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Abstract—The method for diagnosis of  water trees in XLPE 

cables based upon measurements of dielectric losses and 
capacitance as function of frequency has been verified. Based 
upon diagnostic measurements in 1996 a replacement strategy 
was decided upon for the Vattenfall 24 kV network of Botkyrka 
and the most severely degraded cables were replaced. This paper 
reports on the measurements made in 1996 and selective repeated 
measurements in 2002. The development of the ageing is analysed 
The failure statistics are reported and the effectiveness of the 
diagnostic method is proved. The costs savings using a 
replacement strategy based upon diagnostic measurements is 
presented.  

 
Index Terms—failure statistics, insulation diagnosis, water 

trees, XLPE cables, ageing, power distribution 

I.  INTRODUCTION 
Extruded polyethylene cables were first introduced on the 

Swedish market in the late 1960’s. After some years electric 
breakdowns due to “water trees” appeared. The first 
generations of medium voltage polyethylene cables were 
particularly vulnerable to this type of ageing mechanism, [1]. 
Ageing due to water treeing significantly reduces the electric 
breakdown strength of the insulation, [2].  

It was found that the design of the cables had an important 
impact on their tendency to develop water trees, [3], [4]. 
Gradual development of design and production technique such 
as the use of extruded conductor and insulation screens have 
considerably improved the characteristics. Even if the water 
tree problems of modern cables seem limited, there is still in 
service a large amount of the early generations of polymeric 
cables. 

In Sweden about 50% of the cross-linked polyethylene 
(XLPE) insulated cables installed during the early 1970’s are 
still in service. These cables remain a valuable asset for the 
utilities. The state of ageing and failure rate, of these old 
cables, varies. Some cables are still “as good as new” so to 

replace them all would be an unnecessary costly option. The 
replacement cost of one single cable length (ca. 1 km) usually, 
in urban areas, exceed 100 000 EUR. This cost must be 
balanced against the cost of power failure. There is hence a 
need for a non-destructive diagnostic technique to assess the 
quality of the cables and provide realistic replacement criteria. 
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In 1992 a project was started at Kungliga Tekniska 
Högskolan Stockholm (KTH) with three Ph.D. students with 
the aim to develop a non-destructive method that could be 
used to estimate the condition of water treed XLPE cables in 
the field. This research included ageing experiments, extensive 
field tests and laboratory tests of service aged cables. A 
comprehensive summary of the work was presented in [5]. 

Motivated by a high number of failures a series of 
diagnostic measurements were made in 1995-96 in the 
Vattenfall 24 kV network of North Botkyrka south of 
Stockholm. 67 cables being the major part of the XLPE cables 
installed were measured. All of  these cables were of an early 
design sensitive for water treeing. Following the diagnostic 
measurements a replacement strategy was formulated. Today 
about 50 % of the cables have been fully replaced. The 
replacement strategy was proved to be very effective in 
selecting the most aged cables. During the period 1997-2002 
only one single failure appeared. 

In autumn 2002 four cables were re-measured and their 
conditions were compared with the corresponding conditions 
1996. Following this the replacement strategy was reviewed. 

This paper summarizes the diagnostic method and the 
criteria used. It presents the service experiences and the total 
costs for failures, measurements and replacements. A 
comparison is also made between the actual costs and the 
estimated costs if all cables had been replaced. The 
development of the conditions of the cables in service from 
1996 to 2002 is analysed. Finally the effectiveness of the 
diagnostic method is evaluated. 

II.  DIAGNOSTIC METHOD 
The diagnosis of the cables is based upon measurement of 

dielectric losses and capacitance as function of the frequency 
at several voltage levels, usually up to service phase to ground 
voltage U0.   

The diagnostic parameters used are all derived from the 
complex permittivity and changes in permittivity between two 
voltage levels, usually 1/2U0 and U0, see Table 1.



  

Table 1  Parameters used for diagnostic purposes 
�' The real (capacitive) part of the relative 

permittivity 
��' ��' = �' - arbitrary constant suitable for analysis 
�'' The imaginary (loss) part of the relative 

permittivity  
Tan� Loss tangent = �'' /�'  
��'nonlin Increase of �' from e.g. 0.5U0 to U0 
��''nonlin Increase of �'' from e.g. 0.5U0 to U0 

 
The measurement procedure includes a frequency sweep 

performed at several voltage levels up to Uo and then 
terminated by a frequency sweep at 1/2*Uo, [5]. In the figures 
below on the measurements each frequency sweep is labelled 
with a sequence number and a voltage level. Following the 
measurements the responses are classified into four categories 
(LLLP, VDP, TLC and LC) as further described below. 

Low Loss Linear Permittivity (Type LLLP): 
The LLLP response is characterised by an almost frequency 
independent �' of approximately 2.3. The loss, �'', is low, in the 
range of 10-4, and has also a very weak frequency dependence. 
Both �' and �'' are independent of applied voltage. LLLP 
response is typical for new or non-water tree deteriorated 
cables, see Figure 1. 
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Figure 1.  LLLP (Low Loss Linear Permittivity) response of a 
typical non-water treed XLPE cable. The different frequency 
sweeps are labelled with sequence number and voltage level. 

The dielectric response of a water tree deteriorated XLPE 
cable is divided into three types, which are characterised by 
their frequency and voltage dependence. 

Voltage Dependent Permittivity (Type VDP): 
The VDP response is characterised by an increase in both �' 
and �'' with increasing voltage. The increase is almost 
independent of frequency, see Figure 2. 
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Figure 2. VDP (Voltage Dependent Permittivity) response on 
a typical water tree aged XLPE cable.  

Transition to Leakage Current (Type TLC): 
Initially, at low voltage levels, this response is similar to the 
VDP response. At higher voltages the response changes and a 
leakage current behaviour is added to the response. The 
transition shows up as an increased loss as a function of the 
time of applied voltage, i.e. the second measurement at a 
specific voltage level and frequency has a higher loss than the 
initial measurement, see Figure 3. 
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Figure 3. TLC (Transition to Leakage Current) response on a 
water tree aged XLPE cable. 

Leakage Current (Type LC): 
LC response shows a leakage current behaviour in the loss part 
already at low voltages demonstrated by an increasing loss 
with decreasing frequency. The loss part of the permittivity has  
a slope near -1 in a log-log diagram (�-1), while the real part of 
permittivity still shows the VDP response, see Figure 4. 
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Figure 4. LC (Leakage Current) response on a water tree 

aged XLPE cable. 

 The judgement of the ageing status is based upon the 
classifications of the responses. 

A good cable is characterized by a Low Loss Linear 
Permittivity (LLLP) response. The breakdown strength is 
considered to be higher than 4 times the service voltage. 

An aged cable is characterized by a Voltage Dependent 
Permittivity (VDP) type response. The limits for clear 
identification of the VDP response are as follows: 

���x�	-4 
 �'' at U0
 

���x�	-4 
 ��''nonlin
 

���x�	-4 
 ��'nonlin 
The breakdown strength is estimated to be in the range 2,5-

4 times the service voltage. Such a cable can remain in service 
without failure for many years. 

A severely aged cable is characterized by a LC or TLC 
type response corresponding to Leakage Current or Transition 
to Leakage Current during the measurements. In general the 
breakdown strength of these cables are relative low, less than 
2.5 times the service voltage. For such a cable, the risk of 
failure is very high and the cable should preferably be replaced 
within a reasonably time. 

 
III SERVICE EXPERIENCES AND DIAGNOSTIC 

MEASUREMENTS UP TO 1996 
 
The network of North Botkyrka, which has been selected 

for this study, comprises 82 cables with a total length of 49.4 
km. More than 90% of these cables were originally installed 
from 1969 to 1972. 

Until 1992, the fault rate in North Botkyrka was on an 
acceptable low level. However, in 1993 the fault rate increased 
rapidly. Multiple faults and cables failing again after repair 
lead to the insight that there were problems with water treeing. 
Table 2 summarizes the failures. The failure statistics was not 
followed up in detail during the 70th’s and 80th’s and a few 
exceptional failures might have occurred during that period. 
Figure 5 illustrates the failure development as function of year. 

 
 

 
 

Table 2 Failures in North Botkyrka 

Installation 
year 

No. of cables 
failed 

No. of failures 

1969-1992 1 3 
1993 2 7 
1994 5 11 
1995 6 13 
1996 3 6 

1997-2003 1 1 
Total 18 41 
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Figure 5. Illustration of the failure development. Number of 
failed cables (black). Total number of failures (grey+black) 

 
A program was started to tackle the problem of rapidly 

increasing number of failures. During 1993-1995, nine cables 
were tested with 0.1 Hz cos-trapezoidal-shaped voltages 
generated by a Hagenuk VLF test system. The voltage used 
was up to 3 times the service phase to ground RMS voltage. 
However failures occurred during the tests and the method was 
considered destructive for an aged cable. 

Dielectric spectroscopy measurements were carried out on 
67 cables in 1995-96.  Both cables that had failed earlier and 
cables without earlier faults were measured. The ranking of the 
cables was made according to the measurement results. Cables 
with LC response or TLC response were judged as severely 
aged and they were recommended to be replaced as soon as 
possible. The other cables were graded according to the level 
of the response. The measurement results are shown in Table 
3. 

Table 3 Classification of measured cables 

Classification No. of cables 
Good 16 
Medium aged 12 
Aged 30 
Severely aged 9 
Total 67 
 



  

A replacements strategy was defined and the priority of 
replacements was set from diagnostic measurements, failures 
experienced and position in the network. 37 cables were fully 
replaced in the period 1996-98. Two severely aged cables 
were not exchanged and in one of them a failure occurred in 
2001. 

 
IV EVALUATION OF THE REPLACEMENT 

STRATEGY 1996-2002 
 

Today 29 cables remain unchanged from the originally 
installed cables. Additionally 12 cables with original sections  
are still in service while parts of them have been changed. 
Apparently the replacement strategy was successful. 7 cables 
more could have been kept following the diagnostic 
measurements only and utilizing the knowledge built up since 
1996. 

The replacement cost for cables in North Botkyrka is 
around 100 EUR per m. The savings compared to replacement 
of all cables was 2MEUR. This can be compared to the costs 
for the diagnostic measurements being less than a few % of 
this. 

The cost of the replacement of a cable with average length 
(around 600 m), 60 000 EUR, should be compared with the 
costs appearing due to the failures, including repair costs and 
costs for loss of supply for network company and customer. 

The repair cost for one single failure is around 3000 EUR 
including labour, material and equipment. 

A failure causes interruption of service for the loop 
including the faulty cable. If just a single failure occurs the 
typical interruption time is around 1 hour. This time is 
determined by the time for localisation of the fault, 
sectionalising and restoring the operation. The average loss of 
supply is around 2 MWh for a single fault 

In a system with degraded cables it is not unlikely that the 
overvoltages from one failure triggers a second failure. The 
interruption time can then be significantly longer due to the 
loss of an alternative supply circuit. The repair costs will 
increase and it may be necessary to set up a reserve power 
source. 

The interruption of service causes costs for the electricity 
supplier and the customer. A system is under development in 
Sweden that will take into account the reliability of supply 
when regulating the tariffs. This system, “The network 
performance assessment model”, evaluates the price the 
customer pays in relation to the availability and the network 
company’s costs for operation of the network. 

The customer’s cost when electricity supply is interrupted 
varies with customer and type of load. A study was presented 
in [8] giving average interruption costs for urban areas equal 
to: 1 EUR/kW + 5 EUR/kWh. This would give a customer cost 
of around 14 000 EUR for typical single cable fault.  

The costs for diagnostic measurement of one cable is only a 
small fraction of the failure cost or replacement costs. 

 
 

 
V. DIAGNOSTIC MEASUREMENTS 2002 AND 

EVALUATION OF THE CABLE AGEING 
 
In autumn 2002 four cables (below called Cables 1, 2, 3 

and 4) were selected and re-measured. The selection was made 
in order to study the ageing development for different degrees 
of ageing. Thus cables were chosen that were classified as 
good, aged and severely aged in the measurements 1995-96. 

Cable 1 and Cable 2 were in fairly good condition in 1995. 
Water tree deterioration was detected, however, the response 
was very low. The measurements in 2002 gave the same 
results; the cables are still in rather good condition, see Figure 
6.  
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Figure 6. The dielectric loss, ε'', of  phase 1 of Cable 1. 
 1995 (left). 2002 (right). 

The recommendation 1995 was that cable 1 and 2 are water 
tree deteriorated, however, the cables can remain in service for 
many years without any high risk of failure. The measurements 
in 2002 gave almost the same result and therefore the 
recommendation is to let the cable remain in service, with 
possible re-measurement after e.g. 10 years. 

Cable 3 was classified as aged in 1995, considerably water 
tree deteriorated with very large VDP response. The cable was 
measured at several occasions in 1995-1996. The repeated 
measurements in spring and in autumn were made with the aim 
to investigate any environmental effect on judgment of cable 
status. These measurements showed only small, insignificant, 
deviations in dielectric response [6]. 

In Figure 7 the dielectric loss as function of frequency for  
cable 3 in the autumn 1996 (left-hand side) and in the autumn 
2002 (right-hand side) is shown. In 2002 the response is 
significantly higher, however it still of the VDP-type. 

Cable 3 was in 1996 judged as heavily water treed due to its 
high VDP response. It was assumed that the risk for failure 
also was rather high. However, experience gained during the 
years shows that the risk of failure, also for cables with rather 
high VDP response, is low. This specific cable has reached the 
highest VDP response level usually present in this cable design 
and therefore, the recommendation is to replace it within a 
time period of a few years [7]. 
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Figure 7. The dielectric loss, ε'', of phase 1 of Cable 3.  
1996 (left). 2002 (right). 

 
Cable 4 showed LC-type response already in the first 

measurement 1996. Even though the cable was assessed as 
severely aged, the cable was put back into service. The cable 
failed shortly after it was put back in service. The cable was 
repaired and has since then been in service without any failure.  

In 1997, cable 4 was measured again, still having LC-type 
response. In the autumn 2002 measurement, the cable still has 
LC-type response. This confirms that even though the cable is 
severely aged, and the risk of failure is high, it does not 
necessary fail. 

 
VI. BASIS FOR FUTURE REPLACEMENTS 

 
The results of measurements and re-measurements of the 

North Botkyrka network show that:  
o The diagnostic method can clearly distinguish between 

different stages of aging. 
o The deterioration process is very slow, and therefore a 

moderately aged cable can remain in service for long 
time. 

o Also for cables of same design, installed at the same 
time, in the same area, the difference in aging status is 
large. 

Apparently even cables, which are vulnerable to water 
trees, can be kept in service for a considerable time. The 
remaining old cables in North Botkyrka will be kept as long as 
their condition is judged as adequate.  

Condition measurement of cables is an important basis 
when formulating a replacement strategy. The strategy is also 
affected by the development plans for the area, the capacity 
needed and the different categories of customers. The 
complete picture sets the priorities for renewal of an area. 

Vattenfall will incorporate the knowledge built up in this 
project in the continued inventories of the cables that are in the 
risk zone for development of water trees. Based upon the 
inventories diagnostic measurements will be made on selected 
cables to determine their condition. 
 

 

VII. CONCLUSIONS 
 
The method of diagnosis of water trees in XLPE cables 

based upon measurement of dielectric losses and capacitance 
as function of frequency and voltage has been verified. 

Diagnostic measurements is an important tool when setting 
up replacement strategies. 

For the particular case of North Botkyrka, the evaluation 
shows that the power company saved 20 MEUR by a 
replacement strategy based upon diagnostic measurements of 
the cable condition.  

Comparison of diagnostic measurements 1996 and 2002 
show that the water tree degradation process may slow down 
with time and that the cables can be kept in service for a longer 
time than previously estimated. 
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