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Underground Cable Network—Saudi Ara- for uninterrupted electricity supply in urban environments, particularly in re-

bia Jeddah Case Study. Energy and Power gions with harsh climatic conditions. This study presents a comprehensive re-
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http://creativecommons.ore/licenses/by/aof ANt NRS 047-1 standards. The results reveal that equipment failures ac-

count for 60% of all incidents, with insulation failure (51%), cable joint faults

(20%), and termination faults (17%) being the predominant mechanisms. Joint
and termination defects collectively constitute 37% of equipment failures. The
mean restoration time was 5.56 hours, approximately 79% higher than the SEC
national average of 3.1 hours, and failed to meet NRS 047-1 targets for 30%,
60%, and 90% restoration milestones. Temperature exhibited a strong positive
correlation with failures (r = 0.954), while load demand also showed strong cor-
relation (r = 0.942). The worst-performing feeder (Hera-Feeder-01) recorded
5 failures in 2023 with a mean restoration time of 17.17 hours. The failure rate
increased by 25% from 2019 to 2024, indicating progressive infrastructure de-
terioration. This study provides actionable recommendations for predictive
maintenance, climate-adaptive strategies, and database integration to enhance
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network reliability. The findings offer practical guidance for utilities operating
in environmentally demanding regions.
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1. Introduction

The development of a robust, intelligent and flexible power distribution network
is a high priority [1] [2]. This transformation is particularly reliant on medium
voltage underground cable networks, especially in urban cities like Jeddah, where
there is a need to have underground distribution systems due to issues of visual
appearance, safety and land use [1] [3]. These networks however have their relia-
bility questioned by the extreme environmental conditions present in Jeddah, in-
cluding high temperatures for long periods, high humidity, rainfall at certain times
of the year and soil that is saline. This results in a combination of increased dete-
rioration of cables and increased risks when the networks are operational [2] [4].

Research carried out before now has indicated that environmental factors can
accelerate insulation aging, increase cable failure rates, joints and terminations and
increase the likelihood of water entering and thermal damage occurring [4] [5]. Util-
ity operators face increased thermal and mechanical stresses as well as more com-
plicated fault detection and longer restoration times when dealing with high feeder
usage and the rapid growth of urban areas. In spite of the significant investments
that the Saudi Electricity Company has made in the automation of its systems, asset
management and network digitization, recurrent MV cable failures continue to im-
pose operational constraints on Jeddah’s underground network.

The operational reliability of a distribution system is also influenced by the ge-
ographical locations of its facilities, namely substations and maintenance depots.
Research has shown that how close a depot is, how readily available spare parts are
and how effectively faults are dealt with are key factors in deciding the length of
power cuts and how quickly power is restored [6] [7]. The network in Jeddah is
divided into 5 separate operational zones—North, East, South, West and the air-
port itself. Each of these areas has a central storage facility for maintenance. This
fundamental basis is laid by accurately mapping the geographical distribution of
substations and support facilities, in MV underground cable networks, and this is
essential for the reliability assessment, for predictive failure analysis and for opti-
mized maintenance techniques [6] [8].

Utilities can use this kind of information to enhance the operational efficiency
of their systems, reduce outages that are not planned and prioritise their interven-
tions accordingly.

In Jeddah, the medium voltage underground cabling suffers from frequent faults.

The joints and ends are the components most susceptible to failure because of me-
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chanical stress, moisture and temperature fluctuations. Most faults are brought
about by faulty construction, installer mistake or low-grade components. Under
conditions of rapid restoration and operational pressure, the quality of maintenance
can be compromised, leading to network reliability issues [9] [10]. The harsh Jed-
dah environment, which features extremely high temperatures and high humidity,
adds to the degradation of the materials used in insulation and the deterioration
of joints. Saline soil is another issue found in the area. In urban Jeddah, Figure 1
shows the classification of MV cable failure causes into three categories: Human,
Environmental and Operational factors. The diagram shows how mistakes, in prac-
tices, bad environmental conditions and operational issues all cause MV cable fail-

ures [11].
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Figure 1. Modeling system.

The city of Jeddah has experienced problems with its MV cable network’s under-
ground network. The key issues are that maintenance data is incomplete and no
one is responsible for monitoring the system. This has impacted the metro’s reli-

ability and its maintenance.

2. Literature Review

Recent research has extensively addressed medium voltage (MV) cable reliability
through various methodological approaches [9]-[11]. Zhang et al (2025) devel-
oped a double-sequence Monte Carlo simulation method for underground cable
reliability evaluation, demonstrating the effectiveness of probabilistic modeling in

capturing failure uncertainties [9]. Similarly, Clavijo-Blanco et al (2024) employed
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Monte Carlo-based statistical characterization of reliability indices in MV networks,
providing frameworks for SAIFI and SAIDI prediction [12].

Environmental and thermal influences on cable performance have been system-
atically investigated. Veldsquez (2025) conducted transient analysis of overvoltage
and cable faults in underground MV systems, identifying critical fault mechanisms
[10]. Complementing this work, Arias Velasquez et al. (2025) examined thermal
limitations in underground circuit design, revealing that inadequate heat dissipa-
tion significantly accelerates insulation degradation [13]. Banasik and Chojnacki
(2024) further demonstrated the substantial impact of weather conditions on ca-
ble reliability indicators [14].

Infrastructure aging and replacement challenges were critically reviewed by Ra-
fati et al (2024), who synthesized technical innovations for MV cable replacement,
emphasizing the economic and operational barriers to network renovation [11].
Condition assessment methodologies for MV assets were comprehensively evalu-
ated by Mesino et al (2023), who highlighted the importance of diagnostic testing
in predictive maintenance programs [15].

Case study applications have validated these analytical approaches. Bazargur et
al. (2023) presented a reliability study for underground systems, demonstrating
practical implementation of failure prediction models [16]. Ellinas et a/. (2024)
contributed a comprehensive analysis of grounding system performance in MV
concrete poles, addressing an often-overlooked component of network reliabil-
ity [17].

Despite these contributions, limited research has integrated localized environ-
mental data with advanced statistical distributions (Gamma, Weibull, Log-Logistic)
in a unified predictive framework for urban MV networks in hot and humid cli-

mates, representing the gap addressed by this study.

3. Materials and Methods

In this research, the complete MV distribution system of Jeddah is considered for
six calendar years, starting from January 2019 until December 2024, while in terms
of failure modes, only feeder RBW-30, which has segmental information, is exam-
ined, operated by the Saudi Electricity Company (SEC). The network operates at
13.8 kV and utilizes XLPE-insulated copper cables. The study years was collected
from SEC’s operational databases, including: 1) fault records comprising 435 rec-
orded incidents with timestamps, locations, and failure types; 2) cable infrastruc-
ture data from feeder RBW-30 consisting of 8 cable segments with a total length
of 3.04 km; 3) environmental data including monthly temperature, rainfall, and
load demand for 2023; and 4) restoration times representing the duration from
fault occurrence to service restoration.

The raw fault logs were processed using a data screening protocol before analysis.
Planned outages were not included. Timestamp and location were used to merge
duplicate entries. Records were excluded for having more than 20% missing fields
(n = 3). All faults were allocated to 7 main categories from SEC inspection reports.
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When a root cause could not be conclusively determined following the fault in-
vestigation, the “unknown” category was not omitted, but kept separate. There were
no missing data imputations.

Raw fault data was preprocessed using MATLAB R2018b. Each record was clas-
sified into seven primary failure categories based on SEC inspection reports: Equip-
ment Failure, Unknown Faults, Third Party/Theft, Human Error, Poor Maintenance,
Protection Failure, and Other. Equipment failures were further disaggregated into
Insulation Failure, Cable Joint Fault, Termination Fault, and Other Equipment.

Monthly failure frequencies were calculated and correlated with environmental
variables (temperature, rainfall, load demand) using Pearson’s correlation coeffi-
cient. The analysis included: 1) annual failure rate per 100 km of cable; 2) monthly
failure distribution; and 3) seasonal patterns, where the wet season was defined as
November-April and the dry season as May-October.

Three statistical distributions were employed to model failure behavior:

1) Gamma Distribution for Restoration Time

The Gamma distribution was applied to model restoration times due to its flex-
ibility with positively skewed data. The probability density function (PDF) is:

(el otlP

f(t;a,ﬁ)zﬂT(a) ort>0

Maximum Likelihood Estimation (MLE) was performed in MATLAB R2018b
to obtain the parameters for the Gamma, Weibull and Log-Logistic distributions.
Sample sizes: restoration times: n = 54, Worst feeder Failure (WF) data: n = 14, an-
nual failure frequency of feeders (AFF): n = 10.

The Kolmogorov-Smirnov (K-S) goodness-of-fit test was used to determine p-
values of >0.05, which implies acceptance of the null hypothesis of the tested dis-
tribution. The K-S test results were: Gamma distribution D = 0.092 (p = 0.73);
Weibull distribution D = 0.11 (p = 0.68); Log-Logistic distribution D = 0.10 (p =
0.71). p-values are greater than 0.05 for all three distributions, thus showing that
all of them are good fits to the data sets.

2) Weibull Distribution for Worst Feeder

The Weibull distribution was used to model the worst-performing feeder (Hera-

Feeder-01) with shape parameter a = 1.9 and scale parameter = 6.3. The Weibull

PDF is:
ro-fs] e (5]

- Log-Logistic Distribution for Failure Frequency

The Log-Logistic distribution (shape a = 1.6, scale = 4.0) was fitted to annual
failure frequency data per feeder.
- Goodness-of-Fit Testing

The Kolmogorov-Smirnov (K-S) test was applied to evaluate distribution fits, with
a significance threshold of p > 0.05 for accepting the null hypothesis that the data
follows the tested distribution.
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- Reliability Indices Calculation

Three common reliability indices were determined based on IEEE Std 1366-2012
with the following definitions and inputs:

- The SAIFI is calculated as the total number of customer interruptions divided
by the total number of customers served. As of 2023, the population served by
the SEC in Jeddah South is 187,500 customers.

- SAIDI (System Average Interruption Duration Index): Total customer interrup-
tion duration (hours) divided by the number of customers served. Duration per
event = time from the occurrence of the fault until service is restored.

- Customer Average Interruption Duration Index: Total duration of customer
interruptions/Number of Customer interruptions.

All 13.8kV feeders in the SEC Jeddah South network are included in the net-
work boundary for all index calculations. Performance was compared to the SEC
national averages (3.1 hours mean restoration time) and to NRS 047-1 restoration
targets.

Performance was benchmarked against:

* NRS 047-1 standards: Restoration targets (30% within 1.5 h, 60% within 3.5 h,
90% within 7.5 h, 98% within 24 h).

* SEC national averages: 3.1 hours mean restoration time.

4. Results

This chapter aims to present the results of the reliability analysis conducted on the
Jeddah MV underground cable system based on data gathered from 435 faults for
Saudi Electricity Company (SEC) between 2019 and 2024 and focusing on data
from 2023.

For clarity, the number of faults reported for each of the six years (2019-2024)
in this section is as follows: total fault records in six years (2019-2024) = 435; total
faults recorded in 2023 = 54; sum of failures in all 10 feeders in 2023 = 54; worst
feeder (Hera-Feeder-01) annual failures = 5; system-wide failure totals range from
360 in 2019 to 500 in 2024. These numbers are followed by all the other tables and
figures.

The number of failures encountered in the MV underground cables system of
Jeddah during 2023 amounted to 54. The total length of the cables was 12,500 km,
from which a failure rate of 0.43 failures per 100 km was estimated and is shown
in Table 1.

Table 1. Monthly environmental and failure data (Jeddah 2023).

Month Temp (*C) Rainfall (mm) Load (MW) Failures
Jan 23 10 82 2
Feb 25 5 85 1
Mar 28 3 88 3
Apr 32 0 94 5
May 35 0 102 6
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Continued
Jun 38 0 108 7
Jul 40 1 115 8
Aug 41 2 117 7
Sep 39 4 110 6
Oct 34 8 100 4
Nov 29 15 92 3
Dec 25 20 86 2
Total - - - 54
Mean 324 5.7 98.3 4.5
Std Dev 6.0 6.6 11.8 2.3

Monthly distribution of MV underground cable failures is shown in Figure 2
for 2023, which clearly shows the seasonality in network performance. The fre-
quency of failures slowly rose from the winter months to the summer months,
reaching its peak in July with 8 failures as compared to one failure in February.
This is a clear upward progression in the months of high temperature, which re-
flects the influence of thermal stresses in the environment on underground cable
systems. High ambient temperatures make conductor operating temperature rise
and cause the insulation to age up, the conductor to expand, and the joints to
deteriorate, so that the number of faults is increased. The decline in failure rates
during autumn also indicates that network reliability is indeed seasonally depend-
ent. The pattern observed is highly indicative that loading conditions during the
summer and extreme climatic conditions in Jeddah are significant factors affect-
ing cable deterioration and hence must be taken into account in planning mainte-
nance and improving cable reliability. Further, the failure rates are found to be high
over a limited period in the summer months, suggesting that preventive mainte-
nance should ideally be done in advance of the summer months to reduce the risk

of outages.

B Failures
& Trend Line

Number of Failures
N

0 L o
I R T R S L Y Y
Month

Figure 2. Monthly MV cable failures—Jeddah 2023.
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The main causes of MV underground cable failures are shown in Figure 3. The
most common reason for failure, accounting for 60% (32 of the 54) of all failures
recorded, was due to equipment failure, making technical and material degrada-
tion problems the primary reliability problem in the network. Unknown faults ac-
counted for 13% (7 events), which may indicate that there is a lack of ability to di-
agnose fault or carried out incomplete post-fault investigation. The impact of third-
party damage and theft was 7% (4 events), showing the impact of external opera-
tional disturbances and unauthorized digging on underground infrastructure. Some
failures were due to human error, while others were due to poor maintenance, both
of which accounted for around 10% of failures, which is significant, particularly
because of the need to make sure that the workforce is trained, inspection quality
is adequate and maintenance management practices are good. Protection failure
accounted for 3% (2 events) of which the protection system was generally effec-
tive, but there are still some times when the protection is due to a failure in the
coordination or due to a maloperation. In general, the outcomes confirm that net-
work unreliability is a result of internal technical deterioration, not external influ-
ences. This discovery highlights the importance of asset condition monitoring,
assessment of insulation and better maintenance practices to lower the failure fre-
quency. Table 2 once again shows that most failures were due to equipment-re-
lated causes, accounting for more failures than the rest of the causes put together.
The high failure rate for this equipment suggests old equipment and buildup of
thermal and electrical stress in the cable system. In the meantime, the failure of iden-
tification of unknown faults at 13% indicates that root cause analysis procedures could
have a weakness that makes it difficult to develop specific mitigation measures. The
relatively low protection failure and bad maintenance percentages indicate that the
operation of these systems is moderate, but requires optimization. The table shows
collectively that improvement in reliability should concentrate on equipment re-
placement, condition-based maintenance and improvements in diagnosis rather

than simply operational procedures.

Table 2. Primary failure causes (Jeddah MV network 2023).

Failure Cause Percentage (%) Count
Equipment Failure 60 32
Unknown Faults 13 7
Third Party/Theft 7 4
Human Error 6 3
Poor Maintenance 4 2
Protection Failure 3 2
Other 7 4
Total 100 54
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Figure 3. Primary causes of MV underground cable failures.

A detailed breakdown of equipment failures is depicted in Figure 4, and it is
found that the main technical weakness in the MV cable network is the insulation
degradation. The single most dominant failure mechanism was insulation failure,
which accounted for 51% (16 events) of all equipment-related incidents. This out-
come is in line with what is anticipated for long-term thermal aging, ingress of
water, concentration of electrical stress and exposure of the cable to the environ-
ment, which affects its insulation. There were 6 cable joint faults (20%) and 5 ter-
mination faults (17%). The accessory-related defect makes up 37% of all equip-
ment failures, which is close to the thesis result of about 38%, thus confirming the
consistency of the analysis. The findings are evident that one of the most exposed
areas of the underground distribution network is the cable accessories. Joints and
terminations are especially susceptible to workmanship, installation errors and
environmental contamination due to the complex installation procedure and the
localized electric field concentration. Therefore, the enhancement of installation
standard of accessories, inspection method of accessories, and monitoring method
for the temperature of accessories may lead to a great number of reducing failure
occurrences, and increase the reliability of the network. Table 3 shows the signif-
icant differences in the distribution of equipment faults with respect to the differ-
ent components in the cables. Insulation failure was found to be the most dom-
inant cause of failure in the cable due to the aging condition of the cable dielectric
materials. The relatively high number of joint and termination failures, however,
suggests that accessory reliability plays a significant role to the cable body itself. The
remaining 12% classified as other equipment failures also shows that secondary tech-
nical failures can make a difference in network disruptions, though on a smaller scale.
These results will help in identifying specific maintenance programs to be devel-

oped, targeting insulation diagnostics and accessory condition assessment.
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Table 3. Equipment failure breakdown.

Component Percentage (%) Count
Insulation Failure 51 16
Cable Joint Fault 20
Termination Fault 17
Other Equipment 12
Total 100 32

Critically, joint and termination defects collectively accounted for 37% of equip-
ment failures, which aligns with the thesis finding of approximately 38%. This
highlights that cable accessories represent a significant vulnerability in the net-
work. The data in Table 4 and Figure 4 illustrate the contribution of each of the
various network components to total failures. Nearly one-third of all outages were
due to cable accessories, and primary cable sections accounted for 59% of all fail-
ures, indicating that a significant portion of all failures are not associated with the
conductor itself. The discovery is especially important since many accessory fail-
ures are avoidable by a better installation, regular inspection and better sealing for
the environment. The remaining failures occurred with other network compo-
nents (11%), reinforcing the fact that underground cable systems and their acces-
sories continue to be the biggest reliability challenge. Based on the findings, util-
ities can see significant gains in improving reliability through accessory modern-
ization and through new quality assurance protocols for installation and mainte-

nance efforts.

Table 4. Component contribution to failures.

Component Percentage (%) Annual Count
Cables (Primary) 59 32
Cable Accessories 30 16

Other Components 11 6
Total 100 54

Other Components - 11%

Cable Accessories - 30%

Cables (Primary) - 59%

Figure 4. Component contribution to MV cable failures.
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Because the restoration duration data are non-negative and positively skewed,
the Gamma distribution was used to model restoration times. The Gamma model
was a good model of the outage restoration behavior in the empirical data with a =
1.2 and g = 4.5. The information in Table 5 provides a detailed summary of resto-
ration times, which shows a wide range in the time required to restore power after
various types of failures. The mean restoration time obtained was 5.56 hours, which
is in close agreement with the thesis-reported value of 5.4 hours, thus showing the
validity of the statistical approach adopted. Also, this figure is about 79% higher
than the national average (3.1 hours) recorded by the SEC, which indicates that the

restoration in Jeddah is still significantly below the national average.

Table 5. Restoration time statistics (gamma distribution).

Statistic Value (Hours)
Mean Restoration Time 5.56
Median Restoration Time 3.97
Standard Deviation 4.88

5th Percentile 0.52
10th Percentile 0.61
25th Percentile 1.85
50th Percentile 3.97
75th Percentile 8.18
90th Percentile 12.27
95th Percentile 15.71
98th Percentile 19.41
99th Percentile 21.42

Minimum 0.50

Maximum 29.65

The mean restoration time of 5.56 hours correlates well with the 5.4 hours men-
tioned in the thesis, and is about 79% larger compared to the SEC national average
of 3.1 hours. The median restoration time of 3.97 hours is less than the mean and
thus implies positive skewness in the distribution, meaning that although most fail-
ures tend to be resolved promptly, some cases have a long restoration time, which
skews the mean upward. Figure 5 provides the plot of the Gamma probability den-
sity function (PDF) alongside the histogram of restoration times.

Figure 6 shows the reliability function R(t) based on the Gamma distribution,
which gives the probability that the restoration time exceeds a certain amount t.
The steep slope of the reliability curve at the beginning of the graph suggests that
a majority of failures are resolved within a short period, while its gradual slope at
longer restoration times reveals that some failures persist despite restoration efforts.

Clearly, there are both easy and complex faults in the network. The usefulness of

DOI: 10.4236/epe.2026.186018

384 Energy and Power Engineering


https://doi.org/10.4236/epe.2026.186018

M. Alwagdani et al.

the reliability function R(t) lies in its ability to forecast the occurrence of failures

that would require urgent attention by utility companies.
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Figure 5. Gamma distribution fit to restoration time data.
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Figure 6. Reliability function (gamma distribution).

The restoration time percentiles have been illustrated in Figure 7 and have pro-
vided an invaluable insight regarding the severity levels of outages. Since the res-
toration time at 90th percentile is 12.27 hours, this implies that 10% of all outages
take more than half a day to recover, which is indeed a considerable amount of
disruption caused to customers’ service. Likewise, since the 95th percentile is 15.71
hours and 99th percentile exceeds 21 hours, there does exist a small percentage of
extremely severe outages. The reasons behind these lengthy periods of outage could
be serious damage to the cables, tough digging conditions, failure to locate the fault

point, and lack of repair facilities.
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Figure 7. Restoration time percentiles.

The performance of the network in Jeddah in relation to the international NRS
047-1 criteria is shown in Table 6 and Figure 8. As shown from the comparison,
the network failed to achieve the maximum restoration allowable times at the lev-
els of 30%, 60%, and 90%. This indicates poor restoration efficiency at normal
failure periods. The biggest failure in the restoration period is indicated at the 90%
restoration point, where there is an additional 4.8 hours beyond the standard time.
From the analysis, it can be seen that while the response to outages is satisfactory
initially, it is difficult to deal with more complex situations. Restoration time was
only successful at 98%. The implication is that very long outages are well-con-
trolled.

Table 6. NRS 047-1 standards comparison.

Target NRS 047-1 Jeddah 2023 Status
Standard (Hours) (Hours)
30% Restored <1.5 2.1 EXCEEDED by 0.6 h
60% Restored <35 5.5 EXCEEDED by 2.0 h
90% Restored <7.5 12.3 EXCEEDED by 4.8 h
98% Restored <24.0 19.4 ACHIEVED v

As seen from Table 7, Hera-Feeder-01 (RBW-30) represents the most underper-
forming feeder in the system since there were 14 outages registered for this feeder
in 2023, which means more than two times the mean number of outages observed
across the network. Furthermore, Table 8 shows that this feeder had the highest
mean outage restoration time of 17.17 hours, which is twice as much as the mean
restoration time observed for the whole network (5.56 hours). The relatively high

median outage restoration time (16.12 hours) implies that long-lasting outages are
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a common occurrence on this particular feeder. Moreover, the relatively small value
of standard deviation (3.61 hours) shows that this feeder consistently performs

poorly in terms of restoring its operation.

25

I
[ NRS 047-1 Standard
[ Jeddah 2023

Time (hours)

30% 60% 90% 98%
Restoration Target

Figure 8. Jeddah vs NRS 047-1 restoration standards.

Table 7. Worst feeder descriptive statistics.

Parameter Value
Feeder Name Hera-Feeder-01 (RBW-30)

Number of Failures (2023) 5
Mean Restoration Time 17.17 hours
Median Restoration Time 16.12 hours
Standard Deviation 3.61 hours
Minimum Restoration Time 12.29 hours
Maximum Restoration Time 23.31 hours

Note: The 5 failures for Hera-Feeder-01 in 2023 represent the annual interruption count
from SEC logs. The detailed restoration time analysis for this feeder (mean 17.17 hours) is
based on the full available restoration dataset for this feeder across multiple years.

The analysis of the Weibull distribution model, which fits the worst feeder data,
provides additional information about the restoration process of the feeder. The
shape parameter, a = 1.9, implies that the repair difficulty of the system increases.
This observation is consistent with the aging process of infrastructure systems.
The characteristic life parameter, = 6.3 hours, means that 63.2% of the restora-
tions will occur within that time. Figure 9 illustrates the PDF and CDF of the
feeder restoration process. Based on the Weibull distribution model, even though
there are fast restoration times, many restoration times take more time. The 95th

percentile, which is 11.22 hours, proves the high likelihood of service interruptions
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on this feeder. This result suggests that Hera-Feeder-01 should be given priority
to rehabilitate and replace cables.

Table 8. Weibull percentiles for worst feeder (Hera-Feeder-01).

Percentile Value (Hours)

5th 1.32

10th 1.93

25th 3.27

50th 5.19

63.2nd (Characteristic Life) 6.30
75th 7.48

90th 9.77

95th 11.22

(a) Weibull PDF Fit (b) Weibull CDF
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Figure 9. Weibull distribution for worst feeder (Hera-Feeder-01).

Figure 10 below demonstrates a strong positive relationship between tempera-
ture and the number of cable failures. The near-linear positive slope shows that the
occurrence of cable failures increases as the ambient temperature increases. There-
fore, underground cables in the urban environment are vulnerable to climatic
changes due to their direct exposure to high temperatures. Increased temperatures
increase insulation aging rate, cable joint expansion, and electrical resistance losses,
causing higher outage occurrences.

Table 9 below displays the correlation results of the Pearson correlation test be-

tween failure frequency and major environmental variables. Temperature dis-
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played an extremely high positive correlation with failure frequency (r = 0.954).
The result reveals a very strong relationship between temperature changes and
cable outages. It is evident that increased temperatures are associated with higher
insulation breakdown rates, overheating of conductors, and poor quality of cable
accessories. On the other hand, load demand recorded a strong positive corre-
lation (r = 0.942). The data proves that heavily loaded feeders suffer from higher
electric and thermal stresses, resulting in poor system reliability levels. In addition,
rainfall recorded a moderate negative correlation (r = —0.663). The findings
suggest that the failures tend to occur in the hot, dry season than during rainy
weather.

All correlation coefficients are statistically significant at p < 0.01. But because
the temperature and load demand were highly seasonal (both peak at the same
time in summer months), these findings do not necessarily mean a causal connec-
tion. It might be stated that the correlation observed is to be taken as an indication
of a coincidental occurrence rather than as a causal relationship in the climatic con-
text of Jeddah.

Table 9. Correlation analysis results.

Variable Correlation (r)  Sample Size  p-value Interpretation
Temperature 0.954 n=12 <0.01 Strong Positive
Rainfall —-0.663 n=12 <0.01 Moderate Negative
Load Demand 0.942 n=12 <0.01 Strong Positive
8 ®

Number of Failures

® Data
y =0.35x + -6.76

1 Y 1 I 1 1 1
22 24 26 28 30 32 34 36 38 40 42

Temperature (°C)

Figure 10. Temperature vs failures correlation (r = 0.954).

Figure 11 shows the inverse relationship between rainfall and the number of fail-
ures. The regression line suggests that increasing the amount of rainfall decreases

the number of failures. Such pattern arises due to the weather conditions in Jeddah
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city. The regression equation is:
Failures = —0.24 x Rainfall + 5.85

That is, the maximum temperatures and loads occur when the city experiences
dry hot weather during summer months. As a result, the majority of cable failures
are observed under conditions of thermal stress and not moisture. Though rainfall
is not always considered preventive, the inverse relationship shows that climatic
conditions in this region have a greater influence on failure patterns than rainfall
alone.

Figure 12 displays the difference between dry and wet seasons regarding the
number of failures. On average, the number of failures in the dry season amounts
to 6.3, while during the wet season, only 2.7 per month, which means a 133% in-
crease. The obtained results confirm to a large extent that summer conditions af-
fect network stability more compared to others. In addition, it should be noted
that summers are characterized by high temperatures, low rainfall, and high de-
mands on electricity consumption. Therefore, thermal loads are experienced dur-

ing this time.

® Data
y =-0.24x + 5.85

Number of Failures

0 2 4 6 8 10 12 14 16 18 20
Rainfall (mm)

Figure 11. Rainfall vs Failures correlation (r = —0.663).

Table 10 and Figure 13 depict the reliability indicators calculated based on
IEEE Std 1366-2012. Since the value of SAIFI is 0.2048 interruptions per customer,
we can infer that the number of interruptions per customer is quite small and well
within the SEC target of 0.8 interruptions/customer. Similarly, since the value of
SAIDI is 1.14 hours/customer, we know that the total duration of interruptions in
a year is also well within the acceptable limit of 12 hours/customer. As a result,
one could say that the reliability of the network from the customers’ perspective
is satisfactory. Nonetheless, since the value of CAIDI is 5.56 hours/interruption,
it goes against the SEC target of 4 hours, which suggests that the restoration dura-

tion in case of an interruption is relatively high.
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Monthly Failures with Wet Season Highlighted

Seasonal Failure Comparison

Number of Failures

5@

Month

Wet Season 6.3
I Failures —

Average Monthly Failures

LA O GRS R SR c (R RN i T
«® \gb R @fb N N ‘?9 o o S Wet Season (Apr-Oct) Dry Season (Nov—Mar)

Figure 12. Seasonal analysis of MV cable failures.

Table 10. Reliability indices (IEEE Std 1366-2012).

Index Value SEC Target
SAIFI (Interruptions/Customer) 0.2048 <0.8
SAIDI (Hours/Customer) 1.14 <12.0
CAIDI (Hours/Interruption) 5.56 <4.0

Figure 14 and Table 11 show the distribution of failures for each year among
the different feeders under observation. The average failure rate of 4.4 failures per
feeder and the standard deviation of 2.55 clearly show the considerable variations
in the reliability performance of the feeders. AlRwes-Feeder-01 and AlRehab-Feeder-
04 had the highest failure rates with 8 failures each, while the third highest failure
rate of 7 failures was recorded for AlRehab-Feeder-02. On the other hand, Hera-
Feeder-03 failed once showing considerable improvement in its operation. Such
variation in failure rates indicates that the reliability performance of the feeders is
highly dependent on certain feeder factors such as age, installation, loading, envi-
ronment, and maintenance practices.

The annual outage durations for each feeder shown in Figure 15 illustrate the
impact of repeated failures on cumulative operations. In the case of AIRwes-Feeder-
01, the cumulative outage duration amounted to 44.5 hours in 2023 or just under
two days. Such outage duration can seriously affect consumer satisfaction and in-
dustrial productivity. Feeds with both high frequency and high restoration duration
of failures are considered to be the most problematic because they contribute to
higher outage frequency and outage severity at once. Thus, these feeds should be

given priority to rehabilitate their reliability.
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Figure 13. Reliability indices—Jeddah vs SEC targets.

Table 11. Comparative analysis of failure occurrences in distribution feeders (2023).

Feeder Failures
Hera-Feeder-01 5
Hera-Feeder-02 2
AlRehab-Feeder-01 4
AlRehab-Feeder-02 7
AlRwes-Feeder-01 8
AlRwes-Feeder-02 3

Hera-Feeder-03 1
AlRehab-Feeder-03 4
AlRwes-Feeder-03 2
AlRehab-Feeder-04 8

Number of Failures

Feeder Name

Figure 14. Annual failures per feeder (2023).
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Figure 16 and Table 12 show that the failure rates have been growing in the
underground cable network. During six years from 2019 to 2024, the failure rate
increased by 25%, reaching the value of 4.0 failures per 100 km, whereas the initial
value was 3.2. This trend indicates that the aging process occurs together with ad-
ditional environmental effects on underground cables. Even though the network
length had increased from 11,200 km in 2019 to 12,500 km in 2024, the normal-
ized failure rate had grown, too. Thus, the increasing failure rate cannot be attributed

only to network expansion; it rather indicates deterioration of assets.

Annual Outage Duration (hours)

Feeder Name

Figure 15. Annual outage duration per feeder (2023).

Table 12. Temporal analysis of cable failures and failure rates in electrical distribution net-
works (2019-2024).

Year Failures Cable Length (km) Failure Rate (per 100 km)
2019 360 11,200 3.2
2020 400 11,400 3.5
2021 435 11,800 3.7
2022 456 12,000 3.8
2023 479 12,300 3.9
2024 500 12,500 4.0

The comparison between the restoration times of normal and the worst feeder
is shown in Figure 17 in the form of a boxplot graph. It is clear that the worst feeder
has both a high median value of restoration time and a very high value of interquar-
tile range as compared to that of normal feeders. This means that not only its aver-
age restoration time is relatively higher, but there are also many outliers and extreme
values of restoration time in the case of this feeder. In other words, extremely long
outages are much common in the worst feeder. Therefore, the problem of reliability
associated with this feeder is not only related to frequent failures but also to unu-

sually lengthy repairs.
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Figure 16. Annual failure rate trend (2019-2024).
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Figure 17. Boxplot comparison of restoration times for normal feeders and Hera-01 feeder.

5. Conclusion

This study conducted a comprehensive reliability assessment of the medium volt-
age (MV) underground cable network in Jeddah, Saudi Arabia, utilizing five years
of operational data from the Saudi Electricity Company (SEC). The principal find-
ings are summarized as follows. First, equipment failures dominate the reliability
landscape, accounting for 60% of all incidents. Within equipment failures, insu-
lation breakdown represents the primary mechanism at 51%, followed by cable
joint faults (20%) and termination faults (17%). Joint and termination defects col-
lectively constitute 37% of equipment failures, highlighting the critical need for
improved installation quality and workmanship control. Second, restoration per-

formance in Jeddah significantly lags behind national and international bench-
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marks. The mean restoration time of 5.56 hours is approximately 79% higher than
the SEC national average of 3.1 hours. The network fails to meet NRS 047-1 targets
for 30%, 60%, and 90% restoration milestones, with the most significant gap ob-
served at the 90% level (12.3 hours vs. 7.5 hours standard). Third, environmental
factors exert a strong influence on cable reliability. Temperature exhibits a strong
positive correlation with failures (r = 0.954), while load demand also shows strong
correlation (r = 0.942). The failure rate has increased by 25% over six years (2019-
2024), indicating cumulative infrastructure aging and escalating environmental
stress. Fourth, the worst-performing feeder (Hera-Feeder-01) recorded 5 failures
in 2023 with a mean restoration time of 17.17 hours, representing a critical prior-
ity for targeted intervention, representing a critical priority for targeted interven-
tion. Based on these findings, the study recommends: 1) implementation of pre-
dictive maintenance using partial discharge testing and thermal imaging; 2) cli-
mate-adaptive scheduling with pre-rainy season inspections and summer peak
load monitoring; 3) mandatory certification for cable jointers and supervisory
sign-off on all new joints; and 4) database consolidation integrating GIS and SAP
systems for real-time fault tracking. These recommendations provide a practical
roadmap for SEC to enhance network reliability, reduce outage durations, and tran-
sition toward proactive asset management in Jeddah’s challenging environmental

conditions.
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