
Trecognized as a good means to provide reliable supplies
of power at a low total cost [1], [2]. As utilities increasingly
acknowledge this and install many more high voltage (HV) and
extra high voltage (EHV) cables, they will face a major chal-
lenge: namely, sourcing the increased amount of high quality
power cable with the cable manufacturing infrastructure that
exists today. Analysis [3] shows that it is practically possible to
reduce the effect of all of today’s constraints to productivity
and boost output. At the highest cable voltages, the output and
the response time are often determined by the byproduct re-
moval (degassing) procedures. Ensuring that the most appropri-
ate procedures are used enables manufacturers to deliver the
amounts of cable needed, without recourse to extra capital in-
vestment.

Yet safe and productive changes require that the degassing
problem and its potential solutions be fully understood. This
article focuses on a range of elements critical to this process;
from the fundamental chemistry, through computational and
measurement techniques to the solutions that are in use today.

However, before commencing the discussion, it is useful to
be clear on terminology. The process whereby the byproducts
of the crosslinking reaction are removed is almost universally
termed degassing. Although there is no doubt that gaseous
byproducts (primarily methane) are removed during this proce-
dure, this is not the only effect. Within the process all byproducts
are redistributed and the solid/waxy byproducts (acetophenone
and cumyl alcohol) are reduced in level. Therefore, when the
term degassing is used in this paper, we use it to refer to the
reduction and redistribution of all crosslinking byproducts,
whether they are gaseous or solid.

Crosslinking of XLPE

Polyethylene (PE) is a long chain polymer manufactured
through the polymerization of ethylene gas [4]. At its introduc-
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Degassing contributes greatly to the
quality of power cables by improving
the certainty in electrical testing and
improving the dielectric properties.

tion, thermoplastic PE was very popular, compared to paper in-
sulation, as insulation for cables because of its low cost, electri-
cal properties, processability, moisture and chemical resistance,
and low temperature flexibility. A significant design issue with
PE [5], in its thermoplastic state, was that its temperature of
operation was limited to 70°C. Consequently, it could not match
the temperature rating of paper-oil insulated cables. This prob-
lem was solved with the advent of crosslinked polyethylene
(XLPE), which had the ability to match the thermal rating of
paper-oil insulated cables and provide the freedom from the



hydraulic problems of oil-filled cables. When using XLPE as
cable insulation, it is possible to achieve a rated maximum con-
ductor temperature of 90°C and a 250°C short circuit rating.

The polymers used in XLPE compounds for medium voltage
(MV) to EHV cables are produced by high-pressure tubular re-
actors. This reactor technology has been proven over a long
time to provide an optimum balance of electrical, physical, ex-
trusion. and crosslinking properties. The crosslinking of LDPE
with DiCumylPeroxide (DCP) to form XLPE was first accom-
plished by Gilbert and Precopio in 1955 at the GE Research
Laboratory located in Niskayuna, NY [4].

The long chain molecules become linked during the curing
or vulcanizing (named after Vulcan the god of heat) process to
form a material that is mechanically stronger, with similar elec-
trical properties and capable of operating at higher tempera-
tures than LDPE. The basics of the thermally activated
crosslinking mechanism are shown in Figure 1 for one of the
less complex approaches to crosslinking. A more complete dis-
cussion of the physical/chemical aspects of XLPE crosslinking
will be the subject of a complementary paper by many of the
same authors at a later date.

Some of the characteristics of the commonly used insula-
tion materials that can be crosslinked in this manner are given
in Table 1.

The data presented in Table 1 were generated in a Gottfert™
Elastograph at 180°C. Hot set is the elongation resulting from
a 20N/cm? load, attached on a crosslinked sample at 200°C.

Figure 1 shows a number of important points with respect to
peroxide crosslinking. First, it can be seen that one —O-O- bond
(generally one per peroxide molecule) could at a maximum give
rise to one chemical crosslink in the network structure. Second,
every decomposed molecule of peroxide, whether it provides a
crosslink or not, gives at least two byproduct molecules. These
byproducts are contained within the structure. If they are not
constrained by a high external pressure (most usually hot nitro-
gen), the byproducts form bubbles in the molten insulation,
thereby leading to partial discharges and electrical failures. Table
2 shows typical properties of these main byproducts. The exact
proportion of the byproducts will depend upon the exact pro-
portions of routes (a) and (b) in Figure 1, followed by the perox-
ide during its decomposition. Thus, the exact time/temperature
profile insulation experiences is of vital importance.

Table 1. Characteristics of the materials discussed.

Material characteristics

Typical Typical torque
hot set when crosslinked
Polymer Type Usage (%) (Nm)
Low density polyethylene | MV to EHV 50 - 60 0.62 - 0.67

T"-‘ aceto- ¥
) T_m{ ‘2 r\:/- phenone #
CH;
CH, . -
cumylalcohol * methane ¢ .

‘ordinary’ crosslink %\

Figure 1. Peroxide initiated crosslinking of PE.

Degassing XLPE cables

The external applied pressure ensures that byproducts do not
form voids while the cable insulation is being crosslinked in the
continuous vulcanization (CV) tube. This pressure is maintained
until the insulation is sufficiently cooled for the byproducts to
remain incorporated within the solid. When the crosslinking is
completed, the insulation will have an approximately constant
level of byproducts throughout its thickness as expected from
the uniform distribution of peroxide at extrusion. This distribu-
tion will change with time after crosslinking as these byproducts
will diffuse out of the cable, depleting the exposed layers first
then the inner layers. This process starts within the hot section
of the CV tube, but most of the loss is accomplished outside of
the CV tube. Consequently, all cables that are crosslinked using
organic peroxides will retain some of the decomposition
byproducts within their structure [3]. The precise distribution
and level of the byproducts will depend upon the cable type,
production technology, and process conditions. Figure 2 shows
the distribution of byproducts throughout the insulation thick-
ness for cables of selected voltage classes produced using the
same insulation material.

A number of features are clear from Figure 2:

e Prior to the start of the degassing procedure, some level of
byproducts are lost from the inner and outer surfaces into the
CV tube gases or liquids or the conductor.

e The rate of loss of byproducts is not the same from the inner
and the outer surface of the cable — generally most losses
occur from the outer surface.

e The byproduct levels are inherently different, see midpoint
concentrations, for different voltage classes (even when the
same insulation material is used). The reason for this is two-
fold. First, crosslinking is completed in different parts of the
CV tube for MV and HV cables (complete within 45% and
60% of the tube length for MV and HYV, respectively), allow-
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Table 2. Properties and concentration of different XLPE byproducts (LDPE data provided for comparison).
Reagent grade XLPE cable
Electrical Proportion Proportion
Boiling Melting Conductivity of total of total
point point at 800C byproducts byproducts
Component (°C) (°C) Permittivity (Q-1cm-1) (Wt %) (Vol %)
Methane -162 = = = 0.08 0.084
Acetophenone 202 19-20 17 5*10-9 0.6 0.44
Cumylalcohol 215 - 220 28 - 32 8 1*10-10 1.2 0.84
Water 100 0 80 = 0.08
LDPE = 80 -105 2.3 <1*10-16 98.1 98.6

ing different opportunities for the insulations to lose
byproducts. Second the time/temperature profiles experienced
by the insulations are different, leading to different ratios of
the reaction routes (a) and (b) from Figure 1.

These byproducts will, to some degree, affect the performance
of cables and their associated accessories. The issues associated
with these byproducts often include the following:

A. Mechanical considerations

Methane usually is removed because it constitutes a health
and safety issue due to its flammability during the jointing/in-
stallation procedures. However, the gas also can lead to issues
in service [5], [6]. As the cable operates, the gases are liberated.
If they are constrained by a metal barrier (universal in HV and
EHV cables and increasingly common at MV), the gases can
travel along the cable to the accessories (joints or terminations).
Once in this region they build up underneath exerting a pres-

o
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sure. Most modern accessories use elastomeric components to
exert a high mechanical pressure on the interface to the insula-
tion and thereby suppress partial discharges. The gas pressure
will work against the compression of the component and make
partial discharges more likely. In the worse case, this would
lead to failure. Figure 3 shows the relationship between the re-
sidual methane content of the cable and the pressure that can be
exerted at different temperatures. Experience has shown [6] that
a gas pressure of 1 bar gives very acceptable service and test
performance. In this case, the cable must be thermally treated
to reduce the methane content, at jointing, to below 30-50 ppm.

Until fairly recently, most workers have considered the case
in which the strong metal sheath retains the liberated gases.
There are cable designs that increasingly use thin and, conse-
quently, mechanically weaker, compared to lead and corrugated
aluminium, aluminium foils as the moisture barrier. In this situ-
ation the gas pressure may be sufficient to distort the foil/jacket
combination itself. This distortion can affect both the foil and
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Figure 2. Spatial distribution of byproducts in cables of ethane Content (ppm)
selected voltage classes produced using the same insulation . .
material. No degassing procedure has been used for these Figure 3. Effect of residual gas content on pressure under
cables. Data normalized t0100 at the HV midpoint level. accessories [6].

November/December 2006 — Vol. 22, No. 6



Table 3. Effect of high levels of impregnation of reagent grade
byproduct chemicals on the measured loss tangent and semicon
resistivity [7].
Tan 8 |[DC resistance
Insulation| semicon
(10-4) (Qm)
Initial 3.5 0.1
Impregnated with 2.3 wt% acetophenone
(approximately four times larger than real life) 141
Impregnated with 2.3 wt% cumyl alcohol 10
(approximately two times larger than real life) 299

the foil overlap joint. Thus degassing is important to ensure that
there is no deformation when the cable sees elevated tempera-
ture in operation. In addition to the proper level of degassing,
the strength of the combination can be increased through the
use of a high-density polyethylene (HDPE) jacket; a hardness
level of Shore D > 59 has been found to be particularly effec-
tive.

B. Dielectric Considerations

The byproduct components such as cumylalcohol, water, and
acetophenone are polar in nature. This means they will modify
the dielectric and conduction properties of the material that in-
cludes them. The level of this modification will depend upon
the concentration (volume fraction), the dielectric properties of
the components, and the manner in which they are incorporated
into the media. The effect is most often discussed for insulation
materials, however, these polar species also effect the semicon-
ducting materials (Table 3) for which they could increase the
electrical resistance. Semiconductive materials are themselves
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Figure 4. Effect of selected single byproduct concentrations
on the calculated (1) mixture permittivity with LDPE as the
matrix. The upper volume fractions are those estimated in
Table 2 for freshly manufactured XLPE; the lower values
represent the case in whiche the byproducts have been
reduced to 50% of their original values.

crosslinkable and will have their own similar byproduct load.
However as they are on the outside and experience some of the
highest temperatures, these levels are depleted very rapidly in
the CV production process. In this case, subsequent degassing
from the insulation could re-establish the byproduct levels, al-
though the largest effect is likely within experiments that rein-
troduce byprodcuts into structures.

Table 3 shows quite noticeable dielectric effects when
byproducts are reintroduced into a crosslinked matrix. How-
ever, the concentrations involved are very much higher than seen
in practice, and there is a real issue associated with chemical
changes (degradation) of the impregnants during the impregna-
tion at high temperatures. When they become degraded (in-
creased water content [7]), the reagent grade byproducts be-
come much more conductive, and thus the loss performance
could become anomalously high. In addition, the location of
the byproducts in the polymer will have a significant effect.
One group [8] found that there was a difference of three orders
of magnitude in the dielectric loss (tan 8) between the same
level of byproducts when they had been incorporated into the
bulk or just applied to the surface. It was seen that application
of the byproducts just to the surface causes the larger increase.

Initial inspection of Table 2 would suggest that the water
component might have the largest effect on the dielectric prop-
erties due to the high permittivity. However, this would not al-
low for the effect of different byproduct concentrations. It is
possible to better understand the combined effects through cal-
culation of the permittivity of each added component using many
existing, elegant semiempirical and theoretical treatments [9].
However, the simple weighted mixture approach Equation (1)
is sufficient to understand the concepts. The calculations (Fig-
ure 4) show that acetophenone has the largest effect, as it has an
intermediate permittivity and volume concentration within the
matrix. This approach has taken the basic case of a single
byproduct species within an LDPE matrix; however, it would
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Figure 5. Effect of wet aging time (10 kV/mm 20°C) and
impregnation on the AC electrical breakdown strength of
Rogowski-shaped test objects [10].
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be interesting to compute the effect of sequentially adding the
full mixture of byproducts.

Ecomposite = (1 - (D)gmarrix + (ngyproducl (1)

Where ¢ is the permittivity and @ is the volume fraction.

C. Electrical Test and Performance Considerations

The crosslinking byproducts are polar in nature and thus af-
fect the dielectric properties of the XLPE. In addition, they also
affect the high-field breakdown performance in both wet (Fig-
ure 5) and dry (Figure 6) conditions, generally resulting in a
temporary improvement in breakdown strength.

Figure 5 shows the range of breakdown data for Rogowski-
shaped test objects, which were impregnated with pure acetophe-
none then aged in accelerating wet conditions. The data show
that the improvement is very impressive at short times, with
almost a 75% improvement over the untreated case. However, it
is equally clear that by week 16 the improvement has largely
disappeared, though some benefit remains.

Figure 5 also shows the effect under the conditions of inter-
est (wet) for MV applications [10]. The case relevant to a high
voltage insulation, installed in dry conditions, is shown in Fig-
ure 6. The experiments start with the true mixture of byproducts
after crosslinking, which are gradually removed by treatment at
high temperatures. This experiment is different from that repre-
sented in Figure 5, which describes impregnation of the matrix
with a single chemical. In this experiment, tree inception has
been determined using an opposed double-needle (Ogura type)
configuration. A slowly rising AC voltage is applied to the
samples. The test is terminated once an electrical tree starts to
grow and partial discharges have been detected. The data show
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Figure 6. Effect of degassing on the AC electrical tree
inception voltage (in an opposed double-needle test) for HV/
EHYV insulation material. The samples were 3-mm thick
plaques and were degassed at 90°C to remove the byproducts.
Inset, top right, shows the experimental arrangement of the
two opposed metal needles and the electrical tree growing
between them.
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Table 4. AC and impulse breakdown strength of compression
moulded XLPE plaques [11].

AC Impulse
Added Added i
cumene |acetophenone Weibull Weibull
content content scale | Weibull | scale | Weibull
(Wt %) (Wt %) (kV/mm) | shape | (kV/mm) | shape
0 0 220 10.4 674 6.9
0.32 0 — — 665 7.9
1 0 — — 606 10.5
0 1.15 291 6.5 — —

that stability is achieved after about 72 hours, and the true elec-
trical tree inception voltage can be determined as approximately
10-14 kV. The initial (or untreated) value is markedly higher at
22 kV than the final 10-14kV. The 0 hour samples did not ini-
tiate an electrical tree at the maximum voltage available, even
when very sharp needles were used to provide the defects. The
data in Figures 5 and 6 show that the crosslinking byproducts
improve the breakdown strength. However this improvement is
not universal. Studies [11] on both AC and impulse performance
of press moulded plaques showed different effects. The tests
were conducted by adding different byproducts (Table 4) to
highly degassed XLPE. The results show that the additions de-
crease the breakdown strength (Weibull scale) and the scatter in
the data (increase in Weibull shape) for impulse whereas AC
results show an increase in breakdown strength (Weibull scale).

These results (Figures 5, 6, and Table 4) clearly show that,
unless the cable insulation is degassed, it is not possible to de-
termine the true threshold for tree initiation. This is a signifi-
cant experimental issue for anyone wanting to carry out electri-
cal or water treeing studies on XLPE or ethylene propylene rub-
ber (EPR) materials. The effect is recognized when testing full-
sized cables for water tree resistance; CENELEC Std HD605
has introduced a pre conditioning protocol and IEEE Std 1407-
1998 cautions users on these issues.

It generally is believed that the temporary improvement in
performance seen in Figures 5 and 6 comes from two possible
sources: filling of voids and stress modification around defects.
In the first case, gaseous byproducts will, if any voids are present,
tend to increase the electrical tree inception stress by raising the
pressure within the void. Waxy byproducts also will tend to dif-
fuse to any void surface and deposit on the inner surface where
their effects could be twofold: decreasing the size of the void
and affecting the conduction and emission from the wall sur-
face. In either event, the breakdown strength of the void is in-
creased.

Even in the absence of a void and partial discharge, the
byproducts have an influence when stress enhancing contami-
nants are present. Calculations [12] show that the conductivity,
which will be effected by the polar byproducts, at high stresses
is sufficient to reduce the local stress in the defect vicinity. The
effect will be that the breakdown strength is improved over the
field that would be calculated theoretically.
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Figure 7. Effect of temperature on the expansion, and thus
softening, of XLPE cable insulation (MV to EHV).

When in operation, the insulation of XLPE cables will be at
temperatures between 50°C and 90°C, resulting, unfortunately,
in the loss of these byproducts in service. Thus any apparent
positive effects from filled voids or shielded defects will be dis-
sipated (see the effects at longer times in Figures 5 and 6). Clearly
the presence of voids or defects within an insulation that cannot
be detected by partial discharge or voltage tests is a real and
practical concern. Consequently, there is an advantage for all of
the byproduct components (gaseous and waxy) to be reduced to
a low and stable level to be certain that truly reliable and repre-
sentative electrical results are obtained during routine testing.

The Degassing Process

To ensure that the cables have the correct dielectric proper-
ties and that any voids are free of gas, cable manufacturers en-
sure that sufficient degassing (sometimes termed vaporization
or conditioning) has occurred during the production process [3],
[5]-[7]. This means that, when finally tested before release, all
parties can be assured that the true properties of the complete
cable are measured. The increased thickness of transmission-
class cables and the high boiling points of the byproducts (Table
2) imply that any natural degassing processes must be augmented
by high temperature treatments. Such treatments are used be-
fore the metallic sheath is applied as its presence dramatically
reduces the rate of degassing. It is worth noting that for many
MYV cable designs (thicknesses and operating stresses) and pro-
cess flows, it has long been assumed that sufficient degassing
may occur in the cable manufacturing processes. It is interest-
ing to note that the importance of degassing is recognized in the
ICEA specification, which requires a minimum time of 5 days
between testing and the finishing of the cable.

Degassing for large cables is almost universally accomplished
in large, heated chambers. These devices can consume consid-
erable amounts of energy and factory space. The chambers are
well ventilated to avoid the build-up of flammable methane and
ethane, for obvious safety reasons. Sometimes, to assist the cable
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in attaining the required temperature quickly, the heated cham-
bers are augmented by conductor heating. However, experience
has shown that conductor heating on its own is rather ineffec-
tive as a method of degassing; in this situation, desorbtion is
limited by the lower temperature on the outer surface of the
cable.

The temperatures used for practical degassing can range be-
tween 50°C and 80°C, with 60°C to 70°C being the most pre-
ferred range. The range between 70°C and 80°C has been shown
to work reliably only for smaller MV cables. However, when
degassing a cable (especially at high temperatures), very con-
siderable care must be exercised not to damage the core. The
attendant thermal expansion and softening of the insulation (Fig-
ure 7) have been shown to lead to undue deformation of the
core (causing flats or destroying the outer semiconducting layer).
This deformation can lead directly to failures during routine
electrical test, thereby negating any benefits of degassing. Ad-
ditionally, a set of inappropriate degassing times and tempera-
tures can result in damage (from too high a temperature) which
is not detected during the routine test due to incomplete degas-
sing (defects are masked). Therefore, it is very common for the
degassing temperature to be decreased as the cable weight is
increased, this is particularly important for HV and EHV cables.

Measurement of Byproducts in XLPE

One of the most crucial steps in understanding degassing is
the measurement of the initial state of the cables and how any
treatments proceed with time. The progress of degassing can be
conveniently followed on full-sized cables by weight change
([7] provides a particularly good discussion), Fourier transform
infrared spectroscopy (FTIR) and high pressure liquid chroma-
tography (HPLC) or gas chromatography mass spectrometer
(GCMS) methods. Table 5 gives most of the important issues
associated with the different test methods.

Experience with a large number of analyses for many differ-
ent cable designs has shown that:

e Weight loss on a full cable is the most practical and simplest
way of determining the byproduct level within XLPE insula-
tions for a range of conditions.

e HPLC is the best method for determining the level of indi-
vidual solid byproduct components.

Degassing Calculation

Direct measurements of degassing are extremely useful and
essential. As discussed earlier (Figure 2), the details depend upon
cable material, cable design, production line, process conditions
and temperature experienced by the cable (Figure 8). However,
it is not practical to conduct such measurements for all different
cable designs or potential treatment temperatures. Thus, it is a
very common and useful practice to use computational meth-
ods to extend the fundamental understanding derived from de-
gassing experiments.

The desorbtion of the byproducts (i.e., the change of con-
centration C at time t and position x) of the crosslinking reac-
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Table 5. Experimental methods for determining byproduct concentrations.

Method

Advantages

Concerns

Weight loss -
thermo gravimetric analyzer (TGA)
CENELEC HD632

Fast
Able to provide data for different
parts of the insulation

Requires special equipment — thermo gravimetric analyzer
Considers small insulation samples - 100 mg

Uses non-practical temperatures

Not possible to separate different byproduct species

Loss of byproducts during sample preparation

Weight loss — cable weight

Simple

Looks at a whole cable

Uses practical degassing temperatures
Figures 8 and 12

Not possible to separate different byproduct species
Takes considerable time to reach equilibrium
Loss of byproducts during sample preparation

Extraction high pressure
liquid chromatography (HPLC)

Looks at different byproduct species
Good for non-gaseous byproducts
Fast

Able to provide data for different
parts of the insulation

Figures 2 and 9

Requires special equipment - HPLC
Considers small insulation samples - 1 g
Calibration can be tricky

Affected by variations in extraction yield

Loss of byproducts during sample preparation
Not possible to measure gas simultaneously

Volatalization — gas chromatography
mass spectrometry (GCMS)

Looks at different byproduct species
Good for gaseous byproducts

Fast

Able to provide data for different
parts of the insulation

Requires special equipment - GCMS

Considers small insulation samples — 1 g

Difficult to calibrate for all species at the same time
Uses nonpractical temperatures

Effected by variations in extraction yield

Loss of byproducts during sample preparation

Gas Volume estimation
after volatalization

Simple

Looks at a whole cable
Directly relevant if practical
temperatures are used

Difficult to interpret — gas losses and condensation effects
Often uses nonpractical temperatures

Species decompose/mutate during measurement

Loss of byproducts during sample preparation

Fourier transform infrared
spectroscopy (FTIR)

Can look at many byproducts
(spectral peaks) at the same time
Minimal propagation

Cross-sectional scans easy to acquire

Large effect from surface concentrations
Qualitative calibration can be difficult

tion can be simply described mathematically using Fick’s Law.

ac
ot

= pDV2C D =Dy exp(_E—D) (2)

terial density, and R is the Universal Gas Constant. D, is a

prefactor that relates the measured diffusion data at different

RT

Here D represents the diffusion constant at temperature 7,
Ep is the temperature dependent activation energy, p is the ma-
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Figure 8. Effect of temperature on the change in weight with
time of a MV (5.5-mm insulation) XLPE cable.

Varizble
'Y E ) cetophenone (%)
\‘ B B Cumyl Alcohol (%)
Y
) )
)
‘
s
“5
L3
5
&
§~..
-y
-------------.
o
160 le)D 360 460 500

Degassing Time (Hours)
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acetophenone and cumyl alcohol content as measured by
HPLC — average level for MV cable.

temperatures. Elevating the treatment temperature (7) speeds
the diffusion, thereby reducing the degassing times. The vari-
ous byproduct species (gasses, liquids, waxes) of interest each
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have different activation energies and prefactors, resulting in
different rates of diffusion for each byproduct component.

The differential equations are normally solved using either
analytical solutions for simple geometries (infinite flat plane)
or numerical methods for a prescribed set of boundary condi-
tions. The most common solution method uses straightforward
finite-element modeling (FEM), either for the steady-state case
or for the more complex transient case and coupled electrical
and thermal effects. The standard FEM approach has been used
by the authors, who found that a one-dimensional model with
axial symmetry is particularly suitable for investigation of the
transient degassing case in cable structures. A number of calcu-
lations have been performed to examine the effect on degassing
time due to different cable designs (voltage class and conductor
size), static temperature gradients, and multilayer structures. It
has been found that these all can be conveniently modeled us-
ing the FEM approach for a variety of diffusing byproducts.

One critical aspect, as noted above, of calculating the distri-
bution of byproducts is the selection of correct boundary condi-
tions for the FEM model. In principle, three types can be used:

e Degassing occurs freely from both the outer and inner sur-
faces.

e Degassing occurs freely from the outer surface, but it is com-
pletely blocked from the inner surface due to the presence of
the conductor and any strand-blocking materials.

e Degassing occurs freely from the outer surface, but it occurs
in a very constrained manner from the inner surface.

Experimental data in Figure 2 shows that in real cables more
byproducts are lost from the outer surface than into the conduc-
tor. Thus, the third case is most applicable for numerical solu-
tions. However, it can be very difficult to determine the precise
condition for the inner surface as this will depend upon the na-
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Figure 10. Calculated effect of time for the main crosslinking
byproducts located 80% of the distance from the conductor in
a MV Cable (20 kV — 5.5 mm wall), log-log scales. The
simulation has been conducted at 20°C and has assumed that
there is no loss of byproducts from the inner conductor.
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ture of the conductor and any tapes or water blocking used.
Thus, the authors prefer to adopt the second type of boundary
condition. This has the advantages of computational simplicity
and the fact that the predictions will inherently be slightly con-
servative.

In this study, it was noted that byproducts diffuse through
the semicon screen materials faster than through the insulation.
Thus, considering this thickness as a layer with a separate ma-
terial yields slightly shorter times than would have been calcu-
lated if the insulation parameters had been used for the whole
polymer thickness.

As typical output from FEM calculations, Figure 10 shows
the concentrations of various diffusing species at 80% of the
way through the thickness of the insulation as a function of time
at room temperature. Figure 11 shows the case for a multilayer
(semicon — insulation — semicon) structure when two different
time/temperature protocols are used.

The simulations in Figure 10 show a number of well-known
features:
e the times involved are rather long, even for a small cable;
e the different species diffuse through the insulation at differ-
ent rates.

It should be noted that the data in Figure 10 was calculated
at 80% of the distance through the insulation. Points nearer the
conductor will diffuse much more slowly. Additionally, these
calculations were performed assuming sufficient air flow around
the cable undergoing degassing so that the byproducts are re-
moved from the core surface. Multiple layers of cable on a reel,
for example, could impede air circulation, resulting in longer
degassing times.

Many of the effects reduced by degassing are related to the
absolute level of byproducts in the insulation (Figure 12 and
Table 6). Thus, in most practical cases, we are interested in the
time to reach a prescribed level. The level required will depend
upon the details of use (MV, HV, and EHV) and the cable sys-
tem. Within the study reported here, we find that a useful end
point can be taken to be the point at which 50% of the original
byproduct levels remain in the middle of the insulation. Table 6
shows how FEM can be used to calculate the time for degas-
sing. The simulations enable the engineer to study the effects
on degassing of temperature, the initial byproduct concentra-
tion, and the cable design. The levels of 100% and 75% have
been chosen for the initial byproduct concentrations as these
appropriately model the situation for power cable compounds
in use today. Inspection of Table 6 shows a number of interest-
ing points:

e Temperature has a significant effect: increasing the tempera-
ture of degassing by 40°C decreases the length of time re-
quired to reach a given concentration level by an order of
magnitude.

e The final level of byproducts (the end point) has a significant
effect on the time required. If an endpoint of 75% of the
initial concentration had been chosen, then the times required
would be shorter (Figures 10 and 11).
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e The conductor size does have an influence on the degassing
time; however, this likely can be safely neglected for all ex-
cept the largest EHV cables.

e The initial level of byproducts within the cable insulation
once it exits the CV tube has a very profound effect on the
degassing requirement; e.g., a 25% reduction in initial level
reduces the time by approximately 50%. The initial level of
byproducts will depend upon the insulating material chosen,
the production line, and the line operating conditions (tem-
peratures and line speeds).

e The degassing times used for degassing HV cables cannot be
simply scaled then applied to MV or EHV constructions. This
issue can be visualized by considering the HV calculations
at 60°C (Table 6), with an initial byproduct concentration of
100%. We see that the time requirement then could be ex-
pressed as 2.4 — 2.6 days/mm of polymer. If this requirement
then were to be applied to the MV cable of Table 6, it would
need 14 days instead of the 5 days calculated by the FEM. In
practice this effect is recognized within cable manufacturing
with longer degassing requirements (days/mm) as the insu-
lation thickness increases. This finding is confirmed by the
analysis reported in Figure 11, which shows the spatial change
in byproducts with time.

Practical Significance and Solutions

A. Effect of Ambient Conditions

It was noted earlier that any beneficial effects of crosslinking
byproducts would be transient in nature as the byproducts dif-
fuse out of the insulations over time. Thus, it is interesting to
examine the effect of storage at ambient conditions on the
remanant byproducts. This effect has been studied using the
weight-loss technique on full-sized MV cables. In this study,
the major interest was in the ultimate magnitude of byproduct
loss, rather than the rate. Thus, to shorten the experimental time,
the conductor was removed and degassing was permitted from
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Figure 11. Spatial distribution of byproducts in a HV XLPE
power cable (18 mm XLPE, 1 mm semicons) calculated using
FEM, including the semicon layers. The simulation has
assumed that there is no loss of byproducts from the inner
conductor.

both the inner and outer surfaces. Figure 12 shows how the
cable insulations lose byproducts under such circumstances as
a function of time at 70°C. The data are presented as a percent-
age loss of the original cable insulation weight. The study has
looked at recently manufactured cables, cables taken from long-
term storage, and cables that have been stored with and without
a jacket.

Inspection of the final levels of the weigh (Figure 12) shows
that there has been some loss of byproducts with time under
ambient conditions. However, even on MV systems, measur-
able levels of byproducts remain after many years of storage at
ambient conditions. In addition, it is clear that the time to stabi-
lization is reduced as the ultimate level reduces.

Figure 13 shows how the byproduct levels (based on the ulti-
mate weight loss) depend upon the time at ambient conditions

Table 6. Simulation of the time for the acetophenone concentration to fall to 50% of the reference level in the middle of the insulation for
two HV cables and one MV cable with selected temperatures and initial Acetophenone concentrations.

Time required to degas Time required per mm of insulation
(Days) (Days/mm)
Selected Case A Case B Case C

Temperature concentration HV 400mm2 HV 1000mm?2 MV 240mm?2

(°C) (% of ref) 18mm 18mm 5.5mm HV Mv

20 100 540 570 65 31 12

20 75 279 288 33 16 6

60 100 43 47 5 2.5 1

60 75 23 23 3 1.3 0.5

XLPE insulations.

The simulation has assumed that there is no loss of byproducts from the inner conductor. 100% is set as the byproduct level normally found in
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(time since cable manufacture). This analysis shows a number
of interesting features:

e The presence of a polymeric cable oversheath has a signifi-
cant effect and retards the rate at which byproducts are lost.
The cable examined in this study had only a polymeric
oversheath. If a metallic foil or sheath were included, an even
lower rate of loss would be expected. This result demon-
strates the importance of performing the degassing process
before the application of any outer coatings. It identifies
issues concerning the effectiveness of specifications that re-
quire a certain resting time between cable completion (po-
tentially with jackets) and routine testing. The presence of
oversheaths within the waiting time could reduce the expected
benefits.

e The byproduct concentration reduces with storage time and
this modifies the electrical performance. Thus, it should not
be unexpected that cable performance changes even if no
voltage or temperature stresses are applied. This indicates
that care needs to be taken when conducting studies [retained
breakdown strength or endurance (ACLT)] on notionally
unaged cables as the results can be perturbed by the chang-
ing byproduct levels. Some experimental studies deal with
this issue by intentionally degassing test samples to ensure
that these effects do not confound the analysis [13], [14].

e Weight loss is known to be a good technique to measure de-
gassing. However (Figure 13), some adjustment needs to be
made when comparing different insulation technologies, as
is clearly shown with the EPR data in Figures 12 and 13.
Adjustment is necessary because the density of EPR is sig-
nificantly higher than that of PE due to the filled nature of
EPR. Thus, comparison on an original weight basis can give
an incomplete picture of the byproduct levels. A more com-
plete overview can be gained by making a density adjust-
ment to give a volume-based comparison, thereby enabling,
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Figure 12. Weight lost from MV cable cores (excl. conductor)
after degassing at 70C for different cable insulations and
designs of selected ages. The years represent the date of
manufacture, none of the cables had been in service.
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Figure 13. Effect of time since manufacture on the amount of
byproducts retained within MV cables. Data from Figure 12.

if desired, examination of filled and unfilled cases. Such ad-
justments are clearly not required when all of the insulations
being considered are of the same type.

B. Degassing Times and Temperatures

It was discussed previously that degassing is an important
process to ensure the stability of electrical properties and the
effectiveness of many test procedures. Equally, the times for
degassing at ambient temperatures are prohibitively long. Thus,
it is virtually universal to use high temperature treatments to
achieve practical degassing times. The precise time/tempera-
ture conditions depend upon the details of the cable design. Fig-
ures 14 and 15 show the practical implications of cable designs
on the times and temperatures. These practical features fit very
well with the finite element simulations discussed earlier. Fig-
ure 15 confirms the findings, from the finite-element analysis,
on the times required for specific thicknesses. The practical
measurements and simulation work confirm that the approach
to use a selected time per thickness is applicable only over a
relatively small range of thicknesses. When determining the

Table 7. Acetophenone, measured by FTIR peak heights, at
selected CV linespeeds; directly after production for two positions
within two MV cables.

Sampling 100% 120%

position of normal linespeed [of normal linespeed
Design Middle 100% 114%

Outer 54% 82%
Design n Middle 100% 132%

Outer 60% 77%
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practical conditions, it is useful to recognize that issues associ-
ated with the degassing process—teels (open or closed) and oven
(ventilated or circulated)—can have significant influences. These
are sufficient for process upgrades to be verified as a matter of
good practice.

C. Effect of Extrusion Conditions and Insulation
Technologies

Both weight loss and HPLC studies show that some
byproducts are lost from the cable insulation while it is still
within the CV tube during the production of the core (Figure 2,
Table 7). This loss is almost certainly limited to the curing sec-
tion as the surface temperature falls very rapidly on entering the
cooling section. Thus, one consequence is that as line speeds
increase and/or the length of the cure sections decreases (both
can happen when productivity is raised), less byproducts are
lost in the CV tube (Table 7). However, this is not simply a
residence time problem as the temperature and the amount of
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Figure 15. Effect of insulation thickness and temperature on
degassing requirements.
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crosslinking that occurs before the core surface enters the cool-
ing zone will depend very much on the cable design. As an
example, in a MV cable, 83% of the crosslinking can be com-
pleted in the curing section and an average insulation tempera-
ture of ~225°C is attained. However, these values fall to 55%
crosslinking complete in the curing section and an average tem-
perature of 170°C attained for an EHV cable. The residual
crosslinking occurs in the depth of the insulation when the core
is being cooled.

This feature of reduced degassing in the CV tube has two
main consequences. First, if less byproducts are expelled dur-
ing production, their accumulation within the production sys-
tem is reduced. This makes maintenance of the CV line consid-
erably simpler. However, in principle, this positive effect for
core production raises the second issues, namely that more de-
gassing must be accomplished after production to ensure that
the ultimate, delivered byproduct levels remain at the low lev-
els that manufacturers and users are accustomed to. Also, unex-
pected issues can occur as different conductor sizes and increased
line speeds are used so as to perturb the balance of curing and
cooling within the whole core extrusion process.

Conclusions

Degassing is an important process with cable manufactur-
ing. It contributes greatly to the quality of power cables by im-
proving the certainty in electrical testing and improving the di-
electric properties. To ensure that the degassing process deliv-
ers the expected benefits, it is important to measure and model
the process by which the crosslinking byproducts are desorbed
from the cable polymers. Weight loss and HPLC have shown
themselves to be the most effective and practical measurement
techniques. Diffusion data derived from such measurements can,
with FEM, be conveniently used to make predictions concern-
ing the time needed for degassing on a range of cable sizes and
constructions. Improved efficiences (lower times or lower tem-
peratures) within the degassing process lead directly to either
improved throughput or improved electrical performance.
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