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ABSTRACT This study proposes a methodology to optimise the use of average demand loss of each load
bus to enhance line ratings and modify load curves, by minimising demand loss and network ageing due to
elevated conductor temperatures. The considered lines are connected to load buses, operated with dynamic
line rating technology and have actual conductor physical properties. The simulation of line failures considers
line loadings, whose values are based on utilizations of the average demand loss of load buses where the lines
are connected, and the remaining service life of the conductor. Demand response in the form of peak-shaving
and valley-filling is used to modify load demand curves, with the allowable peak load reduced based on
utilizations of the remaining average demand loss. The average demand loss values are determined in the
preliminary screening module of the proposed method. Various trade-offs between ageing and reliability of
the network are solved based on the two-objective non-sorting genetic algorithm and fuzzy decision-making
method in the execution module of the proposed method. Results have shown that the proposed method is
cost-effective in that it strategically increase line ageing slightly to enhance system reliability, by as much as
71.9%, based on the equal emphasis of network ageing and reliability, when compared with the scenario that
only prioritizes the protection of network ageing. Line ageing is also 68.2% lower on average across the entire
spectrum of rating exceedance (1% to 25%) compared to the scenario that only prioritizes enhancement of
network reliability.

INDEX TERMS Demand response, dynamic line rating, resilience, reliability, optimisation, ageing, over-
head lines, flexibility, Monte Carlo.

I. INTRODUCTION
Power networks are committed to provide electricity in
a secure, reliable and economical way. Evolving market
regulations and pressures to integrate additional renewable
energies into power networks will congest power networks
further and increase the risk of operations. To be better pre-
pared for these scenarios, economies need new and flexible
network-enhancement strategies that improve network power
transfer capability while deferring or avoiding major asset
investments.

One approach is by contracting customers to reduce a
certain amount of demand, which will either be reimbursed or
used at other times based on various demand response (DR)
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programs [1]–[4]. An alternative is by enhancing the trans-
mission overhead line (OHL) rating based on the thermal
behaviour of OHL [5], which forms two variants of flexible
thermal rating. The first is the dynamic line rating (DLR) sys-
tem, which utilises data of OHL ambient conditions to deter-
mine line ratings in real time [6]. Research has shown that
the DLR method is able to improve line rating by 10%–30%
with 50%being possible inwindy areas [7]–[9]. The second is
probabilistic thermal rating (PTR) method, which fixes a pre-
defined risk of overheating the conductor based on historical
line ratings. By adjusting the desirable risk level, the continu-
ous, long-term and short-term thermal ratings are determined,
of which the latter two are used during network post-fault
condition as contingency measures [10]. Although no extra
cost is involved in implementing the PTRmethod, it increases
the risk of line ageing due to the probability of elevating the

VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 175319

https://orcid.org/0000-0003-2580-1528
https://orcid.org/0000-0001-9741-6245
https://orcid.org/0000-0002-7224-3955
https://orcid.org/0000-0003-4695-6705


W. C. Khoo et al.: DR and DLRs for Optimum Power Network Reliability and Ageing

conductor temperature above its maximum design tempera-
ture. Moreover, the PTR method may undermine the actual
capacity of the OHLwhen the ambient condition is conducive
to higher line ratings. By contrast, the DLR method has none
of these drawbacks and can always achievemaximum line rat-
ings based on the selected conductor temperature. However,
the risk of determining the optimum conductor temperature,
which affects line ageing, has never been quantified by net-
work operators. Thus, informed decision on the acceptable
conductor temperature and DR values cannot be made.

Some studies have attempted to model the effects of OHL
ageing on network reliability. In [11], [12] the ageing effect
of OHL line due to the DLR method and its parametric
uncertainty towards the probability of line failure is consid-
ered. In [13], [14] the ageing effects of OHL operated with
the PTR method towards the reliability of the network is
considered. In [15], [16], cable ageing within a distribution
network is modelled and the cables are ranked according
to ageing criticality to determine replacement priority for
achieving optimum network reliability. These studies present
various ageing models for OHL and cables and demonstrate
the effects of ageing on the reliability of networks. However,
no solution has been suggested to address the ageing effects
and, as a result, the compromise between reliability benefits
and possible asset management plans is never considered.
From the perspective of DR, the program has been used and
studied previously during normal and contingency operation
of the networks [17]–[19]. More importantly, the initiatives
of emergency demand response program is investigated and
certain values of contractual power and duration (CPD) are
determined and used to improve network reliability. Results
from these studies indicate that the efficient utilisation of
CPD is able tomaintain reliability levels during contingencies
and subsequently reduce overall network cost.

Based on the preceding review and to the best of our
knowledge, no work has considered network ageing, relia-
bility and the optimum usage of CPD values for enhancing
network reliability. Thus, this study proposes an optimisa-
tion framework that integrates DLR and DR valuation into
a single model that is employable by system operators as a
flexible strategy. The novelty lies in the optimum utilisation
of the CPD to improve network reliability without causing
excessive ageing. The proposed framework is also customis-
able, providing system operators the flexibility to determine
various priority levels of reliability and ageing depending
on evolving requirements and scenarios. Consequently, the
proposed framework enhances existing asset management
practices and improves the decision-making process.

II. METHODOLOGY
The proposed reliability evaluation framework utilises net-
work, OHL and weather data to determine CPD values
of each load bus in the preliminary screening module.
In turn, all these data and the settings of the DR aggregator,
which describe the participation availability and duration
of each load bus, are used in the execution module where

FIGURE 1. Flowchart of proposed DR and DLR synergy for optimum
network reliability and ageing.

the utilisation of the CPD is optimised to achieve minimum
demand loss and network ageing, as shown in Fig. 1.

The network data used include bus voltage limits, gen-
erator power constraints, hourly chronological load demand
pattern, network topology which describes the arrangement
of all power components, i.e. lines, cables, transformers and
reliability data of each component based on operator’s histori-
cal record. TheOHL data include various design aspects such
as diameter, resistance at low and high temperatures, number
of strands, rated strength and conductor type, the details
of which are available in [20]. The weather data include
all parameter inputs of IEEE 738 [5] such as wind speed,
wind angle, ambient temperature and solar radiation angle
and intensity, which are considered to surround the OHLs of
the investigated network and are crucial in determining their
DLRs and ageing risk.

A. PRELIMINARY SCREENING MODULE
In the preliminary screening module, the classic sequential
Monte Carlo (SMC) simulation [21] is performed. At each
time step, 1t , the up–down statuses of all power system
components, excluding the generators, are simulated. The
reason is that the reliability of generators are generally much
lower than the OHLs and are excluded to avoid their fail-
ures from masking the effect of load loss due to trans-
mission network congestion [22]. The OHLs also operate
at their ageing temperature, which is the maximum con-
ductor temperature before ageing occurs, determined based
on the IEEE 738 standard [5]s. At each 1t of the SMC,
the standard alternative-current optimal power flow (ACOPF)
is executed [23], i.e. load shedding is minimised and gener-
ation re-dispatched is prioritised when corrective actions are
required. During the SMC, the expected energy not supplied
(EENS) at each load bus is tracked and the simulation is
performed until convergence of the system EENS is achieved.
In addition, the expected duration of load curtailment (EDLC)
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and expected frequency of load curtailment (EFLC) at each
load bus are also recorded. Based on the indices, the contrac-
tual power, CPb, and duration, CDb, of each load bus b, are
obtained as follows:

CPb =
EENSb MWh/y
EDLCb h/y

, (1)

CDb =
EDLCb h/y
EFLCb occ/y

, (2)

where CPb and CDb are passed into the execution module
in which negotiation is performed to utilise their values for
the optimum proportions of DR action and DLR uprating to
minimise system EENS and ageing.

B. EXECUTION MODULE
The execution module considers a new rating limit of the
OHLs in addition to the DLRs determined in the prelimi-
nary module and modified load due to the DR action. Thus,
the uprated DLRs, InewDLR, and new load demand pattern, LnewDR ,
that are the result of the optimumutilisation of the CPDvalues
are considered in the ACOPF of this module.

Fig. 1 shows that the module at each1t begins by checking
for contingency, i.e. load loss and failures of OHLs. Then,
based on the optimal usage (see section III.D) of the CPD val-
ues, InewDLR and LnewDR are determined and ACOPF is executed.
Then, every OHL considered for DLR uprating are checked
for increment in its conductor temperature, Tc, beyond its
ageing temperature, Tage, which is 95 ◦C as the aluminium
conductor steel reinforce (ACSR) type conductor is consid-
ered for all OHLs [13]. The obtained Tc is used to determine
the ageing factor of the OHL (see section III.C). Note that at
each 1t , when the CPD values are utilised, the load pattern
of each load bus is modified with α% of the CPD value via
the DR action. However, only the OHLs that are at that time
sending power to the load bus will have their DLRs uprated
by the remaining unused CPD values, i.e. β = (1− α)%.
The process is performed until the final t hour and is repeated
for as many times as required until the EENS coefficient
of variation is less than 5%. In every iteration of the SMC,
operating temperatures and the remaining service life of the
OHLs are considered when their statuses are simulated (see
section III.B). Upon convergence of the simulation, the net-
work EENS and expected total network ageing (ETNA) are
computed, which also serve as the two objectives used by
the optimisation algorithm to check for a specified function
tolerance as the stopping criteria. As long as the tolerance is
not met, the next value of α is selected and the process is
repeated.

The graphical description of various optimisation scenarios
encountered in the execution model is shown in Fig. 2. In the
first scenario, no flexibility is available in the network and
the ENS encountered is the largest (A1). Conductor tem-
peratures are not elevated and peak loads are not avoided.
In the second scenario, the CPD values are used entirely to
minimise only the network ageing, i.e. ETNA. As a result,
OHL conductor temperatures are maintained at 95 ◦C as in

FIGURE 2. Example of proposed optimisation for improved
implementation of DR and DLR.

the previous scenario and the entire CPD value is used to
modify load demand usage through the DR action, which
resulted in the smaller ENS as shown by A2. Although
demand loss is reduced, it is never optimised and could be
reduced further if conductor temperatures are strategically
raised. In contrast to the second scenario, the third scenario
dedicates the entire CPD values to minimising load loss
instead, i.e. EENS. Owing to this condition, conductor ageing
is never considered and line ratings are raised to an arbitrary
high value to enhance the power-transfer capability of the
network, thereby resulting in smaller ENS shown by A3
compared with A2. Despite the larger reduction of demand
loss in this scenario than in A2, excessive conductor ageing is
encountered due to extreme elevated conducted temperature.
This condition is detrimental to asset management planning
and incurs overall higher cost due to more frequent line
replacements and repairs. In the final scenario, the utilisation
of CPD values are optimised (α and β) to reduce the EENS
and ETNA. The conductor temperature of the final scenario
is raised to a level between the previous two scenarios at
the expense of higher load loss, i.e. A3 ≤ A4 ≤ A2. This
condition enhances the flexibility of the network operators
to achieve the most balanced condition between demand loss
and network ageing. Due to the conflicting EENS and ETNA,
the proposed optimisation framework is an effective way to
solve this problem.

III. MODELLING DETAILS
A. LOAD DEMAND MODEL
The proposed methodology is based on the reliability of the
DR aggregator in utilising the contractual power,CPb, during
each contingency at each load bus. Based on the uniform
random availability, u, of the aggregator, between 0 and 1,
the available contractual power, PCPb , at each simulation time
step, 1t , is as follows:

PCPb (t) = u (t)× CPb. (3)

The load demand curve is modified by the DR action
based on PCPb (t) of each load bus. Then, the modification is
performed by reducing the original load demand level that
is more than l% of the peak load, Lpeakb , by a fraction, αb,
ranging between 0 and 1, of PCPb (t), such as:

LredDR (t) = Lb (t)− αbPCPb (t) ∀t ∈ �ψ , (4)
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where LredDR (t) is the new load demand for all the time when
load reduction occurs, �ψ is the set of times when Lb (t) >
l%× Lpeakb , and Lb (t) is the original load demand level. The
load removed is restored immediately in the next hour by
dividing them equally throughout the contractual duration,
CDb, of the bus as follows:

LresDR (t) = Lb (t)+
Lredb
CDb

≤ l%× Lpeakb ∀t ∈ �ω, (5)

where LresDR (t) is the new load demand for all the time when
load restoration occurs, and �ω is the set of times when
Lb (t) < k%× Lpeakb such that k < l to ensure no creation of
new peaks after restorations.

B. LINE FAILURE MODEL
Conductor temperature, Tc, and their remaining service life
are considered when determining failure rates of lines. The
model suitable for relating the OHLs’ life with its thermal
stress is the Arrhenius model [24], such as the following:

L = Aexp
(

B
Tc + 273

)
, (6)

where L is the average life measure of the OHL, and A
and B are empirical constants derived from historical loading
data [11].

To utilise the Arrhenius model for simulating random line
statuses, it needs to be fitted into a suitable probability dis-
tribution function (PDF) so that random sampling can be
conducted. Moreover, the chosen distribution should have
only one life measure, and ultimately, its parameters can cap-
ture increasing failure rate in response to higher line loading
and useful lifespan. The Weibull distribution shown in (7)
fits both of the criteria and has been used previously in the
modelling of power transformer [25] and cable [15] failure.

F (t) = 1− exp
[
−

(
t
s

)τ]
, (7)

where s is the scale parameter equivalent to L given by (6)
and τ is the shape parameter that describes the slope of the
Weibull distribution, i.e. the rate of change of the failure
probability as time progresses.

Based on polynomial approximation [26] and conditional
probability theory [27], the Weibull probability of failure, U ,
is as follows:

U =
1
N

K∑
n=1

PnUDn, (8)

where N is the usefulness duration after the survival
period, T , of the OHLs so far; k is the total number of subin-
tervals of N; Pn is the probability of OHL failure considering
its remaining service years and loading during subinterval n
and the duration,1l, of each subinterval, as shown in (8a);
UDn is the average duration of Pn, as shown in (8b).

Pn =
exp−

(
T+(n−1)1l

s

)τ
− exp

(
−
(T+n1l

s

)τ)
exp−

(T
s

)τ , (8a)

UDn = N− (2n− 1)
1l
2
. (8b)

The calculated unavailability,U , and a fixed value of repair
rate, µ, is used to finally derive the lifespan-and-loading
dependent failure rate, λL , of the OHLs as in (9). The repair
rate is considered constant and known by the utilities as
the pace at which repairs are done; this rate is normally
controllable depending on allocated priorities and resources.

λL =
µU

1− U
. (9)

C. LINE AGEING MODEL
Accelerated conductor ageing occurs when OHLs operate at
temperatures beyond the ageing temperature, Tage. This phe-
nomenon is known as ‘‘elevated temperature creep’’ under
the IEEE 1283 standard [28]. For the ACSR conductor, this
creep, εc, is calculated as follows:

εc = 0.24 (%RS)1.3 T 1.4
c t0.16, (10)

where %RS is the percentage remaining strength of the
ACSR and t is the number of hours operating at Tc.
The %RS is determined as follows [29]:

RS = RSal

(
STRal
STRT

)
+ 109

(
STRst
STRT

)
, (11)

such that

RSal =

{
γ tρ if α < 100
100tρ otherwise,

(11a)

STRal = πηal S̄aldalkal/4, (11b)

STRst = πηstS1%st dstkst/4, (11c)

where in (11), RSal is the remaining strength of the ACSR’s
aluminium strand; STRal and STRst are the strength of
the ACSR’s aluminum and steel strands, respectively; and
STRT = STRal + STRst is the total strength of the ACSR.
In (11a), γ = 134−0.24Tc and ρ = (0.241−0.00254Tc)/dal ,
where dal is the diameter of the aluminium strand. The
remaining variables in (11b) and (11c), such as ηal and ηst ,
are the number of aluminium and steel strands; dst is the
diameter of the steel strand; S̄al is the average breaking
stress of aluminium; S1%st is average breaking stress of the
steel core at 1% extension; and kal and kst are the reduction
factors of aluminium and steel, respectively. All the variables
mentioned are found in [20], and only their SI units are used
in this study.

As ageing of ACSR occurs when Tc > Tage = 95 ◦C, var-
ious εc values at different Tc are converted to the equivalent
ageing at Tc = 100◦C to obtain comparable ageing among all
conductors, as in the following:

t100 =

0.24
(
%RSTc

)1.3 T 1.4
c t0.16Tc

0.24
(
%RSTc

)1.3
(100)1.4

6.25

=

(
εTc

ε100

)6.25

(12)
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Considering all distinct ageing events, Nage, of all OHLs,
NOHL , for all the simulated years, Ny, the ETNA index as
shown in (13) is determined. This index quantifies the risk
of network ageing against the utilisation of the CPD value for
additional network flexibility as follows:

ETNA =
1
y

Ny∑
y=1

NOHL∑
j=1

Nage∑
i=1

(
εTc

ε100

)6.25 h
y
. (13)

D. OPTIMISATION MODEL
The EENSb and ETNAb of load busses are inversely related
indices. If ratings of OHLs are increased, then additional
power flows are permitted, which lead to further ageing but
lower load loss. Conversely, although reducing OHL ratings
reduces ageing, it leads to greater load loss due to power flow
restrictions. Thus, the two indices is more suitably solved as
two- rather than single-objective optimisation during each1t
as in the following:

minb

[
f1(t)
f2(t)

]
= min

[
EENSb(t, αb)

ETNAb(t, βb = 1− αb)

]
. (14)

Equation (14) shows that at the 1t when contingency
occurs, the optimal fraction pair, (αb, βb), of each load bus
of the available contractual power, PCPb , is approximated to
minimise load loss and ageing of the lines that deliver power
to the load bus, which their respective sums provide the
EENSb and ETNAb upon the convergence of the SMC. The
βb fraction is used to uprate DLRs to InewDLR. When βb 6= 1,
various levels of OHL ageing are considered at the expense
of higher demand loss, i.e. EENSb. On the other hand, when
βb = 1, the ageing of OHL is neglected and the entire PCPb
is used to reduce EENSb only. As the reduction of demand
loss and uprating of DLRs are based on the usage of PCPb ,
the relationship αb + βb = 1 always holds. The following
are details of the two objectives of the proposed optimisation
model.
Objective 1: To minimise the EENS of the grid based on

the proportion of the contractual power utilised as follows:

min f1 (t) = min [EENS (t, α)]

= min

[ Nb∑
b=1

Plossb

(
αbPCPb (t)

)]
, (15)

where Plossb is the curtailment of load bus b determined during
ACOPF by considering the uprated DLR of OHLs, in which
αb controls various levels of the uprating. Nb is the number
of load bus.
Objective 2: To minimise the grid’s ETNA based on the

remaining proportion, i.e. β = 1−α, of the contractual power
utilised. At each load bus, βb is used only on lines that are
feeding power to the load bus itself instead of all the lines
that are connected to the load bus. The reason is that any line
with a receiving end that is not connected to the load bus will
not affect the demand loss of the load bus, and subsequently,
their ageing is affected by other load busses instead. The value
of βb is also divided equally among the feeding lines and the

divided fraction is used to uprate their DLRs proportionately.
The following is the second objective function:

min f2 (t) = min [ETNA (t, βb)]

= min {ETNA [1IDLR (t, βb)]}, (16)

where (16) shows that the ETNA index is calculated after
considering line rating increment,1IDLR (t, βb), on all partic-
ipating OHLs. The index quantifies the network’s additional
allowable power flows such that:

1IDLR =
Nb∑
b=1

Njb∑
j=1

1IDLR,jb = InewDLR,jb − IDLR,jb

= βjbPCPb , (17)

where subscript jb refers to the feeding line j of bus b, Njb is
the total number of feeding lines, 1IDLR,jb is the line rating
increment of the feeding lines, IDLR,jb is the original DLR of
the feeding lines before uprating, and βjb is the equal division
of βb among all the feedings lines of loadbus b. For example,
if bus 3 is connected to 3 feeding lines, then β3 = β13 +

β23 + β33. (17) shows that if the DR aggregator of bus b is
not available, i.e., u (t) = 0, which leads to PCPb = 0, then the
ageing minimisation of feeding lines j cannot be enforced.

The solution to ETNA(t, β) in (16) is given by (12) and
(13) but they require the equivalent Tc of InewDLR to be deter-
mined. To perform this function, we refer to the IEEE 738
standard [5] as shown in the following:

Qj (I ,R(Tc),Tc)+ Qs (θ)− Qr (Tc,Ta)

−Qc (Tc,Ta,Vw, φ) = 0, (18)

where (18) is the heat balance (HB) equation describing heat
exchanges of OHLs due to its environmental conditions. Qj
andQs are the joule and solar heat gains due to current flow I ,
which is either InewDLR or IDLR, conductor resistance, R(Tc),
due to its temperature Tc and solar radiation intensity, θ .
Qr and Qc are the radiated and convection heat loss due
to Tc, ambient temperature Ta, wind velocity Vw and wind
angle φ. Owing to the non-linear state of (18) and with the
knowledge of I and all the remaining variables being the
same, the equation is applied backward to determine Tc that
satisfies the HB equation. Starting at Tc = Ta and at each
iteration, Tc is increased by 0.5 ◦C, and (18) is recalculated.
This back-calculation process is terminated when the succes-
sive HB error is less than 1%. The illustration of this process
is shown in Fig. 3.

FIGURE 3. Back-calculation process of IEEE 738 standard.

During the optimisation, traditional ACOPF network con-
straints [30], i.e. rating limits, voltage limits, generation limits
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and others are observed. Moreover, the following are also
observed:

0 ≤ βb ≤ βmaxb ≤ 1, (19)

αb + βb = 1 ∀b ∈ �b, (20)

1IDLR,jb = βjbPCPb ≤ IDLR,jb
(
PCPb − 1

)
, (21)

where (19) gives utilities the flexibility to assign the maxi-
mum fraction value βmaxb , so that InewDLRmay be limited depend-
ing on the present age of connected lines, policy to extend
their operational life, acceptable ageing risk of the utilities
and the replacement and repair costs of the lines. For example,
higher βmaxb can be assigned to newer lines because they can
afford higher ageing risk than older lines, or at the more con-
gested network area to free up power flow and reduce demand
loss. (20) ensures that the sum of the assigned fractions at all
load busses will never exceed unity, and �b is the set of all
load busses. The constraint in (21) ensures that the uprating of
DLR is always within the available contractual power, PCPb ,
dedicated to rating enhancement.

Owing to the inverse relationship of the EENS and ETNA,
the non-linear and non-convex nature of the optimisation
and the Pareto optimality factor, i.e. none of the indices
can be improved without degrading the value of the other,
they are both solved based on the common operations of the
non-sorting genetic algorithm (NSGA) [31], i.e., mutation,
crossover and selection, which has been widely used and
applied in various power system studies [32], [33]. The fol-
lowing is the description of the NSGA applied in this paper:

1) Initializes a random initial parent population, which
consists of 100 random αb and βb = 1 − αb vectors.
Each vector (individual) has 17 inputs, one for each
load bus, and all inputs randomly range between 0
and 1.

2) Creates a sequence of next generation of populations
(number remain at 100) from among the parent indi-
viduals, by performing the following steps:

a) Scores the fitness values of each individual based
on (14) to (17) and randomly group all individuals
into the tournament size of four.

b) The best performing (lowest EENS or ETNA)
individual of each group is selected and passed
down unchanged as children in the next genera-
tion, in a process called elitism.

c) The remaining two out-of three individuals of
each group are randomly selected for crossovers
to produce new individuals (children) of the next
generation; random fractions and complement
size of the two individuals are exchanged to pro-
duce two children. Crossover enables the algo-
rithm to extract the best genes from different
individuals and recombine them into potentially
superior children.

d) The remaining final individual of each group has
a fraction of its vector entries randomly selected

and all entries of this fraction have 0.01 prob-
ability of being modified and replaced with a
random value between 0 and 1, in a process called
mutation.Mutation provides genetic diversity and
enables the genetic algorithm to search a broader
space, subsequently increasing the likelihood that
the algorithmwill generate individuals with better
fitness values.

3) The NSGA continues to produce the next generation
of individuals, until the average relative change of the
best fitness function values (EENS and ETNA) over
100 generations are less than or equal to 0.01%, and
when the improvement in one objective requires a
degradation of another.

E. DECISION-MAKING MODEL
The outcomes of the NSGA is a range of applicable solutions
and additional judgment criteria based on preferences, such
as the fuzzy decision method, is used to select the final
desirable solution. The fuzzy method works by determining
the relative distance of each solution to the maximum and
minimum values such as in (22), with 0 and 1 indicating the
most undesirable and desirable solutions, respectively.

µfi (X) =


0 fi (X) = f maxi
f maxi − fi(X )

f maxi − f mini

f mini ≤ fi(X ) ≤ f maxi

1 fi (X) = f mini ,

(22)

where µfi (X) is the relative distance of the point X between
the maximum f maxi and minimum f mini solution of objective i,
i.e. either EENS or ETNA. Due to the minimisation require-
ment of this problem, the minimum solution is assigned 1.
Then, the final point x ∈ X is selected according to the
following:

min
x∈X
=

Nf∑
i=1

∣∣µi − µfi (X)∣∣n , (23)

where Nf is the number of solutions, which in this case is 2
(EENS and ETNA) and µi is the preference level of the
solution, and n is an integer between 1 and∞. A larger value
reduces the sensitivity of the final solution toward n.

IV. RESULTS AND DISCUSSIONS
The proposed optimisation is applied to the IEEE 24-bus
reliability test network (RTN) [34] with the load and gener-
ation level increased by 3.5 pu. The weather conditions are
obtained from the British Atmospheric Data Centre [35] in
hourly manner from 2016 until 2019 and is overlaid onto
the RTN, with one weather location for each transmission
corridor. All lines are also equipped with the DLR sys-
tem. The RTN is divided into 138 kV and 230 kV voltage
zones. TheDrake and LapwingACSR conductors are used in
the lower and higher voltage zones, respectively. Note that
Tage of these conductors is 95 ◦C and thus, the conductor
temperature below this level will not induce ageing. When
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conductor temperatures are allowed to exceed Tage, the excess
is only limited to an additional 15% of the value. The setting
βmaxb = 1 is also applied to all load busses so that all lines
have equal criticality ageing factor. The network is considered
to have 40 years of remaining service life. The DR scheme is
implemented at l = 80% and k = 60% of the RTN peak load.
Note that transformers and underground cables reliability and
ageing aspects are not considered as the focus of this paper is
on overhead transmission lines.

The CPD values, CPb and CDb, identified in the prelimi-
nary screeningmodule are shown in Fig. 4. They values are all
matched and used as the basis for executing the optimisation
as detailed in the optimisation model. The figure shows no
CPD values in load busses 7 and 15 as their EENS indices
are zero.

FIGURE 4. CPD values identified in the initialisation module.

A. OPTIMISED UTILISATION OF CPD VALUES
The Pareto solutions of the proposed optimisation are shown
in Fig. 5, and the selected optimum αb and βb values for every
load bus based on the equal preference (µ1 = µ2 = 0.5) of
EENS and ETNA are presented in Fig. 6.

FIGURE 5. Pareto front of proposed optimisation.

The first Pareto solution (left most) in Fig. 5 is obtained
when system reliability is most prioritized over network
ageing, which is the case where entire CPb values is used

to uprate DLR and line ageing due to excessive loading is
less concerned. Under this setting, although the EENS is
minimum at approximately 96 MWh/y, the ETNA is at the
maximum, which is approximately 755 h/y. On the other
hand, the last Pareto solution (right most) is obtained when
network ageing is most prioritized instead over system reli-
ability. In this setting, line ageing is avoided entirely (0 h/y)
and all CPb values are utilised for DR action only, resulting
in EENS of approximately 4051 MWh/y. This relatively high
level of EENS shows that although DR scheme is able to
reduce the burden of power generators by levelling peak
loads, its benefits towards system reliability is limited by the
bottlenecked power transfer capability of the network which
inhibit more demand to be served. In general, the Pareto
solutions exhibit that the EENS and ETNA are inversely
related and the chosen solution based on the equal prefer-
ence setting in the decision-making model is also highlighted
in Fig. 5. This preference setting can be modified based on
network conditions and reliability requirement. For example,
the network withmore old lines cannot afford high ETNA and
thus, higher EENS has to be accepted, as shown on the right
side of the figure and vice versa.

FIGURE 6. Optimum choice of α and β values for each load bus based on
equal criterion fuzzy decision-making model.

Fig. 6 shows that busses 3, 4, 10, 11 and 13 utilize most
(βb > 0.5) of their CPb values to uprate DLRs of lines
connecting to them. The accumulated load at busses 3, 4 and
10 constitute on average 15.7% of the total load in the net-
work and none of them have a local generator. Such condition
forces all the load demand to be matched only by power
imported from other generators located in remote busses.
In addition, theses load busses are connected with at least
two feeding lines most of the time, which creates a conducive
environment for utilizing a substantial amount of their CPb
values to uprate DLRs of their feeding lines without causing
excessive line ageing due to sharing of the uprating burden
among the lines. Although load busses 11 and 13 have local
generators, they are high capacity generators which have
huge surpluses even after matching local demand and the
remaining is therefore exported to other busses. In contrast to
the earlier mentioned load busses, load busses 11 and 13 are
connected with at least two exporting instead of importing
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lines most of the time. Due to this, uprating burden can be
shared and majority of their CPb values can safely be used
to uprate DLRs. The remaining load busses 1, 2, 5, 6, 9,
12, 14, 16 and 17 dedicate most (αb > 0.5) of their CPb
values to implementing the DR scheme. The main reason
is the demand on these load buses are generally small and
on average constitute approximately only 4.7% of the total
load demand. Therefore, the necessity to uprate DLRs of their
connecting lines is lesser and the DR action is significant
enough to mitigate most of the EENS on these load busses.
Finally, load buses 7 and 15 are left out in the optimization as
there are no CPD values on them and therefore nothing to be
utilized.

TABLE 1. Summary of reliability indices.

B. RELIABILITY EFFECTS OF OPTIMISATION SCENARIOS
The considered optimisation scenarios in this section are
described in Table I and their reliability impacts are com-
pared. S1 is the base case where none of the CPD is utilized
for added flexibility as proposed in this study. S2 mini-
mizes system reliability without considering network ageing.
In contrast, S3 ignores system reliability and seeks to mini-
mize network ageing only. S4 is our proposed optimization
with equal criterion setting in the fuzzy decision making
model. In addition to EENS and ETNA, new indices such
as the expected interruption cost (EIC) and expected total
network cost (ETNC) are also recorded. The EIC is calcu-
lated based on the rate $8200/MWh [36], while the ETNC is
calculated by considering: (1) total ACSR length of the RTN,
which has 766 km and 689 km of Drake and Lapwing ACSR,
respectively, (2) manufacturing price of ACSR, which is
quoted at approximately $178/km and $195/km for the Drake
and Lapwing ACSR, respectively [37], and (3) 1,000 hours of
conductor thermal ageing limit of the ACSR [38].

In S1, OHLs are limited to 95 ◦C and none of the CPD
values are utilised to reduce peak demands. Due to this con-
dition, S1 has the highest EENS and subsequently, the high-
est EIC of 45.42 M$/y. When CPD values are used to add
flexibility to the RTN by levelling peak demands in S3,
the EENS and EIC drop significantly by 26.9% compared
with S1. As no initiative is used to uprate the DLR of the
lines, no reported network ageing is reported in S3. By con-
trast, S2 dedicates all the CPD values to uprate DLR, but
peak demands are not shaved. In this scenario, conductor
temperatures are raised beyond Tage = 95 ◦C to ensure that
the generated power has the best avenue to be delivered to
every load point. Due to this condition, the EENS is the

lowest in S2, but the ETNA suffers by being raised to 755 h/y,
which costs approximately 204.38 k$/y, compared with S1
and S3. Instead of reducing only either the EENS or ETNA,
S4minimises both based on the proposed optimisationmodel.
Although the EENS in this scenario is greater than that of S2,
its value is still much lower than the EENS of S1 and S3 by
approximately 79.4% and 71.9%, respectively. In terms of
ETNA, the network ageing of S4 is also lower than that of
S2 by approximately 72.5%, a significant 148.07 k$/y saving,
which compensates for the 8.56 M$/y increase in EIC value.

C. CONDUCTOR TEMPERATURE EXCEEDANCE EFFECTS
In this section, the exceedance limit of the conductor temper-
ature varies from an additional 1% to 25% of Tage with all
other remaining settings being the same. Within the range,
9% to 12% is the common practice in the UK [39]. Due to
the studied parameter, only S2 and S4 are affected, as shown
by the results in Fig. 7. The 15% exceedance value shown
in figure denotes the value reported in Table I.

FIGURE 7. Exceedance effects on ETNA and EENS.

The result shows that ETNA in both S2 and S4 increase
together with the exceedance percentage, while their EENS
are inversely related. Due to S2 ignoring line ageing and pri-
oritizing system reliability only, it has ETNA and EENS that
are higher and lower than S4, respectively, across the entire
investigated exceedance range. However, both the indices
in S4 stops reacting after 9% exceedance, while in S2 the
reaction stops much later after 22%. The reason this happens
is due to the proportion of the contractual power,CPb, used to
uprate DLRs has been entirely used at these points. Therefore,
further increasing the limit of exceedance has no more effects
towards the DLRs. Due to the emphasis of S2, it has higher
line uprating potential which takes 13% more exceedance
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than 9% in S4 in order to completely exhaust the contractual
power.

Notice that ETNA drops slightly at 7% and 21% before
flatting out in S4 and S2, respectively. Prior to these levels,
the rating limit is lower than the amount of CPb dedicated
for line uprating. As a result, the ceiling of line rating limit
is always met after uprating, which can only be increased
further by increasing exceedance level. However, beyond
these points enough line rating limits are unlocked to share the
uprating burden to cause ETNA to decrease slightly before
levels out when the entire proportion of CPb has been used
for line uprating. The result indicates that S4 induces less
ageing than S2 within any particular exceedance level by
68.2% on average. Therefore S4 allows higher line capacity
with significant lower ageing risk.

V. CONCLUSION
This study proposes a two-objective optimisation method-
ology in utilising the CPD values for minimising network
demand loss and ageing. The proposed method is applied on
every load bus and gives the network operator the flexibility
to adjust the ageing level against power-transfer capability
by varying the α and β values. Thus, the contribution of
the CPD values toward network ageing and reliability is
controlled, and informed OHL management strategies can be
devised and executed. Results have shown that the proposed
method is balanced and more cost-effective when EENS and
ETNA are considered together. Our results show that the
equal emphasis of EENS and ETNA in S4 bring about 71.9%
improvement in system reliability compared to S3 (avoiding
line ageing) although line ageing was increased from 0 h/y
to 208 h/y. On average, S4 reported 68.2% less ageing than
S2 (avoiding load loss) across the entire spectrum of investi-
gated rating exceedance (1% to 25%). In future studies, new
and specific OHL health indices can be incorporated into
the proposed optimisation framework so that a more robust
and customised assessment can be performed. This approach
can also be extended to include the effects of weather con-
ditions and hostile operating environments. The limitation
of this study is the lacking of a full economic model that
associates costs to utilizations of demand loss, OHL ageing,
OHL replacement/investment activities, load interruptions,
generator operations and carbon emissions levels. Such a
model is valuable for adjusting network ageing and reliability
risks based on various asset management platforms in terms
of economic criteria, further quantifying additional values of
the optimization presented in this paper.
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