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Power Network Reliability Framework for
Integrating Cable Design and Ageing

Konstantinos Kopsidas

Abstract—Ultilities are challenged to develop economically com-
petitive plans for expanding power transfer capabilities and in-
creasing network resilience under uncertainties. To overcome these
challenges, utilities frequently operate their underground cable
systems with flexible ratings under planned or emergency network
contingencies. At present, the increased risk associated with such
an emergency loading operation of cables and networks is not quan-
tified. To address this gap, the paper presents a novel advancement
in existing methodology for evaluating power network reliability,
which accounts for the increased risk of failures and ageing that
underground cables experience during emergencies. The proposed
framework integrates a double sequential Monte Carlo simulation
loop with a detailed cable system model incorporating important
plant design properties. This integration captures the risk of cable
ageing at emergency events within a multiyear network analysis.
The methodology is demonstrated on the modified IEEE 14-bus
network with long- and short-term emergency ratings under both
steady-state and transient electro-thermal implementations. Cru-
cially, the methodology can inform utilities about the emergency
loading risks for network performance, including adequacy, re-
siliency, flexibility, and cable ageing.

Index Terms—Ageing, asset management, emergency ratings,
flexibility, power cables, power system planning, probabilistic
methods, reliability assessment, resilience, thermal inertia.

NOMENCLATURE
The symbols used throughout this paper are defined below.

A. Indices

,  Cable number running from 1 to ¢

Normal-loaded cable, Vi’ € ¢

High-loading cable, Vi’ € ¢

Network bus number running from 1 to jmax

Layer number for cable and soil running from -m to n
Network load point number running from 1 to Np
Network generator number running from 1 to IV,
Simulation year running from 1 to N

7 Simulation life-cycle year running from 1 to Y7, s,
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B. Parameters
Design risk coefficient
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Ageing acceptability risk coefficient

Ageing acceptability risk coefficient of cable i
at Yy,

Time-step of SMC annual computation, VAt
ey

Ambient soil temperature at ta ¢

Armour temperature of cable i at ¢y

Expected cable conductor temperature of cable i
att At

Expected cable conductor temperature of cable i
at ty

Ambient soil reference temperature of cable i
Screen temperature of cable i at ¢y

Soil temperature at the layer k (1 < k < n)
Failure rate of normal loaded cable ¢/

Failure rate of emergency loaded cable "
Failure rate of long-term emergency loaded
cable i

Failure rate of short-term emergency loaded
cable i

Repair rate of normal loaded cable 4’

Total number of cables in the network
Conductor thermal capacitance of cable ¢
Insulation thermal capacitance of cable ¢
Screen thermal capacitance of cable i

Armour thermal capacitance of cable i

Jacket thermal capacitance of cable i

Thermal capacitance of soil layer k (1 <k<n)
Actual supplied load at load point x

Total load required at load point x

The material’s activation energy of cable i
Generation output capability of generator y
Current flow of cable i at time ¢

Maximum normal continuous current of cable i
Long-term emergency loading current of cable
i. Is7 g ; Short-term emergency loading current
of cable i

The Boltzmann’s constant (in eV/K)

Total length of cable i

Expected life of cable i when it operates at 6,, ;
Loss-of-life fraction within At of cable i at 6o
Total number of cable conductive component
layers

Total number of soil layers

Maximum number of repetitions of annual sim-
ulations within the 1st SMC-loop
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Np Number of load points in the network
Ny Number of generators in the network

Pr, External thermal power induced in ambient

Prar External thermal power induced in cable’s
armour

Prc External thermal power induced in cable’s core

Pry External thermal power induced in layer & of the
thermo-electric-equivalent cable model

Prg External thermal power induced in cable’s sheath

Dy’ Real generated power by generator y

q; Reactive generated power by generator y

S; Power flow within cable i

Shax, i Maximum power flow of cable i

SS-0¢.i(tg)  Steady-state conductor temperature of cable
iatty

TS-0c.i(tp)  Transient-state conductor temperature of cable i
at ty

tat Time vector for time-step analysis (1st SMC-
loop)

ty Time vector for cable thermal modelling

Tarm i Thermal resistance of the armour of cable i

Trns.i Thermal resistance of the insulation of cable i

Ty Thermal resistance of the jacket of cable i

Tsir) Thermal resistance of soil layer k (1<k<n)

T<’k) Thermal resistance of layer k in TEE model

TTFy g Time-to-fail of normal loaded cable 7’

TTF.rE,; Time-to-fail of long-term emergency loaded ca-
ble ¢’

TTFgrg»  Time-to-fail of short-term emergency loaded ca-
ble 7"

TTRy Time-to-repair of normal loaded cable 7’

TTRp i Time-to-repair of emergency loaded cable 7"

Uiy, Unavailability of cable i at year Y},

Un . Unavailability of normal loaded cable 4’

Urre,i Unavailability of long-term emergency loaded
cable 7"

Uste, i Unavailability of short-term emergency loaded
cable ¢’

% Voltage of network bus j

We i(tar) Conductor losses of cable i at time A

W i(tar) Screen losses of cable i at time £,

War,i(tar)  Armour losses of cable i at time ta;

Yiife Maximum number of life years for network life-

cycle analysis (2nd SMC-loop)

C. Functions

f () Damage cost function for curtailed demand at point x
/7 () Real power generation cost function at point y
ny (-) Reactive power generation cost functions at point y

1. INTRODUCTION AND BACKGROUND

OWER networks currently encounter a multifaceted chal-

lenge involving sustainability, security, competition and re-
liability. In particular, they are expected to: (a) accommodate the
continuously increasing electricity demand, (b) efficiently ex-
pand to provide connection to remote renewable energy sources,
(c) be more resilient and reliable under uncertainties, and (d) be
optimally utilized. To overcome these challenges, utilities de-
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ploy alternative economic and flexible methods to increase net-
work power flow capacities instead of building new infrastruc-
ture. One implementation is probabilistic thermal rating which
involves an additional risk, when compared to static thermal rat-
ing, due to the larger probabilities used for exceeding the operat-
ing temperature [1]-[3]. Another option is real-time monitoring
instrumentation for time-varying (e.g., seasonal, hourly) line
ratings [4]-[6]. Other ways to increase adequacy exploit flexi-
ble operating practices that allow emergency ratings at critical
loading events [7]-[9].

Although flexible network-expansion increases power trans-
fer economically, such solutions relax the thermal constraints
and thus carry the additional risk of thermal ageing that is not
captured within existing network evaluation modelling methods.

Underground cable (UGC) systems have large thermal inertia
due to the mass of conductive, insulating and surrounding (soil)
materials [10]. Thus, there is a significant time delay between an
increase in cable current flow and the corresponding cable tem-
perature increase [ 11]. This time delay provides utilities with the
capability to load their cables at higher current ratings, some-
times up to twice the normal rating, for short durations under
emergency conditions [10]. For example, IEEE standards de-
termine the admissible emergency overload capacity of XLPE
cables at 130 °C for 36 hours [12]. Data for long-term emer-
gency (LTE) and short-term emergency (STE) ratings after a
contingency event are also provided in [13]. Even though UGC
emergency ratings are known to utilities and frequently applied
[14]-[16], most of the existing studies only evaluate the benefits
from increased adequacy provided by hourly-varying thermal
ratings [17], [18]. The literature that integrates the benefits and
risks of emergency rating operation on a network-wide analysis
is still limited.

Two basic elements should be considered in the development
of realistic and practical models for UGC emergency ratings:
(a) athermal-rating model that considers UGC design properties
and (b) a thermal-ageing model that considers the ‘overheating’
effects on the cable and consequently the intrinsic risks of cable
degradation. Many UGC thermal-rating models are developed
based on finite element analyses [19], [20] and thermo-electric
equivalent circuits [10], [21] to calculate a cable’s conductor
temperature for given current flow and design properties. Such
models have been implemented within network-wide studies
[22]. Yet, these studies do not consider the cable’s thermal in-
ertia, which is a dominant factor for increasing the network’s
flexibility but most critically they do not consider the anticipated
thermal ageing of the cable.

Although there are studies on plant design that quantify the
impact of the thermal ageing on cable lifetime estimation [11],
[23], there is limited work that considers cable ageing into
network reliability evaluations [24]-[26]. Furthermore, previ-
ous studies fail to capture the thermo-electrical and thermo-
mechanical effects on cable ageing due to emergency loading
conditions, which actually dominate the ageing of the plant and
result in increased risk of failure [11], [27].

This paper proposes advancements in the reliability as-
sessment methodology to capture the increased network
flexibility and ageing risks associated with the implementation
of emergency loadings on cables. This risk—flexibility worth
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Fig. 1. The computation framework of the double SMC, including the life-
cycle evaluation, and the additional high-loading operating status mapping of
cables

methodological addition is executed through the inclusion of
three new high-loading operating states on cable modelling,
and a life-cycle simulation loop on network modelling. The
combination of these high-loading component states and the
life-cycle loop allows capturing the benefits from increased
network flexibility when utilizing emergency ratings but also
the penalties associated with ageing risk and increased failure
risk of cables with extensive emergency loading history.

Section II describes the integration of UGC system electro-
thermal design properties within the network-wide reliabil-
ity framework. Section III presents the implementation of the
methodology with an example case study, and Section IV dis-
cusses the key findings and outputs of the case study. Finally,
Section V concludes with the impact of the methodology and
the issues that worth further development.

II. RELIABILITY EVALUATION FRAMEWORK INTEGRATING
UGC ELECTRO-THERMAL DESIGN AND AGEING

A. Outline of the Computations

To capture the risk of cable failures due to emergency loading
operation, the proposed methodology integrates a combined de-
tailed thermal and ageing modelling of UGCs within a network
reliability analysis. This integration is achieved through the im-
plementation of a double sequential Monte Carlo (DSMC) sim-
ulation loop illustrated in Fig. 1. The 1st SMC-loop calculates
the annual reliability for every network cable while the 2nd
SMC-loop performs network analysis considering the cables’
life-cycle degradation in annual steps. Using this approach, the
network performance can be evaluated while considering the
effect of cables’ emergency loading thermal ageing for long-
term operation and planning assessments.
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The input network data block defines the failure/repair
rates of network components, the voltage and thermal (emer-
gency/normal) operating constraints, the operating limits of
generating units and cost functions, the load points and their
chronological demand, the network layout and spatial arrange-
ment, as well as the component impedances and their designed
voltage levels. The cable system data define the design proper-
ties of the plant, including cable properties, laying configuration,
surrounding environment and real-time soil measurements.

The 1st SMC-loop implements two distinct cable operation
status mappings for normal failures and emergency conditions
indicated in Fig. 1 as Initial network component status mapping
and high-loading component status mapping, respectively. This
approach helps to calculate the increased probability of compo-
nent failures and ageing, expected at emergency loading. It per-
forms analyses for a single year, Y, VY € {1, -, N} in a sequen-
tial time vector, A, segmented in steps, At, VAt € Y [28].

This 1st SMC-loop initially captures all the Normal failures
prior to investigating any consequent Cascading failures (CF)
and High-loading failures (HLF), due to the emergency loading
operation, which might occur after the Network optimization
is performed to address any constraints due to normal failures.
In Fig. 1 it can be seen that the cascading failures do not feed
into the network optimization considering the real scenario of
operators’ inability to perform a corrective action, due to an
immediate thermal protection response. On the contrary, the
high-loading failures do not occur instantly (in the same Af)
and therefore emergency loading provides operators with the
additional flexibility to respond to initial normal failures by
allowing higher post-fault loading of the components. Further-
more, there are high-loading events that do not necessarily lead
to failures, i.e., Surviving high-loading (SHL). However, there
is an increased risk associated with high-loading operation at
emergency conditions, which justifies their limited use by the
operators, only during network constraints. This is captured
within the 1st SMC-loop by implementing the additional com-
ponent temperature mapping block in Fig. 1, of every cable, i, to
compute the expected cable temperature at every At, 0c ; (ta;)
and the associated ageing risk. The thermal and ageing mod-
elling implemented in this block is detailed in Section II-D,
while the increased risk of failure expected on the high-loading
components is captured via the dashed and dotted paths (in
Fig. 1) and the emergency time-to-fail (TTFg) calculations (and
transition paths) detailed in Section II-B2. The 1st SMC-loop is
terminated based on the EENS covariance (cov) or after simu-
lating a maximum set of years, N [29].

The 2nd SMC-loop calculates the cumulative effect of emer-
gency loadings on cable insulation degradation and its impact
on cable’s life expectancy and failures. It is a life-cycle analysis
performed in year-steps Y7, VY7 € {1,---, Yz, }. This ‘life-
cycle’ modelling loop aggregates the annual network & cable
performance indices calcuated in the 1st SMC-loop (Fig. 1) of
the previous network operation years (Y;) in order to com-
pute the updated probability failures of the aged cables. These
probabilities are then used to compute the cable emergency
operation history mapping block (Fig. 1) and initiate the cal-
culations for the next sequential Y, operating year. Thus, the
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outputs of the N-year analysis of the 1st SMC-loop are used
in the 2nd SMC-loop to update the network cables’ emergency
operation history mapping, and hence, include any past emer-
gency operation and associated ageing risk, before re-initiating
the Ist loop. This DSMC process is terminated once the final
year, Y7, of the life-cycle analysis is simulated.

The outputs of the 1st SMC-loop evaluate the annual perfor-
mance and are clustered into:

a) Network performance indices: the expected energy not
served (EENS), expected frequency of load curtailment
(EFLC), expected duration of load curtailment (EDLC),
expected frequency of network failures (EFNF), expected
equivalent network ageing (EENA), and expected inter-
ruption costs (EIC) [30], [8];

b) Cable performance indices: the expected equivalent ca-
ble ageing (EECA), the expected frequency of emergency
loading (EFEL), the expected duration of emergency load-
ing (EDEL), and the expected frequency of cable failure
(EFCF).

The mathematical formulations of these indices are detailed
in Section II-E. The 2nd SMC-loop calculates, sequentially, the
cumulative values of the 1st SMC-loop indices for the complete
life-cycle (Y7;r.) analysis. Hence, the indices for any future
(non-simulated) Y7, year have null values.

B. 1st SMC-Loop Component Status Mapping Computations

The component status mapping in the 1st SMC-loop cap-
tures the operating states of the network cables at any Ar. It is
performed within two distinct but interlinked sequential compu-
tational steps for the normal loading failures (NLF) and emer-
gency conditions (Fig. 1), described in the following sections. It
should be noted that when a cable i is loaded at its normal range
is annotated as i’ while the same cable i becomes "i” when it is
high-loaded (above I.,, ;) at any At.

1) Initial Network Component Status Mapping—Normal
Failures: This step calculates, for the complete simulation year
under normal component loading, the initial transition times of
every cable i, V i € ¢, where c is the total number of cables in
the network. An SMC simulation is applied, at the start of the
Ist loop, using the commonly employed two-state Markov chain
(Fig. 2, left). (1) and (2) determine the (annual initial) transition
times between normal-loading state and normal-failure state
of every normal-loaded cable ¢, Vi’ € c. The normal failure,
An i, and repair, [y i, rates are used to calculate the time-
to-fail, TT'Fy j», and time-to-repair, 7T Ry ;, values, with an
unavailability, Uy ;-, randomly generated from a uniform distri-
bution U(0,1) [29].

TTFN_W = —(1/)\1\]’2'/)111 UN,Z" (1)
TTRy, i = —(1/pn,ir) InUy o 2)

2) High-Loading Component Status Mapping—Emergency
Conditions: Once the transitions for all normal-loaded cables
i and year Y are identified, then the transitions of high-loading
cables 7", Vi” € ¢ such that ¢ + 7" = ¢, are detected, at every
At. Thus the high-loading component status mapping is per-
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Fig.2. Operation states and transition path probabilities of a cable i combining
both its normal (') and high-loading (") conditions. The double paths show
the transitions that apply for either LTE (dashed) or STE (continuous) operation.

formed at At when emergency conditions exist, by using the
three proposed high-loading operation Markov states (cascad-
ing failure, high-loading failure, and surviving high-loading)
shown in Fig. 2. This transition mapping requires the network’s
current flows on all cables at every At, I; 104 (ta;). These are
computed using a network optimal power flow calculation at
At, as summarized in Section II-F.

a) Transition path probabilities:: The component’s tran-
sitions between normal-loading and high-loading states are
instantaneous due to their network status dependency; i.e.,
are controlled by the network loading and the operating state
changes of all other components (e.g., failures). Thus, these two
states (for every i) are modelled as a single virtual state, as
shown in Fig. 2, without any transition probability.

Every cable with a flow exceeding its maximum normal con-
tinuous current, 1., ;, is considered to operate at high-loading
state and therefore, has an emergency time-to-fail (TTF) cal-
culated using (3)—(8) for its short-term emergency (STE) and
long-term emergency (LTE) design loadings.

TTFyrg,in=—1/Apre, i) nUpre, i 3)
TTFsrp,iw = —(1/Asre,i) nUsrp, i 4)
ASTE i = Ay g X elUsTE i/ Leon i)=1)a 5)
ALTE. in = AN, in X eUrre. i/ leon, i) ~1)a ©)
Usrp,ir=1=Ux i (Leon,i/IsrE.1)" (7
Urre,in=1-— UN_L»H([CU”’?.’/]LTE,i)ﬂ )

The unavailabilities Usrg j» and U7 g ;v are produced by
(7) and (8) using two distinct random generators to facilitate the
independence of the emergency loading events. These are func-
tions of component loading since a higher risk of unavailability
is involved with a higher (above normal) loading operation. Two
new coefficients, o and (3, are proposed to capture the design
and operation risk aspects of the cable.



KOPSIDAS AND LIU: POWER NETWORK RELIABILITY FRAMEWORK FOR INTEGRATING CABLE DESIGN AND AGEING

A design risk coefficient a,, which is practically related to
health indices of a component, is introduced here to define the
risk of cable failure due to its design and condition. It takes into
account the cable’s design characteristics (e.g., laying in dry soil,
under roads with a high complexity of repair works) as well as
the level of repair and maintenance performed (e.g., no joints, no
high voltage stresses, switching events, partial discharges, and
other health indices utilities might implement). Thus, «, which
has positive values, is set by the operator for each cable based
on past experience and cable location awareness. A value o =
0 indicates that a cable has null unfavorable conditions, very
accessible to repair and recorded high health indices signifying
a good maintenance.

An ageing acceptability risk coefficient 3, which practically
defines the risk-averseness of utilities on ‘burning an asset’,
is introduced to determine the operator’s willingness to utilize
emergency loadings and to accept the corresponding cable age-
ing risk. It indicates the cable’s previous emergency operation
history and criticality on the network topology (i.e., other ca-
bles could adequately compensate its failure). (3 has also positive
values with 3 = 0 indicating a new cable that has not experi-
enced any emergency operation and whose load can be entirely
diverted over other neighboring cables without any significant
interruptions.

The repair time (TTR) calculation of high-loading events is
set to be the same as that of the normal-loading events since it
is difficult to predict the impact of the emergency failures on
the component. Thus, the TT'Ry ;s and TT' R, ;» are produced
with a single 1 i value for NLF, HLF, and CF of each cable i
using (2)

b) High-loading states:: The cascading failure state de-
scribes the high-loading operation of a cable " leading to
its failure within the same Ar. Three distinct transition paths
can lead to a cascading failure as shown in Fig. 2. One
path models the instant ‘tripping’ cable thermal protection,
when I; 70, (tar) exceeds its designed STE loading, Isrp ;.
Hence, for I; jiou (tar) > IsrE,; the cable transition to cas-
cading failure state is certain (Ag;» = 00). The other two
paths that transition from high-loading to cascading failure,
presented with the double arrow in Fig. 2, model the sud-
den failure (i.e., TTFg < At) that occurs when the cable i is
high-loaded (i.e., above I.,, ;). One path of this double ar-
row (continuous line) captures the immediate failure proba-
bility of the cable when it operates within its STE loading
G.e., Itre,i <L fiow (tar) < Ispp;), which is described by
the I'T Fsrg i < At, and it is calculated by (3). The other path
(dashed line), in a similar manner, captures the failure probabil-
ity of TT' Frrp ;v < At for the cable operation within its LTE
loading (i~e-’ Icon,,i < Ii,flmu (tAt) < ILTE,i)~

The high-loading failure state represents a failure due to
the emergency loading of a cable 7" with a TTFg that is larger
than A¢. This failure affects the component’s future states (i.e.,
at t + At and beyond); thus the initial network component
status mapping in Fig. 1 is updated to allocate these future
state transitions. This is necessary as a normal failure will not
occur if an emergency failure happened at the same time. The
high-loading failures occur only when the high-loaded cables

1525

(a) Exact state transition mapping for component 1, 2, and 3
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Fig.3. Anexample of modelling the operating state transition times and their

corresponding current flows.

" maintain their high-loading state for the complete estimated
TTFSTE‘Z’” or TTFLTE,Z'” periods, as noted in Flg 2. Con-
sequently, the high-loading failures at STE (or LTE) loading
occur when the following three conditions are satisfied: (a)
the TTFsrp v (or TTFrpp ) is greater than At, (b) the
TTFsrp i (or TTFrrE i) are relatively small (i.e., less than
36 hours), and (c) the current flow of the cable is continu-
ously maintained at the STE (or LTE) level during the entire
TTFSTEJ'N (or TTFLTE,Z’”); so it should be Il\flaw (tAt) >
ILTE.i for all At € TTFSTEJ// (or I,j"ﬂm,, (tAf,) > I.on; for
all At € TTFyrg ). These three conditions are shown in
Fig. 2 with the double arrows and the large conditional blocks
they connect.

The surviving high-loading state occurs when the cable is op-
erated for a larger than At duration at an emergency rating with-
out failing. Two operating conditions can result in this state: (a)
when sufficiently large T'T'Fs7 g i» or T'T'Fy, 7 5 ;» durations are
estimated resulting in a no-failure event, and (b) when operation
actions interrupt the high-loading operation before it is mani-
fested to a failure; in other words, the current flow, I; 144 (tat)s
of a high-loaded cable is reduced to its normal-loading state,
at any At before its projected 7T Fsr i» ot TTFrrp ;. The
condition (b) could be, for example, the result of a TT' Fgr g i
(or TTFy7E i») value of 18 hours with demand drop at night
terminating the emergency high-loading state in 6 hours. This
is not a normal-loading state as it entails a considerable amount
of thermal ageing that needs to be estimated and recorded.

Fig. 3 illustrates an example of the 1st SMC-loop transi-
tion mapping with three cables that transition between normal-
failure (NLF), high-loading failure (HLF) and cascading failure
(CF) states. In Fig. 3(a), it can be observed that the HLF is
only mapped from the Ar at which the failure of cable 7’ oc-
curred, (continuous line) leading to high-loading operation of
the cable 2 (i.e., 2) and initiating the TT'F, 7 ; 2~ calculation,
which leads to its HLF transition after a few Ars. The failure
of cable I’ does not transit I3 f;,, to the high-loading state.
Thus, cable 3 remains at normal-loading (i.e., 3°). However, at
the second event, the failure of cable 2" results in the current
of cable 3 (I3 fi0w) to exceed its g7 3 value. This initiates
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the TT' Fgr g 3» calculation for the high-loading operation of
cable 3 (i.e., 3") at the specific Az leading to its CF as shown in
Fig. 3(a) and (b).

The exact current flows of cables in Fig. 3(b) indicate the
actual high-loading and transition times. These are segmented
to execute the failure occurrences at the beginning of every At
and the recoveries at the end of every Ar as shown in Fig. 3(c).
Hence, the HLF and CF transitions are modelled as they oc-
cur at the same time. This procedure captures the maximum
unavailability of the cables; however, it does not capture the
complete duration of expected elevated temperature operation
and the corresponding ageing of the cables.

C. 2nd SMC-Loop Component Life-Cycle Computations

The 2nd SMC-loop captures the entire emergency operation
history (EDEL) of every cable i at a year Y7, of its life-cycle
(Yzise) through the proposed coefficient g; y, . Hence, 3 is
determined by (9) and considers the expected increased risk of
failures of every cable i exposed to frequent emergency loading,
and it can quantify the impact of operating history on cables’
life. Assuming that a utility employs a risk-averse operating
strategy and hence no emergency loadings, EDEL will be zero
making 3;y, in (9) zero as discussed before.

Biyv, =a-Drrpi,-1) +b-Dsrei v, -1

Yiife Yiife
=a Z EDELprEiy, +b Z EDELstE iy,
V=1 Y, =1

€))

In9), Dr7E,i v, —1)and Dgrg i (v, —1) are the accumulated
LTE and STE operating durations, in hours, of every cable i oc-
curred before year Y7, of its life. a, and b are parameters affected
by the cable materials, technology and manufacturer, and char-
acterize the cable’s degradation severity rate due to operation at
LTE and STE loadings, respectively. These parameters can be
estimated through experimentation data or empirically based on
utility experience. The EDELs for LTE and STE operations are
calculated in the 1st SMC-loop and discussed in Section II-E.

D. Cable Thermal Modelling

The component temperature mapping block (in Fig. 1) con-
verts the current flow, I; f04 (tar), for every network cable
i, at a given Az, to its operating temperature ¢ ;(ta;). Both
steady-state, SS-0¢ ; (tp), and transient-state, TS-0¢ ; (tg), tem-
peratures of the conductor are calculated following the process
shown in Fig. 4. The steady-state (SS) thermal model calcula-
tions use ty = oo, while the transient-state (TS) model considers
ty = At.

The input data for these calculations are the cable system
data, and the computed cable current flows, I; 1o, (ta¢), at the
given At. Cable system data include cable design configuration
and technology/material properties describing the cable type
(e.g., paper or XLPE), cable size, phases (single core or three
cores), internal configuration (with or without armour) and the
soil material properties (thermal resistivity and volume specific
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Current loading at present A¢
for each cable 7, 7; 4,,(24)
¥

Y

CABLE SYSTEM DATA

Calculate TEE model properties for every i at present A¢ loading
(i.e., Welta), Wsita), Ceir Trir Wai ) [IEC 60287]
v

Transient TEE model is developed for 7,
(i.e., Wcilto), Wsi(to), Oc.i(ty), Oulto), -..) (eq 10)
v L2
SS thermal calculations

( Oc.i(ty=) )

X X
*Next 4 =ty tA
sNext ALttt 't')(SS—HC,-(tA,) and TS-Qc,i(lm))

TS thermal calculations
( Oci(ty=41) )

Fig. 4. Cable temperature mapping flowchart at At.
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Fig. 5. Time-dependent TEE model considered for single core cables.

TABLE I
CABLE MODELLING—THERMAL MATRIX M & LAYER THERMAL PROPERTIES

Calculation of thermal matrix M elements (M;)

M,-,- = 1/(Csu,,+17;) 'E:xﬂ—[)), for i=1, 2+, ntm, j=i-1
M, =1/ (Csrpiiy - Toniy) , for i=1, 2,0+, ntm, j=i+1
M;; = (M) + Migany) , for i=1, 2+, n+m
Calculation of layer k thermal capacitance, Csi4), and resistance, Ty
EQ):RL(A)/2+TSL(1(+1)/2 , k=12, n-1, n for soil

T<E))='TJ + TSL1/2

, <’71) “1LAr
® TE—Z):T}ns

Left-diagonal

Right-diagonal

Diagonal

Layer thermal

resistance
s k =-m, -m+1,---,0 for cable

CSL(k) , k=1,2,---, n-1, n for soil
CSL(0)=CJ’=CJ +Car
CSL(-I) = CS + Cd/2

Cs]_(,z) :Cé =CC + Cd /2

Layer thermal
capacitance , k =-m, -m+1,---,0 for cable
Csip

Calculation of external thermal power in layer &

Layer external| p. —g (¢ Csioy X Tw)s Proar=Wa. / C: Poiher =0
thermal power T-o a(Az)/ ( SL(n) (n))a T-Ar A'/ SL() 5 ~ other

Prs Prs=Ws +Wi/2)/Csicty» Pre=We +Wy/2)/Csiia

heat). Additional information is related to laying formation,
installation depth and soil temperatures. Thus, the cable thermo-
electric equivalent (TEE) model can be formulated.

1) Thermo-Electric Equivalent (TEE) Model: The TEE
models are implemented based on IEC60287. In the sim-
ulation, TEE models consider conductor losses at present
At, Wei(ta,) (Fig. 5). Thus, time-dependent TEE models are
used to calculate the conductor temperature, 0¢ ;(tg), using a
transient thermal model [10]. The formulation of the transient
TEE model of any cable is derived with the matrix equation as
in the example of (10), with three conductor and three soil layers
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for simplicity, and the generic definitions as in Table 1.

Os13

(M1 Mz 0 0 0
O My, My, My; 0 0
Osii | 0 Mz Msz My 0
b | | O 0 Myz Mgy Mys; 0
Os 0 0 0 Msy Mss Msg
e L0 0 0 0 Mg M
[Os13]  [Pro |
BsL2 0
o P ] O (10)
Oar Pr_ar
Os Pr_s
L 0c ] [Pr-c]

The equations in Table I calculate the cable’s TEE model
thermal matrix, M, for modelling both soil and cable layers. n is
the soil layer number and m is the number of the cable’s conduc-
tive component layers. The multi-layer soil model based on the
exponential discretization approach in [20] is used to formulate
each layer’s T-equivalent thermal resistance and capacitance.

CsLr) and T<’ %) indicate thermal capacitance and resistance

of the TEE model of layer k, Vk € {—m, —m + 1, —m +
2,--+, n} (Table I). Positive k values indicate soil layers, k = 0
indicates the cable’s jacket layer (e.g., C’;, T;), while negative
k values indicate the layers for the conductive components of
the cable model (e.g., armour, sheath and core) with the highest
negative value referring to the conductor. Prj in (10) captures
the external thermal power induced in layer k of the TEE cable
model.

2) Cable Thermal Ageing Modelling: The calculated SS-
Oc.i(tat), and TS-O¢ ;(ta¢), temperatures at present At, feed
into the ageing computations performed using the Arrhenius
model to calculate the loss-of-life fraction for each cable ex-
pected at At, LEFy,, . (ta;). This model is described by (11)
and considers the insulating material degradation speed, for op-
eration above the ambient reference temperature 6, ;, which
is exponentially affected by the material’s activation energy,
Ea;. L, ; is the expected life of cable i when it operates at
0,.i» and kp is the Boltzmann’s constant (in eV/K). To al-
low for the comparative ageing evaluation of the different
network cables and high-loading events, the equivalent ca-
ble ageing (ECA) index is proposed and described by (12).
This calculates the cables’ equivalent ageing at 90 °C, which
is the common maximum continuous temperature used by
utilities.

The proposed ECA index is, thus, important for equating
all the different high-loading events to a thermal per-unit base
value, hence, allowing for their aggregation to formulate the
past service experience of the cables but also facilitating the
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comparison of different cables within the same network.

At
L077j€_(E(1" [kp)(1/0,:=1/0c i(tar))

LFy.  (ta) FEa; 1 1
ECAZ _ C i At — 1 o
M TFgee P \kp \363  Oc.(tar)
(12)

LFQC.; (tAt) =

(11)

E. Cable and Network Performance Indices

Cable and network performance indices are calculated with
the DSMC method. The 1st SMC-loop is the analysis for
year Y, VYE{l,, N} for every network cable i and the 2nd
SMC-loop is the life-cycle analysis in annual steps Y7, VY], €
{1,--+, YLire }. As the life-cycle loop uses the risk coefficient
Bi.y, given by (9), all indices are Y7 -dependent by definition,
as shown in (13).

INDEX;y, = f(MUiy,) = fla, Biy,) (13)

The cable performance indices are computed with (14)—(19).
The ECA is recorded for every cable i and Ar within the Y period
of study (1st SMC-loop in Fig. 1) with EECA being the mean
expected ECA of N total number of Y simulation periods, in the
specific year Y7, of cable’s life-cycle (Y. ). The EFCF is the
expected average number of normal (NCF; y ) and emergency
(ECF;, y) cable failures. The EDELs, for both LTE and STE
operation, are the mean values for the life-cycle year Y7 ; they are
computed from the total short (dsTE; y ) and long (d, TE; y)
emergency loading durations, for each cable i in each year Y.
The EDEL computes the total duration of emergency loading,
while the EFEL captures the mean number of emergency loading
events N.me; y for each cable i in each year Y. The last two
indices are very useful in order to obtain the mean expected high-
loading duration per emergency event and thus can forecast the
expected impact of cable ageing on network considering the
operator’s emergency actions.

N Y
EECAiy, = Y (Z ECALN)/N (14)
Y=1 \At=1
N
EFCF,y, =Y  (NCF,y + ECF,y) / N (15)
Y=1
N
EDELprpiy, = Y (dLTEZ,y)/N (16)
Y=1
¥
EDELsrpiy, = »_ (d-STE;y) / N (17)
Y=1
EDEL;y, = EDELsrpiy, + EDELirp,y,
(18)
N
EFEL;y, = Z N_eme; y / N (19)
Y=1
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The network performance indices are computed by (20)—(24),
where, the load curtailment duration (LC Dy ), the number
of load curtailment events (LC FEy ), and the system energy
not supplied (SysENSy) are recorded for every Y (of total
N times) in the 1st SMC-loop. The EENA and EFNF capture
the total (annual) network ageing and network component
failures in Y7 . These are very useful indicators for network
overall asset management evaluation as they can capture
the ageing per failure and hence the network resiliency to
failures. In other words, they can assess the network’s overall
ageing condition and identify the optimal cable replacement
strategy based on minimizing the overall network ageing per
failure. They can help utilities to optimally prioritize new cable
installation in a network with many existing cables of similar
age.

EFNF captures the network component failures and is a dif-
ferent index from the EFLC. There might be failures that do not
lead to EFLC as the emergency loading can increase network
flexibility to “serve the load”. Equally, a specific failure in the
line can result in more than one load curtailment (indicating a
critical failure or a cascading event). These two indices in com-
bination with the EENA can quantify the network resilience to
failures. In other words, a large EFNF and a low EFLC with
low EENA indicate a resilient network, and vice versa. These
indices can, thus, capture the effect of emergency loadings on
network resilience and optimize their rating values.

N

EDLCy, = »  LCDy / N (20)
Y=1
N

EFLCy, = Z LCEy / N (1)
Y=1
N

EENSy, =Y SysENSy / N (22)
Y=1
N¢

EENAy, =Y EECA;y, (23)
i=1
N¢

EFNFy, =Y EFCF,y, (24)

F. Network Optimization Calculations

The network optimization is implemented using (25) after the
initial network component status mapping (Fig. 1) is performed,
and including any additional high-loading failures identified
at any previous At, as expected to occur in the present Atz.
The calculations use an AC optimal power flow (ACOPF) to
minimize the total generation and load curtailment costs subject
to predefined network operational constraints (i.e., generation
output capability and speed, G, and voltage limits on network
buses, V;) and cable system constraints (i.e., cable maximum

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 33, NO. 2, MARCH 2018

flows, Smax,i). set in the network and cable data blocks (Fig 1).

Np
Min (Z (fﬁ ( :lcctual - Di:)tal))

X

Ny

> (k) + 15 (@)

Y

(25)

subject to:
- Smax#i, S Si S Smax.i7 Gmin,y S Gy S Gmax,ya
Vmin,j S V} S ‘/;naac,j

All loads are considered as negative (consuming) generators
in order to be dispatched within the ACOPF problem under
constrained network conditions. Their cost coefficients are set
to have much higher values compared to the most expensive unit
in the network. Thus, the optimization re-dispatches first all the
actual plant generators, y, by considering the sum of their cost
functions, [}, f (3 , for the real, p , and reactive, ¢, , power
outputs. Then it re-dispatches the load (negative) generators as
a secondary option. The re-dispatching of the load generators
reduces the load aiming to minimize the total load curtailment
of the constrained network. This is calculated as the difference
between the actual supplied load, D7 , . ., and the total required
load, Dy ,.; in (25). Hence, the interruption costs are also min-
imized since (25) considers the amount of load curtailment and
the damage cost function, f 7,, at each one of the system load
points, x, according to [29].

III. IMPLEMENTATION OF THE PROPOSED RELIABILITY
EVALUATION FRAMEWORK ON AN UGC NETWORK

The proposed methodology is applied on the IEEE 14-bus
network with increased default demand to 1.6 pu. Only cable
failures are modelled while all other components are assumed to
be 100% reliable with their nominal capacity increased to 2 pu.
The IEEE RTS-96 chronological load profiles were adopted to
describe the hourly load profile for the test network [13].

A. Selection of Test Cable Properties

The IEEE 14-bus network does not provide thermal limits
and circuit design data; therefore, these were retrieved from
manufacturers’ datasheets [31], [32] with the resulting values
for the variables shown in Table II. Four types of single-core
unarmoured XLPE cables with copper conductors are used in
the study (Table II). The cables are assumed to be in flat lay for-
mation with a conductor separation of 0.1 m and directly buried
at 0.8 m and 1.5 m depths for 13.8 kV and 69 kV respectively.
Normal, STE and LTE loading capabilities are utilized to pro-
vide flexibility at contingencies. Their I r and Ig7p ratings
are 1.103 and 1.143 times the maximum normal continuous cur-
rent, I, , which are the same proportions (i.e., I 75 /I on, and
IsrE/I.on) of the 132 kV cable adopted in RTS-96 [13]. The
cables’ thermal ratings, also shown in Table II, are calculated at
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TABLE II
CABLE ELECTRICAL PROPERTIES MODELED IN IEEE 14-BUS NETWORK
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TABLE IV
MODELLING SCENARIOS OF EMERGENCY UGC RISK OF FAILURE

Cables Sizemm?> Rggoc XQUkm BS/km Icon It IsTe
Type Q/km A[°C] A[°C] A[°C]
A 400 0.060 0.119 6.49x 790 871 903
1075 [90°] [111°] [121°]
B 630 0.038 0.109 838x 1010 1114 1154
1075 [90°]  [110°] [119°]
C 400 0.063  0.094 141x 845 932 966
1074 [90°]  [111°] [121°]
D 800 0.035 0.087 198x 1200 1323 1371
1074 [90°]  [110°] [119°]
TABLE III

CABLE RELIABILITY PROPERTIES MODELED IN IEEE 14-BUS NETWORK

Cable From Bus ToBus Voltage Length Outage Outage Cable
No. Level [miles] Rate Duration Type
[kV] [Occe./yr] [hr/Occ.]
1 1 2 69 8.47 0.279 242 B
2 1 2 69 8.47 0.279 24.2 B
3 1 5 69 15.61  0.323 349 A
4 2 3 69 13.84 0312 32.3 A
5 2 4 69 12.63  0.304 30.4 A
6 2 5 69 12.44 0303 30.2 A
7 3 4 69 1249 0.303 30.2 A
8 4 5 69 3.00 0.245 16.0 A
9 6 11 13.8 0.60 0.230 12.4 C
10 6 12 13.8 0.77 0.231 12.7 C
11 6 13 13.8 0.40 0.228 12.1 D
12 9 10 13.8 0.25 0.228 11.9 C
13 9 14 13.8 0.81 0.231 12.7 C
14 10 11 13.8 0.57 0.230 12.4 C
15 12 13 13.8 0.81 0.231 12.7 C
16 13 14 13.8 1.05 0.233 13.1 C

15 °C soil temperature, 0.9 km/W soil thermal resistivity, and
1.9 x 10° J/m*K volume specific heat, which are the default
values in ENA P17 [1].

The length of every circuit, ¢;, (in miles) is required to deter-
mine the cable failure and repair rates defined by (26) from [33]
and (27). The latter, is derived by the authors in order to fit the
cable data provided in [33]. The IEEE 14-bus system [34] does
not provide the lengths. These are derived using the original
impedance data and the 0.7 {2/mile factor in [35]. The produced
length and reliability data along with the cable types used in this
modified 14-bus cable network are shown in Table III.

An,i = 0.0062 x l; +0.226 (OCC./yI‘)
1/un; = 1.5 x £; +11.5 (hr / occ.)

(26)
27)

Finally, a time-varying soil temperature measurement profile
is used for this analysis obtained from ERA-interim dataset for
the year 2015 provided by [36]. An Arrhenius model parameter
(Ea;/kp) value of 12430 K is used in this example to determine
that the network’s cables are XLPE technology [11].

B. Modelled Scenarios

The proposed methodology is applied to the modified 14-bus
network to study the flexibility and operation risk under the high-

Scenarios Model Variables Description of risk
Base Case No Emergency Ratings (ERs) Employed
high-load ERs ~ Sc-1 a=00=0 ERs + no increased risk
failures
Sc-2 a=10,20,30 3 =0  ERs + unfavorable cable
laying risk
Sc-3 a = (= 10,20, 30 Sc-2 + fixed annual
lifecycle ageing
Sc-4  a=10,=0)&a=  Sc-2 + operation-based

0.05,b=10.2 lifecycle ageing (different

ageing in cables)

TABLE V
SUMMARY OF NETWORK PERFORMANCE INDICES

Scenario EENS EFLC EDLC EFNF EIC M EENATg EENAgg

coefficients MWh/yr Occ./yr hr/yr Occ./yr  $ hr/yr hr/yr

BC No ER 7334 289 15.18 20.88 1.96 161.97 41240
Sc-1 a=p=0 3015 1.12 607 2096 0.77 16447 488.94
Sc-2  a=10 31.16 1.17 632 21.15 080 164.72 495.32
a=20 36.47 133 736 21.67 094 16537 511.18

a =30 5799 1.87 1095 22.82 1.54 167.03 550.23

Sc-3 a=p3=10 3748 136 751 21.75 098 16546 51242
a=F=20 11075 3.10 1934 2537 3.01 17046 640.73

a= =30 42937 6.67 47.61 3034 11.92 17822 824.77

loading emergency ratings (ERs) scenarios of Table IV. These
scenarios are compared against the base-case scenario (BC) to
quantify any improvements or limitations from increased ca-
ble utilization during emergencies. Sc-1 implements both LTE
and STE ERs without including any additional risk at emer-
gency loading (i.e., « = 3 = 0). Sc-2 captures three different
levels of increased risk of high-loading failures which reflect
constraint cable designs with joints that experience unfavorable
laying conditions (i.e., & # 0, # = 0). Sc-3 considers equivalent
pre-set values of increased risk at emergency operation for both
the cable design risk of failure and operator’s risk acceptabil-
ity. Finally, Sc-4 fully utilizes the 2nd SMC-loop to capture the
expected ageing history of the cables due to the operator’s deci-
sion to deploy emergency loadings. «v in Sc-4 is constant as the
cable design and laying conditions are assumed independent of
cables’ age.

IV. RESULTS & DISCUSSION

A. Impact of Cables’ High-Loading Risk on Network
Flexibility

The benefits of emergency ratings (ERs) implementation are
evident when comparing the outputs of scenarios Sc-1 to Sc-3
with the base-case (BC) scenario in Table V. Sc-1 improves
network performance the most due to zero risk related to ERs
utilization. The frequencies of network failures (EFNF) for BC
and Sc-1 are virtually identical as there are no ERs failures.
The comparison of these two scenarios indicates the maxi-
mum (ideal) flexibility that could be extracted from the ERs
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Fig. 6. Comparison of Sc-4 with base-case for EENS, EFNF, and EENA for
the complete 30 year of cable’s design life.

deployment on this network. Once the risks of cable design ()
and operator’s cable ageing acceptability () are considered,
then the benefit from the ERs in network performance is re-
duced. ERs generate additional failures that mainly occur on fre-
quently heavily loaded cables increasing EFNF of Sc-2 and Sc-3
(Table V). Yet, the network still performs better, with less EENS
and EIC, due to added flexibility from ERs.

ERs appear to worsen network performance only when high
values for o and (3 are considered (i.e., Sc-3, o = 3 = 20).
The high « and 3 values could describe the case of applying
ERs on an old and poorly maintained cable. In this case, the addi-
tional failures overweight the ERs’ benefit on flexibility leading
to higher EIC values when compared to BC. The comparison of
Sc-2 and Sc-3 denotes that the ageing acceptability risk index
[ has a more notable effect on the ERs failures compared to
the cable design risk index a. These results suggest that accel-
erated cable ageing and insulation degradation, caused by the
emergency operation, have a greater impact when they affect the
cable’s failure rate than when they affect only cables’ expected
life (determined by the cable design and its laying conditions).
Thus, the inclusion of « and 3 within the methodology provides
a realistic modelling of risk from their emergency loading in-
dicating that ER can increase network flexibility when they are
not frequently utilized, while an overutilization would decrease
the network resilience to contingencies.

Finally, the EENA values from SS and TS thermal models
indicate a largely inflated estimate of SS method under both
normal and emergency loadings, which suggests that the im-
pact of cable thermal inertia cannot be ignored if utilities want
to achieve maximum benefits from their assets and ER imple-
mentation. The EENATg varies insignificantly when ERs are
implemented, which indicates that ERs do not affect the cable
ageing as much as it is expected with SS calculations.

B. Cable Life-Cycle Analysis

The 2nd SMC-loop is employed in Sc-4 with a 30-year cable
design life. The recorded indices change annually, as the ‘year in
service’ increases, following the trends shown in Figs. 6 and 7.
On the contrary, the ageing in BC (existing modelling practices)
is unaffected by operation history and thus it results in constant
performance throughout the cables’ life (Figs. 6 and 7).

Sc-4 initially results in better network reliability than the
BC due to the increased network flexibility provided by the
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Fig.7. EDEL and EFCF outputs of critical cables under Sc-4 for the complete
30 year of cable’s design life.

ERs (Fig. 6). But as the ‘year in service’ increases and the
cumulative effect of emergency operation history builds up, the
EENS for Sc-4 further increases and reaches the same value
as the BC in year 23. From this year onwards the increased
ageing of the cables reduces network’s performance (in Sc-4).
It should be noted that an aged cable cannot maintain the same
reliability as a new one and the BC scenario with a constant
failure rate and no ageing impact is unrealistic, and thus does
not help the improvement of current planning and operating
practices.

In Fig. 6 (right) when the SS thermal model is used, EENA is
significantly over-estimated particularly when the cables’ ‘year
in service’ increases; this model can lead to 400% more ageing
than the actual captured with the TS method. Consequently, the
SS thermal model could mislead cable condition assessments
when those are based on service history.

The study of individual cable performance in the 14-Bus
network identified C10, C11 and C13 as ‘critical’ cables, en-
countering ERs much more frequently than the ‘low loaded’ C1
and the rest of the cables. In Fig. 7 the cables’ performance is
captured through the EDEL and EFCF for their entire cable life
operation. The EDEL is higher for the critical cables from the
first year of their operation where the EFCF is almost identi-
cal (similar A in year 1). Hence, EDEL helps to prioritize the
network cables based on their risk of failure and accounting
for both network topology and individual cable’s operational
regime (i.e., operator’s preferences on thermal loadings). The
results shown in Fig. 7 help distinguish C11 as the most crit-
ical cable in the network, while C10 and C13 are equally but
less critical than the C11. On the contrary, C1 appears to be
unaffected from the emergency events with negligible thermal
ageing effects.

By setting cable actual performance as a replacement crite-
rion, instead of ‘years in service’, a projection of C11 replace-
ment on year 22 or 24 is estimated based on the EDEL or EFCF
indices respectively (Fig. 7). More importantly, all projections
of cables’ “useful” life vary based on these new performance
indicators. In fact, the EDEL and EFCF estimate the expected
replacement time for every cable in the network based on their
operation regimes and overall network performance. With the
proposed indices operators can be better informed about the
condition of their cables. They can also predict future expected
ageing based on their present planning and loading decisions
and reconsider asset management strategies accordingly.
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Operators can correlate these network-based metrics with
condition monitoring data to strengthen the robustness of their
current cable replacement and maintenance strategies. They can
also identify which cables are under-utilized and implement dif-
ferent operating strategies when early replacement is inevitable
due to adequacy constraints. From the presented example case
study, it can be seen that ECA, calculated by (12), can provide
a comparative ageing prediction of individual cables within a
network and evaluate overall network resiliency to emergency
events via the EENA index. Utilities can therefore cluster the ca-
bles considering their high-loading risks into three main groups:

1) Accelerated ageing cables: Cables experiencing frequent
overloading with a potential effect on their expected de-
sign life (e.g., C11). The operator is advised to schedule
an outage and perform a comprehensive inspection.

2) Infrequent high-loaded cables: Cables experiencing el-
evated temperature conditions and requiring inspection,
monitoring and maintenance (e.g., C10, C13). Future plant
outages for measurements might be needed.

3) Under-utilized cables: Cable failures would be expected
mainly due to exogenous factors and no immediate in-
spection is needed (e.g., C1 and all remaining network
cables).

V. CONCLUSION

Power networks’ current challenge to expand efficiently and
increase resiliency to uncertainties can be resolved by im-
plementing flexible operating regimes during emergency con-
ditions. Existing network studies and methodologies fail to
simultaneously consider the flexibility of these regimes and
their associated thermal ageing risk. The proposed methodology
addresses this gap by integrating a detailed thermal and ageing
modelling of cable systems within a network reliability analysis.
This integration is achieved by using a double sequential Monte
Carlo loop, three additional Markov states to describe the cable’s
emergency operation along with their corresponding transition
equations (based on the proposed « and 3 coefficients), as well
as the equivalent cable ageing (ECA) to formulate a common
thermal ageing per-unit base for the different emergency events.
Thus, the proposed framework can help quantify the impact of
increasing risk of failures on network performance, when cables
approach their end of life.

The proposed approach significantly improves existing prac-
tices, in evaluating network resilience and operator flexibility,
by introducing the cable design risk coefficient, «, to relate
component condition (health indices) and design, and the op-
erator’s ageing risk acceptability coefficient, 3, to define the
risk-averseness of a utility on ‘burning an asset’.

The 14-bus network study indicated three clusters of cables
based on their high-loading risks, with the critical ones be-
ing objectively identified using the proposed EDEL and EFCF
indices.

One limitation of the current work is the lack of utility
recorded data to formulate the o and 3 values. To develop re-
alistic  and [ values that fit specific utility networks, cable
types and manufacturers, a correlation between the outputs pro-
duced by this methodology against experimentally derived data,
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condition management (health indices) records and utility ex-
perience is needed. Coupling this methodology with forecasted
demand trends and technology implementation is an additional
advancement for improving network reliability and utilization.
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