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32,411km of LV Cables

Electricity North West
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34,000 distribution substations

2.4 million connections

Diverse geographical area



Project introduction

• ENWL are aiming to proactively reduce unplanned maintenance of LV assets, through the use of 
an innovative predictive failure model. This will help to assess network integrity now and in the 
future, optimise LV asset management decisions and inform future investment planning. 

• The LV Predict project aims to develop a probabilistic model that can predict which underground 
low voltage (LV) cables and joints are most likely to fail.

• Degradation predictions are made to understand the greatest risk to LV asset condition by using a 
combination of:
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Item Requirement Failure mode Effects of faiure Causes of failure

Likelihood of 

severe event

(1-10) Prevention control

Occurrence

(1-10)

Detction control (prior 

to failure)

Lack of 

detection

(1-10)

RPN

(1-1000) Possible to model?

poor installation 3 Installation / repair procedures best practice 3

Observations during 

installation 9 81 Empirical model only

transport damage 3 Installation / repair procedures best practice 3

Observations during 

installation 9 81 Empirical model only

third party intervention 9 Indicators in ground close to cables 10

Indicators in ground 

close to cables 8 720 Empirical model only

intentional damage / theft 10 Criminal prosecution, cables underground 3 None 10 300 Empirical model only

thermal cycling 3 adequate design of network, protection system 3

Network load 

monitoring 8 72 Yes

ground movement 4 Ground surveys 7 Ground surveys 7 196 Yes but complex

corrosion 3 Adequate cable design 4

Awareness of ground 

water conditions 8 96 Yes

electrical loading? 8 adequate design of network, protection system 2

Awareness of network 

design loads 8 128 Yes

Load variations with high step change (electrostatic damage) 9 adequate design of network 2

Awareness of network 

loads 8 144 Yes

Fault currents 6 adequate design of network 3

Awareness of network 

loads (including fault 

conditions) 8 144 Yes

Load variations with low step change (thermal fatigue) 9 Load monitoring 8

Awareness of network 

loads 9 648 Yes

Lightning impulses and other system induced over voltages 9 adequate design of network 2 Weather forecast 8 144 Yes

Poor cable insulation in manufacturing 10 Manufacturing controls 3

Inspection during 

installation 8 240 Empirical model only

poor thermal management (cable bunching / ducting) 6

adequate design of network, asset management, 

adequate maintenance diagrams 6

Awareness of cable 

locations across network 8 288 Yes

current overload with low step change (thermal creep) 9

adequate design of network, understanding of 

load requirements 6

Awareness of network 

design loads 8 432 Yes

crushing 4

adequate backfill above cable / adequate 

installation 3 Ground subsidence 9 108 Yes

Rodents (ducted cable) 9 Area assessment / monitoring, traps, etc. 5

Observation of large 

rodent population 8 360 Empirical model only

Outer sheath corrosion 5 Adequate cable sheath design 2 None 10 100 Yes

Outer sheath thermal degradation 5 Manage cable load, adequate sheath design 4 Monitor cable load 8 160 Yes

Embrittlement of outer sheath and insulation 5 Manage cable load, adequate sheath design 4 Monitor cable age 8 160 Yes

tree growth etc. 5 Avoid burying cables near trees 4 Tree surveys 6 120 Empirical model only

flooding (increased pressure head, soil movement) 5 Adequate cable desin 3 Monitor weather 8 120 Yes but complex

ground movement 9 Ground surveys 4 Ground surveys 7 252 Yes but complex

Phase to phase 

breakdown, phase to 

neutral breakdown, phase 

to earth breakdown

Phase to phase 

breakdown, phase to 

neutral breakdown, phase 

to earth breakdown, Phase 

disconnect, neutral 

disconnect, earth, 

disconnect, added phase 

resistance, added neutral cable

mechanical failure of 

conductor

To reliabily carry a 

consistent load with a 

presecribed voltage, 

current, and phase

Insulation failure

water ingress

Phase disconnect, neutral 

disconnect, earth, 

disconnect, added phase 

resistance, added neutral 

resistance, added earth 

resistance

Item Requirement Failure mode Effects of faiure Causes of failure

Likelihood of 

severe event

(1-10) Prevention control

Occurrence

(1-10)

Detction control (prior 

to failure)

Lack of 

detection

(1-10)

RPN

(1-1000) Possible to model?

third party intervention 9 Indicators in ground close to cables 10

Indicators in ground 

close to cables 8 720 Empirical model only

Poor installation 9 Jointing guideliens, training 6

QA of joint install 

process 8 432 Empirical model only

Load variations with high step change (electrostatic damage) 9 adequate design of network, protection system 2

Awareness of network 

design loads 2 36 Yes

Fault currents (can have knock on effect) 6 adequate design of network, protection system 3

Awareness of network 

design loads (including 

fault conditions) 2 36 Yes

Load variations with high step change (thermal fatigue) 9 Load monitoring 8

Awareness of network 

design loads 9 648 Yes

Lightning impulses and other system induced over voltages 9 adequate design of network, protection system 2 Weather forecast 8 144 Yes

poor thermal management (cable bunching / ducting) 6

adequate design of network, asset management, 

adequate maintenance diagrams. Size of joint 

increases distance between cables. 5

Awareness of joint 

locations across network 8 240 Yes

current overload with low step change (thermal creep) 9

adequate design of network, understanding of 

load requirements, adequate process controls 

for jointing, protection system 6

Awareness of network 

design loads 8 432 Yes

Rodents (ducted cable joint) 9 Area assessment / monitoring, traps, etc. 5

Observation of large 

rodent population 8 360 Empirical model only

expansion joint / cable 9 Adequate joint design 7 None 10 630 Yes

ground movement 9 Ground surveys 4 Ground surveys 7 252 Yes but complex

embrittlement of filler (age related) 7 Manage cable load, adequate joint design 6 Monitor joint age 8 336 Yes

joint end cap failure (amalgamating tape / heat shrink/ etc.) 7 Adequate end cap design 4 Monitor joint age 8 224 Yes

uncured joint filler material 8 Proces controls on joint installation, joint checks 6 QA for joint install 8 384 Empirical model only

vibrations from road surface / railway 4 Isolation from vibrations 4 None 10 160 Yes but complex

tree growth etc. 4 Avoid burying cables near trees 4 Tree surveys 6 96 Empirical model only

flooding (increased pressure head, soil movement) 8 Adequate joint design 7 Weather forecast 8 448 Yes but complex

freeze cracking 8 adequate depth of joint 4 None 10 320 Yes but complexjoint

Phase to phase 

breakdown, phase to 

neutral breakdown, phase 

to earth breakdown

Phase disconnect, neutral 

disconnect, earth, 

disconnect, added phase 

resistance, added neutral 

Mechnical failure of cable 

connection

To enable a safe, 

reliable connection 

between cables

Insulation failure

Phase to phase 

breakdown, phase to 

neutral breakdown, phase 

to earth breakdown, Phase 

disconnect, neutral 

disconnect, earth, 

disconnect, added phase 

resistance, added neutral 

resistance, added earth 

resistanceWater ingress

Identification of failure modes
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Probabilistic 
Framework

Anecdotal 
Evidence

Failure Tree
Design Failure 

Mode and 
Effect Analysis

Failure Data

“Failures are more often 

found at joints than 

cables…”



Probabilistic modelling framework

Physical
Modelling

Statistical
Modelling

Statistical 
modelling

Available data

Unobservable 
data

Physical 
modelling

• A probabilistic modelling framework was created to identify links 
between different variables, calculate otherwise unobservable 
data and make predictions.
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Statistical 
parameter set of 

customer demand

Statistical 
parameter set of 
customers with 
smart meters

Statistical
parameter set 

cable 
temperature

Cumulative 
damage per year

Failure probability

Number of 
customers

Annual demand 
of all customers
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customers with 
smart meters

Burial depth

Cable 
area/diameter

Soil resistivity

Electrical 
resistivity

Material 
properties

Age

Half-
hourly 

customer 
demand

Half-hourly 
cable 

temperature

Damage 
per cycle

Condition

Half-hourly 
customer demand 

of all customers

Half-hourly 
temperature

Damage per cycle

Thermal stress

Sum

Temperature
model

Thermal stress 
model

Integrity 
analysis

Annual demand 
of all customers 

with smart meters

Statistical 
parameter set of 
primary network 

demand

Number of 
customers on 

primary network

Half-hourly 
demand of 

primary network

Other 
environmental 

factors

Half-hourly 
customer demand 
of smart meters

Historic and future 
human 

intervention

Stress cycle 
information

Dwell and cycle 
extraction



Probabilistic modelling framework: Demand model

Statistical 
modelling

Available data

Unobservable 
data

Physical 
modelling
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Statistical 
parameter set of 

customer demand

Statistical 
parameter set of 
customers with 
smart meters

Statistical
parameter set 

cable 
temperature

Cumulative 
damage per year

Failure probability

Number of 
customers

Annual demand 
of all customers

Number of 
customers with 
smart meters

Burial depth

Cable 
area/diameter

Soil resistivity

Electrical 
resistivity

Material 
properties

Age

Half-
hourly 

customer 
demand

Half-hourly 
cable 

temperature

Damage 
per cycle

Condition

Half-hourly 
customer demand 

of all customers

Half-hourly 
temperature

Damage per cycle

Thermal stress

Sum

Temperature
model

Thermal stress 
model

Integrity 
analysis

Annual demand 
of all customers 

with smart meters

Statistical 
parameter set of 
primary network 

demand

Number of 
customers on 

primary network

Half-hourly 
demand of 

primary network

Other 
environmental 

factors

Half-hourly 
customer demand 
of smart meters

Historic and future 
human 

intervention

Stress cycle 
information

Dwell and cycle 
extraction



Probabilistic modelling framework: Demand model
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• A model was created to predict 
extreme cable demands based on 
historic usage data.



Probabilistic modelling framework: Demand model
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• A model was created to predict 
extreme cable demands based on 
historic usage data.

• Uncertainty on customer 
parameters adds a “risk premium” 
to the demand estimate.

~13kW

--- True model

Uncertain model



Probabilistic modelling framework: Demand model
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• A model was created to predict 
extreme cable demands based on 
historic usage data.

• Uncertainty on customer 
parameters adds a “risk premium” 
to the demand estimate.

• Partial penetration of smart 
meters reduces this uncertainty.

~5kW

--- True model

Uncertain model



Probabilistic modelling framework: Demand model
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• A model was created to predict 
extreme cable demands based on 
historic usage data.

• Uncertainty on customer 
parameters adds a “risk premium” 
to the demand estimate.

• Partial penetration of smart 
meters reduces this uncertainty.

• Increased EV usage without smart 
charging will create larger peak 
demands.

0

100

200

300

400

500

600

700

04:00:00 06:24:00 08:48:00 11:12:00 13:36:00 16:00:00 18:24:00 20:48:00 23:12:00

P
e

ak
 C

u
rr

e
n

t

Time (24H)

0% EVs

20% EVs

100% EVs



Probabilistic modelling framework: Temperature model

Statistical 
modelling

Available data

Unobservable 
data

Physical 
modelling
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Statistical 
parameter set of 

customer demand

Statistical 
parameter set of 
customers with 
smart meters

Statistical
parameter set 

cable 
temperature

Cumulative 
damage per year

Failure probability

Number of 
customers

Annual demand 
of all customers

Number of 
customers with 
smart meters

Burial depth

Cable 
area/diameter

Soil resistivity

Electrical 
resistivity

Material 
properties

Age

Half-
hourly 

customer 
demand

Half-hourly 
cable 

temperature

Damage 
per cycle

Condition

Half-hourly 
customer demand 

of all customers

Half-hourly 
temperature

Damage per cycle

Thermal stress

Sum

Temperature
model

Thermal stress 
model

Integrity 
analysis

Annual demand 
of all customers 

with smart meters

Statistical 
parameter set of 
primary network 

demand

Number of 
customers on 

primary network

Half-hourly 
demand of 

primary network

Other 
environmental 

factors

Half-hourly 
customer demand 
of smart meters

Historic and future 
human 

intervention

Stress cycle 
information

Dwell and cycle 
extraction



Temperature model
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• An analytical model was created to predict 
cable temperature and account for dynamic 
heating effects.

A sensitivity analysis showed that the cable 
temperature varies significantly with the soil 
thermal conductivity.

The relationship with high demands and high 
temperatures is very “noisy”

But if we account for electrical and thermal 
resistance, we see a much clearer pattern



Temperature model
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• An analytical model was created to predict 
cable temperature and account for dynamic 
heating effects.

• A sensitivity analysis showed that the cable 
temperature varies significantly with the soil 
thermal conductivity.



Temperature model
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Most probable thermal conductivity of 

soil in ENWL region (W/m.K)

Thermal Conductivity (W/mK)

Soil type
Soil that is 

completely dry
Soil that is saturated 

with water

Clay 1.11 1.67

Peat 0.08 0.45

Silt 1.67 1.67

Loam 0.91 0.91

Sand 0.77 2.5

𝐾 = 𝐾𝐷𝑟𝑦 + 𝐾𝑊𝑒𝑡 − 𝐾𝐷𝑟𝑦 𝑃(𝑠𝑜𝑖𝑙𝑤𝑒𝑡)



Probabilistic modelling framework: Thermal stress model

Statistical 
modelling

Available data

Unobservable 
data

Physical 
modelling
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Statistical 
parameter set of 

customer demand

Statistical 
parameter set of 
customers with 
smart meters

Statistical
parameter set 

cable 
temperature

Cumulative 
damage per year

Failure probability

Number of 
customers

Annual demand 
of all customers

Number of 
customers with 
smart meters

Burial depth
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Electrical 
resistivity

Material 
properties

Age
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hourly 

customer 
demand

Half-hourly 
cable 

temperature

Damage 
per cycle

Condition

Half-hourly 
customer demand 

of all customers

Half-hourly 
temperature

Damage per cycle

Thermal stress

Sum

Temperature
model

Thermal stress 
model

Integrity 
analysis

Annual demand 
of all customers 

with smart meters

Statistical 
parameter set of 
primary network 

demand

Number of 
customers on 

primary network

Half-hourly 
demand of 

primary network

Other 
environmental 

factors

Half-hourly 
customer demand 
of smart meters

Historic and future 
human 

intervention

Stress cycle 
information

Dwell and cycle 
extraction



Thermal stress model
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• Use of different material layers and cable/joint burial in different soil types.

• Differential thermal expansion of components leads to high stress regions.



Probabilistic modelling framework: Damage model

Statistical 
modelling

Available data

Unobservable 
data

Physical 
modelling
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Damage model

• Damage model created to calculate:

• Fatigue damage

• Creep damage (including temperature effects)

• Plastic damage (from overloading the material)
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Damage model

• Damage model created to calculate:

• Fatigue damage

• Creep damage (including temperature effects)

• Plastic damage (from overloading the material)

• Peak cable temperature (caused by peak 
demand) appears to have the strongest 
influence on joint failure.
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Conclusions



Conclusions so far
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Probabilistic 
Framework

Anecdotal 
Evidence

Failure Tree
Design Failure 

Mode and 
Effect Analysis

Failure Data

• The probability of underground low voltage 
asset failure can be simulated through the 
use of a probabilistic framework.



Conclusions so far
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• The probability of underground low voltage 
asset failure can be simulated through the 
use of a probabilistic framework.

• Electric vehicle usage can cause a threefold 
increase in peak current in underground 
low voltage cables.



Conclusions so far
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Most probable thermal conductivity of soil in 

ENWL region (W/m.K)

• The probability of underground low voltage 
asset failure can be simulated through the 
use of a probabilistic framework.

• Electric vehicle usage can cause a threefold 
increase in peak current in underground 
low voltage cables.

• Soil conditions strongly influence 
underground cable temperatures.



Conclusions so far

• The probability of underground low voltage 
asset failure can be simulated through the 
use of a probabilistic framework.

• Electric vehicle usage can cause a threefold 
increase in peak current in underground 
low voltage cables.

• Soil conditions strongly influence 
underground cable temperatures.

• Greater demand leads to higher cable 
temperatures, which can lead to increased 
cable joint damage.
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&
QUESTIONS

ANSWERS

Please contact us if you have any questions or would like to arrange a one-to-one briefing about our innovation projects

e innovation@enwl.co.uk

www.enwl.co.uk/innovation

0800 195 4141

@ElecNW_News

linkedin.com/company/electricity-north-west

facebook.com/ElectricityNorthWest

youtube.com/ElectricityNorthWest



Interactive learning tool

https://lv-predict.fnc.digital

https://lv-predict.fnc.digital/


Additional Slides
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Electrical-driven degradation

• Voltages in LV cables is generally too low 
to cause significant damage to the cables 
and / or joints. 

• While unlikely due to the low voltages, a 
literature review found that water ingress 
could lead to electrical-based degradation 
via heating and evaporation of the water, 
leading to damage in the conductors.
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Chemical-based degradation

• Most chemical-based degradation mechanisms 
are not credible for underground LV cables and 
joints.

• However, thermally-induced degradation of 
mechanical properties is possible at high 
temperatures. 

• The likelihood of this occurring becomes 
significant when temperatures exceed 75°C, and 
when the operating life reaches 20 years.
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Recorded failure data

• Recorded failure data was analysed to understand 
trends for the failure of LV assets. 

• The most common cause of failure is due to 
“deterioration due to ageing or wear (excluding 
corrosion)”.

• Failure data showed higher failure rates in more 
densely populated locations, even when failures are 
normalised by household density.

• Top 5 highest daily failure counts coincide with dates 
of “severe weather events” according to the Met 
Office.

30



Recorded failure data: population density
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Recorded failure data: weather events

• Top 5 highest daily failure counts coincide with dates of “severe weather events”, 
according to the Met Office.
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Failure Count Precipitation 
(mm)

Date Weather event

174 13.3 09/02/2020 Storm Ciara (8-9th Feb)

141 15.0 28/07/2019 Between “record breaking heatwave” 
(25th Jul), and “torrential downpours” 
(30-31st Jul)

125 24.2 20/01/2021 Storm Cristoph (18-20th Jan)

120 1.0 26/08/2020 Day after Storm Francis (25th Aug)

117 26.8 19/01/2021 Storm Cristoph (18-20th Jan)



Temperature model
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• The relationship with high demands and 
high temperatures is very “noisy”.

But if we account for electrical and thermal 
resistance, we see a much clearer pattern



Temperature model
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• The relationship with high demands and 
high temperatures is very “noisy”.

• A clearer pattern is seen when accounting 
for electrical and thermal resistance.



Damage model

• A strong relationship exists between high 
temperatures and total annual damage.
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Electric vehicle charging
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