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ABSTRACT 

A significant volume of 33kV cable trifurcating joint 

failures has prompted investigations on failure cause. 

Through analysing historical failure records, the 

majority of the failures occurred in summer and in the 

evening/overnight/early morning. Failures appear to 

occur more frequently due to a combination of a higher 

absolute ambient temperature and a sustained period of 

large day/night temperature difference. These are 

prospective precursors to a relative saturation hysteresis 

phenomenon that lowers the dielectric strength of the 

oil-impregnated paper insulation in the joints, 

increasing the probability of dielectric failures. 

INTRODUCTION 

SP Energy Networks (SPEN) is the owner and operator 

of the transmission and distribution networks in Scotland 

(SP Distribution), and the distribution network in the 

North West of England and Wales (SP Manweb).  

 

Between May and July 2018, SPEN distribution licenses 

experienced an unprecedented volume of 33kV cable 

faults. This is also preceded by high fault volumes 

across the same months in the previous years, more 

notably from 2016 onwards.  

 

These faults have been attributed to a type of cold shrink 

transition trifurcating joint procured between 2002 and

 
Figure 1. Trend of SPEN 33kV trifurcating joint failures   

(June 2012 – July 2018) 

With most failures occurring between May and July, a 

seasonal influence is deduced. In addition, specifically to 

failures occurring within those months, failures appear 

more frequently later in the evening/overnight/early 

morning, suggesting a day/night influence. This is 

shown in Figure 2. 

 

This paper presents findings from analysing ambient 

temperature records alongside historical failure records 

of SPEN 33kV cable trifurcating joint failures. A 

potential failure mechanism and an immediate remedial 

measure implemented by SPEN are also discussed. 

 

2010. In general, this joint connects older three-core oil-

impregnated paper insulated lead cables (PILCs) to three 

single-core cross-laminated polyethylene (XLPE) cables.  

 

As for the cold-shrink joint technology, SPEN was an 

early adopter realising the health and safety benefits 

from the use of low carcinogenic resin and the 

dispensability of heat-shrink tools from joint pits. 

Expected lifetime of this cold shrink trifurcating joint is 

around 40 years.  

 

Nevertheless, as indicated by Figure 1, a significant 

volume of failures has arisen 10-15 years after initial 

installation. Forensic investigation has revealed a 

consistent dielectric failure mode [1]. 

 
Figure 2. Time of failure of SPEN 33kV trifurcating joints 

(summer months versus others) 
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AMBIENT TEMPERATURE INFLUENCE 

It is acknowledged that cable and joint temperatures can 

be influenced by loading level (on-load conductor loss), 

dielectric loss and ground temperature [2].  

 

Although ground temperature data are not available, 

they can be approximated by ambient temperature as 

ground temperature closely follows ambient temperature 

variation, especially within 5m depth [3]. In addition, 

cables are usually installed within 1-2m depth. Thus, 

cable and joint temperatures can in turn be estimated 

from loading, dielectric loss and ambient temperature.  

 

Typically in the UK, loading is higher in winter and 

lower in summer [4]. This is also perceived from Figure 

3 that depicts the loading level (in terms of current) of a 

33kV circuit in SP Manweb, recorded from January 

2015 to July 2018. 

 

From Figure 3, a noticeable increase in loading between 

October 2016 and September 2017 was due to the 

transfer of nearby demand to this particular circuit. 

Other than that, it is clear that loading is generally higher 

in winter and lower in summer, even during that specific 

period of increased loading.  

 

Note that the summer intact MVA rating of this 33kV 

circuit is 20.12MVA, which equates to a current rating 

of 352A. With an average current loading of 62A (18% 

loading) as indicated from Figure 3, this circuit is lightly 

loaded. In fact, other 33kV circuits are also similarly 

lightly loaded. 

Considering that a trifurcating joint is designed to be 

rated higher than its corresponding cable circuit, the 

influence of loading level on cable temperature and thus 

joint temperature is low.  

 

Similar observation was also found in [5] where the 

temperature experienced by plant throughout a year 

should most likely follow the same shape (a parabolic 

tendency) as that exhibited by the ambient temperature, 

with loading generally affecting the profile more (still 

the same shape) during winter.  

 

In terms of dielectric loss, it is acknowledged that it can 

increase from the presence of moisture or in general the 

ageing/degradation of the insulation (which could also 

be expedited by presence of moisture in case of ingress). 

Judging from the seasonality of the failures encountered, 

the more dominant influence on the failures could be 

from ambient temperature.   

 

Realising the greater influence of ambient temperature, 

records were obtained from MetOffice for Liverpool and 

Crosby in the SP Manweb distribution license area. 

Figure 4 shows the hourly ambient temperature records 

(average values from both locations) from January 2015 

to July 2018. The trifurcating joint failures in SP 

Manweb during this period are also illustrated. 

 

With respect to Figure 4, failures seem to occur more 

frequently with higher ambient temperatures (during 

summer) and interestingly following a sustained period 

of large day/night temperature difference. Besides that, 

most failures occurred in the evening, overnight or early 

morning which is reflected more clearly by Figure 2.  

 

 
Figure 3. Loading level of a 33kV circuit in SP Manweb (1 Jan 2015 – 8 July 2018) 
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Figure 4. Ambient temperature records overlaid with failure occurrences (1 Jan 2015 – 8 July 2018)

POTENTIAL FAILURE MECHANISM 

Ambient temperature is generally higher in summer than 

in winter. In addition, the temperature variance 

experienced throughout 24 hours of a single summer day 

is also consistently higher.  

 

With oil impregnated paper insulation used in the joints 

and with temperature known to affect oil-paper moisture 

behaviour and properties, the temperature profile 

experienced by the joints could have contributed to a 

higher risk of failure. 

 

Figure 5 depicts the moisture equilibrium charts for an 

oil-paper insulation system from [6]. In essence, an 

increase in temperature will induce migration of moisture 

from paper to oil. The reverse is also true.  

 

Specifically on oil, Equation (1) shows the temperature 

dependence of moisture saturation, MSaturation for mineral 

oil as referred from IEC 60422 [7], where TOil is the oil 

temperature in Kelvin. Relative saturation, RS, is 

expressed simply as the ratio between absolute moisture 

in oil, MOil and the moisture saturation. This is expressed 

in Equation (2). 

 

 
Figure 5. Oil-paper moisture equilibrium charts [6] 

𝑀𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 = 107.0895−1567/𝑇𝑂𝑖𝑙 (1) 

𝑅𝑆 = 𝑀𝑂𝑖𝑙 𝑀𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛⁄  (2) 

 

Note that moisture saturation is always the same at a 

given temperature (considering the same oil type and 

condition) [5]. Nonetheless, the RS could be different as 

the absolute moisture present in an insulation system 

varies from time to time. This together with the known 

oil-paper moisture migration [8] is the underlying cause 

behind a hysteresis phenomenon noted in [9, 10]. 

 

With reference to Figure 6 as adapted from [11], more 

moisture migrates from paper to oil with an increase in 

oil temperature. This situation resembles day time 

operation when ambient temperature increases to a peak 

on a typical summer’s day.  

 

Even with the greater moisture in oil, the oil RS can still 

be low as moisture saturation increases with temperature 

too. It is noteworthy that depending on the migration rate, 

the oil RS can even drop if the increase in moisture 

saturation is greater. This is observed from Figure 7 [11]. 

 

In the converse situation (night time operation), oil 

temperature drops with a decrease in ambient 

temperature, leading to the migration of moisture from oil 

back to paper. This process is slower than the migration 

of moisture from paper to oil. The significance of this is 

that the absolute moisture present in oil is still high. 

Together with a drop in oil temperature which causes a 

commensurate decrease in moisture saturation, the RS of 

the oil will hence be high.  

 

In essence, higher absolute moisture and RS can be 

expected in the cooling phase than in the heating phase 

[11]. The absolute moisture and RS are also influenced by 

the previous temperature cycles [11]. This insinuates that 
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such a hysteresis process can progressively cause higher 

absolute moisture and RS in oil, especially after a 

sustained period of high temperature difference.  

 

Ultimately, the higher RS in oil means a “wetter” 

insulation system which translates into a notable decrease 

in the dielectric strength particularly in the case of free 

water formation (RS > 100%) [5]. In other words, there is 

a higher probability of dielectric failures.  

 

Arguably, if a significant change in loading does occur, 

i.e. a further reduction in loading during night time 

operation when ambient temperature drops; in tandem 

with a further increase in loading during day time; this 

would exacerbate the hysteresis phenomenon.  

 

 
Figure 6. Absolute moisture versus oil temperature [11] 

 

 
Figure 7. Relative saturation, RS versus oil temperature [11] 

POTENTIAL SOURCE OF MOISTURE 

Moisture needs to be present to instigate the RS 

hysteresis. With cables normally lightly loaded and even 

with a high ambient temperature in summer, the 

temperature experienced by the oil-paper insulation is 

unlikely to be high enough to cause severe thermal 

ageing/degradation which in itself is a source of moisture.  

 

This is particularly true given that for non-thermally 

upgraded paper, every 6ºC increase (decrease) from a 

reference 98ºC will double (halve) the ageing rate [12]. 

Thus, moisture that needs to be present for instigating the 

RS hysteresis is most likely from an external source.  

 

For the trifurcating joints under investigation, a design 

flaw identified via post mortem study is most likely the 

cause behind moisture ingress, evidenced by the 

discovery of moist paper insulation [1]. 

 

This initial presence of moisture could then expedite 

ageing/degradation of the oil-paper insulation through 

predominantly the auto-acceleratory hydrolysis process, 

which in turn produces more moisture [13]. Moreover, 

moisture also causes an increase in dielectric dissipation 

factor, directly leading to a higher dielectric loss 

contribution and thus a higher temperature experienced 

by the insulation system. 

 

With paper being more hydrophilic than oil, more 

moisture would be residing in paper [8]. Eventually 

through the RS hysteresis described, more moisture will 

then migrate to oil, lowering the oil’s dielectric strength.  

 

This progressive increase in moisture over time from 

ageing/degradation is perhaps why significantly more 

failures occurred in the past three years (seen in Figure 1) 

on top of an overall seasonality nature of the failures.  

IMMEDIATE MITIGATING MEASURE 

The volume of faults experienced has inevitably 

impinged on significant risks on SPEN distribution 

networks. Realising the increased susceptibility to 

dielectric failures, SPEN employed a voltage reduction 

(VR) measure targeting high risk groups.  

 

This immediate mitigating measure involved a reduction 

by either 3% or 5% of the standard 33kV target voltage at 

132/33kV grid transformers supplying high risk urban 

33kV network groups. Figure 8 shows the decreasing 

average failure rate following VR application in SPEN 

Manweb, with average failure rate dropping from 4.37 

failures per day to 2.13. 

 

 
Figure 8. Voltage reduction (VR) effect on failures  

Note that downstream customers are not affected by the 

VR application as the voltage drop is compensated by 

33/11kV tap changer operation. 
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It is noteworthy that full unit replacement still represents 

the most effective intervention for underground 

components. Thus, in addition to increased operational 

readiness during summer, a systematic and risk driven 

approach has also commenced to replace these joints, 

prioritising circuits that present the most risks to network 

security or circuits that provide strategic significance to 

network operational management. 

CONCLUSION 

An emerging trend of 33kV cable trifurcating joint 

failures in SP Energy Networks (SPEN) has expedited the 

need for understanding potential failure cause and 

subsequently the implementation of remedial and pre-

emptive measures.  

 

Analysis of failure records indicated a seasonal influence, 

with more failures particularly from May to July. Failures 

also occurred more frequently in the evening/overnight or 

early morning.  

 

The higher ambient temperature and the greater day/night 

temperature variation in summer could have most likely 

triggered a relative saturation hysteresis, drawing more 

moisture from the paper to oil in an oil-paper insulation 

system. This reduces dielectric strength and hence 

increases the probability of dielectric failures. More 

failures are hence to be expected, particularly with 

ageing/degradation of the insulation producing more 

moisture. 

 

It is envisaged that accelerated ageing experiments and 

findings from an upcoming expert forensic analysis 

would aid forecasting of future fault likelihood. At 

present, a “summer” 33kV target voltage policy has been 

drafted to enact the voltage reduction measure. 

Concurrently, work has also commenced on prioritising 

joints for replacement to uphold the security of supply. 
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