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Terzić, J. Enhancing Reliability

Performance in Distribution Networks

Using Monte Carlo Simulation for

Optimal Investment Option Selection.

Appl. Sci. 2025, 15, 4209. https://

doi.org/10.3390/app15084209

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Enhancing Reliability Performance in Distribution Networks
Using Monte Carlo Simulation for Optimal Investment
Option Selection
Jelisaveta Krstivojević * and Jelena Stojković Terzić *
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Abstract: Limited financial resources significantly impact the ability of distribution sys-
tem operators to prioritize maintenance, upgrade infrastructure, and integrate advanced
technologies. To optimize resource allocation, a structured and detailed analysis is es-
sential for maximizing reliability improvements within budget constraints. This paper
presents a methodology for enhancing the reliability performance of semi-urban and rural
distribution networks by identifying optimal investment strategies under financial limita-
tions. Investment options are categorized into three groups: (1) installing new components
where none previously existed, (2) replacing aging, higher-failure-rate equipment with
new components, and (3) upgrading both network components and operational strategies.
To determine the most effective investments, the selection process aims to minimize the
System Average Interruption Duration Index (SAIDI) and Energy Not Supplied (ENS),
while also considering an economic metric that quantifies reliability in monetary terms.
The methodology was tested on networks with diverse consumer types, incorporating
Monte Carlo simulation to account for uncertainties in component reliability indices and
node loads. An optimization algorithm was developed, implemented, and validated us-
ing representative test networks, demonstrating its effectiveness in guiding investment
decisions for improved distribution system reliability.

Keywords: reliability assessment; distribution network; optimization; optimal investment
strategies; Monte Carlo simulation

1. Introduction
A fundamental objective in developing distribution networks is ensuring a stable,

cost-effective, and secure electricity supply. Achieving this goal requires a structured and
strategic planning approach, which serves as a core operational process for distribution
system operators. In the long run, enhancing the distribution system should facilitate a
reliable and economically viable power supply while improving overall power quality [1].

A critical aspect of distribution network development is ensuring high reliability, as
power supply interruptions can lead to significant economic and operational challenges.
Proper assessment of reliability indicators plays a key role in network planning, allowing
for the identification of system vulnerabilities and guiding investment decisions aimed at
reducing outages. In power distribution, reliability refers to a system’s ability to consistently
deliver electricity under predefined conditions over a given period without interruptions
to consumers [2].

However, maintaining a high level of reliability is particularly challenging in semi-
urban and rural areas. Limited financial resources, aging infrastructure, and network
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design constraints often slow down improvements in system performance. While smart
grid technologies are widely deployed in developed networks, in many regions where
power systems are still developing and in the early stages of modernization, improving
basic infrastructure in semi-urban and rural networks remains a prerequisite before large-
scale automation and smart grid functionalities can be introduced.

The liberalization of the electricity market has heightened the urgency of reducing
economic losses caused by power outages. These evolving demands, alongside regula-
tory changes in electricity supply, have shaped the framework for tariff structures that
incorporate reliability-based pricing or impose financial penalties on distribution network
operators failing to meet reliability standards. Prevailing regulatory models in various
countries, including Spain and Finland, incentivize investments to improve system reliabil-
ity, as reliability performance directly influences operators’ revenues [3]. Compensation
for unsupplied electrical energy varies across countries, depending on their respective
regulatory frameworks, laws, and distribution system regulations and practices [4,5]. In
regions where such mechanisms exist, distribution system operators (DSOs) are responsible
for compensating consumers when unsupplied energy results from faults in the distribution
network, power outages, or insufficient equipment maintenance. It is also important to
note that many countries do not explicitly regulate the price of unsupplied electrical energy.
Instead, it is negotiated individually between consumers and suppliers upon request. From
the perspective of DSOs, improving reliability is crucial, as it enhances consumer trust and
reputation, reduces compensation costs, and strengthens competitiveness in the market.

The electric system reliability metrics defined in [2] identify four key indicators for
evaluating electric system reliability: System Average Interruption Duration Index (SAIDI),
System Average Interruption Frequency Index (SAIFI), Customer Average Interruption Duration
Index (CAIDI), and Momentary Average Interruption Frequency Index (MAIFI). These metrics
are widely recognized and used by electric utilities in the United States to measure and
report system reliability. In European countries, SAIDI and SAIFI are the primary reliability
indicators for performance assessment [4,5]. Their values vary significantly across different
DSOs, and improving these indicators is one of their primary objectives.

According to the DSO Annual Business Report in Serbia, SAIDI and SAIFI are included
among the non-financial performance indicators, where their annual values are compared to
those from the previous year. However, rather than being used for regulatory adjustments or
strategic planning, the results are merely accompanied by a statement indicating whether
reliability has improved or worsened [6,7]. In neighboring countries, some regulatory method-
ologies set to take effect in 2026 will link SAIDI to the calculation of approved revenues
for distribution system operators [8]. Other methodologies use SAIDI as a parameter for
assessing investments in network maintenance and development [9].

SAIDI has been a fundamental reliability indicator for decades, widely applied in
power system analysis to evaluate supply continuity and guide network improvements. Its
application extends across various aspects of distribution system performance improve-
ment, from assessing routine operational reliability to supporting long-term planning
decisions. Over time, different methodologies have been developed to enhance SAIDI
values, adapting to changes in system design, load dynamics, and the increasing integra-
tion of automation. SAIDI is frequently used as a key performance indicator in research
analyzing various aspects of distribution network reliability. Recently, it has been applied
in studies that examined the impact of renewable portfolio standards on grid reliabil-
ity [10] and explored fault elimination techniques that do not require opening the faulty
line [11]. Improvements in SAIDI values have also been observed in studies examining fault
restoration times in substations, where the implementation of remote-controlled equipment
significantly enhanced outage restoration processes [12]. Additionally, network operation
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analyses have identified several technical measures for SAIDI improvement, including
upgrading communication infrastructure, accelerating fault isolation with fault detection,
isolation, and restoration modules, optimizing switching point placement, increasing net-
work redundancy, and strengthening resilience to external disturbances [13]. A method for
assessing and improving the reliability of power distribution systems has been proposed
in [14], where the evaluation process begins with a Monte Carlo simulation to determine
system reliability based on SAIFI and SAIDI indices, followed by the development of a
novel risk priority index. Primary substation failures can significantly increase SAIDI
due to their widespread impact. In [15], a SAIDI-optimized service restoration algorithm
for meshed MV grids has been proposed to address this issue. In [16], machine learning
regression methods have been applied to predict SAIDI and SAIFI based on technical,
financial, and customer data collected from Swedish DSOs between 2010 and 2021.

Energy Not Supplied (ENS) is one of the adequacy indices used in distribution system
evaluation [4]. While SAIDI measures the duration of supply interruptions, ENS quantifies
the total amount of lost electrical energy, providing a more comprehensive assessment
of outage impact. ENS is often used alongside cost analyses to evaluate the economic
consequences of unserved energy.

In recent reliability assessments, Expected Energy Not Supplied (EENS) has been used
in studies analyzing the optimal placement of sectionalizers in medium-voltage (MV)
distribution networks [17]. It has also been applied in developing a resilience indicator,
Transmission Lines’ Contribution to Energy Not Supplied (TLENS), quantifying the impact of
specific transmission line failures [18]. Moreover, ENS has been one of the key indicators in
a study evaluating the effects of protection system performance and miscoordination in
reliability assessment [19]. Further research has considered integrating distributed energy
sources to improve reliability indicators, with ENS and Average Energy Not Supplied (AENS)
included as key metrics [20]. Additionally, AENS has been used alongside other indicators
to assess the impact of smart grid functionalities on system reliability [21].

Given its significance in reliability assessment, ENS has been widely used as a key
indicator in studies focused on network optimization, distributed energy resource inte-
gration, and system reconfiguration. An approach proposed in [22] focuses on optimally
placing micro-phasor measurement units (uPMUs) to improve distribution system reliabil-
ity. It determines the optimal number and placement of uPMUs, with reliability evaluation
based on SAIDI and ENS. The optimal allocation of photovoltaic (PV) and battery energy
storage (BES) systems in distribution networks is proposed in [23]. The aim is to minimize
energy losses and ENS under normal conditions while mitigating load interruptions during
emergencies, considering practical constraints that include the associated costs of PV and
BES. A study in [24] addresses distribution network reconfiguration (DNR) alongside the
placement and sizing of distributed generators (DGs). Reliability improvement is a key
objective achieved through ENS reduction for end-users. The reliability of rural distribution
systems with integrated microgrids (MGs) has been analyzed in [25], considering different
penetration levels of renewable and nonrenewable distributed generation and the rated
energy storage power, with ENS serving as the key reliability indicator. Research in [26] ex-
amines the impact of control techniques on DG placement and sizing, considering technical,
economic, and reliability factors. One aim was to minimize the ENS parameter and reduce
the costs associated with the optimal installation of DG units. The integration of renewable
energy sources into microgrids in the mining sector has been analyzed in [27], considering
energy cost, emissions, and reliability. Reliability was assessed using the ENS indicator.

Several studies have addressed reliability improvement by focusing on cost minimiza-
tion during problem-solving. The approach for determining the optimal number, type, and
location of automation devices installed in the network and identifying the new locations
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of existing devices has been presented in [28]. The problem is addressed by minimizing the
costs related to new devices or the relocation of existing ones to achieve the target values of
reliability indices. The study in [29] focuses on selecting protective devices strategically
distributed in distribution networks. The selection process is based on minimizing the
total cost of reliability, considering the costs related to equipment installation and the
expected customer interruption costs. The study also indirectly includes a constrained
budget for reliability improvement, achieved by defining the available quantity of fuses
and switches for installation. The paper in [30] proposes a multi-criteria decision-making
approach for the optimal placement of switches and protective devices in distribution
networks to generate possible solutions with varying investment and reliability levels.
These solutions are evaluated based on the distribution operator’s preferences using a
multiple-criteria decision-making strategy. A method for optimizing the placement of
reclosers and sectionalizers while ensuring protection coordination is proposed in [31]. The
approach minimizes ENS and quantifies the financial benefits for distribution companies re-
sulting from reduced unserved energy. In [32], the proposed model determines the optimal
allocation of manual switches, remote-controlled switches (RCSs), and field circuit breakers
(FCBs) to minimize costs and EENS in the objective function while also considering the
possibility of malfunctions in RCSs and FCBs.

While numerous studies have investigated strategies for improving reliability indica-
tors, the economic feasibility of these improvements remains largely unaddressed. Some
studies assess reliability improvements without considering the cost of implementation. In
contrast, others focus on cost minimization [22,23,26,28–32] without accounting for limited
financial resources, which is especially important for developing countries. In [33], the ENS
indicator was minimized while considering the constraints of limited financial resources
available for investment. The analyzed test networks assumed that consumption was
exclusively residential. Strategies for ENS improvement were defined, and their selection
was carried out to achieve the most significant possible reduction in ENS within the given
financial constraints.

Studies [10–33] focus on optimizing reliability indicators, whereas other research
has examined reliability from different perspectives, which are particularly applicable
in advanced systems. These perspectives include the optimization of energy trading
under uncertainty [34] and a resilience-oriented strategy for coordinating maintenance and
reconfiguration to support post-failure recovery in integrated energy systems [35]. In [36],
a coordinated model for multi-energy ship microgrids (MESMs) has been developed.
This model introduces load-shedding and energy curtailment schemes to improve the
reliability of the MESM. In [37], a P2P outage insurance mechanism has been proposed,
facilitating effective risk sharing and fair cost allocation, indirectly enhancing system
reliability. Additionally, many methodologies are tailored to developed power systems with
advanced regulatory frameworks, leaving a gap in methodologies applicable to developing
countries, where semi-urban and rural networks require substantial infrastructure upgrades
before deploying advanced technologies on a larger scale.

In [5,12], the importance of tailoring strategies and investments to regional conditions
for improving network reliability is emphasized. Serbia is a developing country with a
semi-urban and rural distribution network that requires significant improvements in infras-
tructure, equipment, and reliability before advanced grid technologies can be implemented.
It also lacks a regulatory framework for compensating consumers for unsupplied electrical
energy. Motivated by these factors, this study proposes a methodology for enhancing
network reliability, particularly applicable to distribution networks in developing countries.
Building on previous research [33], this study expands the approach by proposing a proba-
bilistic investment optimization methodology that accounts for financial constraints while
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improving reliability indicators in semi-urban and rural distribution networks serving
diverse consumer types.

The main objective of this paper is to propose a methodology for enhancing reliability
performance in semi-urban and rural distribution networks using Monte Carlo simula-
tion (MCS) to account for uncertainties in input data, ensuring the selection of optimal
investment options. While MCS has been widely used in reliability studies due to its ability
to capture stochastic uncertainties [4,14,16], previous studies have primarily focused on
reliability optimization without explicitly considering budget constraints. In contrast, this
study incorporates a budget constraint and integrates MCS with Mixed-Integer Linear
Programming (MILP) to obtain a more realistic solution and ensure cost-effective reliabil-
ity improvements.

In this study, in comparison to [33], the reliability assessment includes not only the
ENS indicator but also the analysis of SAIDI, thereby ensuring the practical application of
the methodology, as SAIDI is a key indicator within the regulatory framework of most coun-
tries. Furthermore, a cost indicator has been introduced as the third minimized indicator
compared to [33]. It represents an economic measure associated with supply interruptions,
designed for practical use in developing countries. The uncertainties of reliability indices
and consumer load were incorporated into the analysis using MCS. The semi-urban and
rural test networks used for algorithm testing and verification included different consumer
types. Compared to [33], this work expands by incorporating test networks with nodes that
include industrial and commercial consumers in addition to residential ones. This aspect
further reinforces the significance of the study, as the results confirm that the position of
different consumer types within the network affects the decision-making process when
determining the sequence of actions required to maximize reliability improvement.

For each analyzed network, predefined strategies and individual options for improv-
ing reliability indices were established, as well as the different levels of available investment
funds. The strategies defined for each network included (1) installing new components,
(2) replacing old components with new ones, and (3) upgrading both components and
network functionality. The second strategy, which involves proactive replacement of com-
ponents with an increased failure rate before they cause an outage, is not addressed in
other works, particularly in [11–14,17,20–23,26,28–32]. An optimization algorithm was de-
veloped to address the problem formulated in this study. It is described in the paper, tested,
and verified.

The key aspects of reliability improvement are listed below, and Table 1 provides
a comparison with the relevant literature that examines these aspects. The aspects are
categorized as follows:

• Reliability:

(R1) Assessment of the impact of different measures using reliability indicator(s);
(R2) Optimization of reliability indicators.

• Investments:

(I1) Explicit incorporation of financial constraints in the consideration of the limited
financial resources available to the DSO for investment;

(I2) Minimization of investment in improvement measures, regardless of the DSO’s
available limited financial resources.

• Strategies:

(S1) Strategy of installation of new components;
(S2) Strategy of replacement of old components with new ones;
(S3) Strategy of upgrading existing components.
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• Input data:

(ID1) Consideration of different types of consumption
(ID2) Consideration of uncertainties.

Table 1. Comparison of the proposed approach with previous literature.

References
Reliability Investments Strategies Input Data

R1 R2 I1 I2 S1 S2 S3 ID1 ID2

[11]
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methodology, and taking into account ID1-ID2. 
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The authors’ study extends prior research by presenting the following key 
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investment funds, simultaneously incorporating strategies S1-S3 into the 
methodology, and taking into account ID1-ID2. 

• A distinct contribution of the authors’ study is the consideration of I1 and the 
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The authors’ study extends prior research by presenting the following key 
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investment funds, simultaneously incorporating strategies S1-S3 into the 
methodology, and taking into account ID1-ID2. 

• A distinct contribution of the authors’ study is the consideration of I1 and the 
application of strategy S2 alongside other strategies. 

• An advancement of this study compared to [33] is: 

(i) The reliability assessment is based on multiple indicators; 
(ii) Consideration of different types of consumption, which has proven important 

for investment decision-making; 
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The authors’ study extends prior research by presenting the following key contributions:

• Applying optimization of reliability indicators while considering limited investment
funds, simultaneously incorporating strategies S1-S3 into the methodology, and taking
into account ID1-ID2.

• A distinct contribution of the authors’ study is the consideration of I1 and the applica-
tion of strategy S2 alongside other strategies.

• An advancement of this study compared to [33] is:

(i) The reliability assessment is based on multiple indicators;
(ii) Consideration of different types of consumption, which has proven important

for investment decision-making;
(iii) Accounting for uncertainties in input data to obtain a more realistic representa-

tion, as the calculations do not rely solely on fixed values.

• The methodology can be effectively applied in selecting investment options for both
lower and higher available budgets.

The methodology’s effectiveness has been successfully demonstrated for different
levels of DSO investment funds. In addition to selecting investment options for each
considered funding level, the results demonstrate how each option individually contributes
to improving the three observed indicators. This enables the implementation of a sequence
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that prioritizes options with a greater impact on reliability improvement. The proposed
methodology provides a structured investment prioritization framework that helps dis-
tribution system operators make data-driven decisions on reliability improvements while
optimizing their limited funds.

In the remainder of this paper, the theoretical framework is presented in Section 2,
followed by a detailed formulation of the optimization problem in Section 3. Section 4 is
dedicated to the description of medium-voltage distribution test networks, the overview of
input data, specific investment options within strategies for each network, and associated
costs. Section 5 presents the results and discussion, while Section 6 concludes the study.

2. Theoretical Framework
2.1. Reliability Indicators

This paper analyzes SAIDI and ENS, two widely used reliability indicators. SAIDI
is a standardized metric applied globally, enabling comparisons between distribution
systems. It aligns with regulatory requirements, as many countries use it as a reference for
assessing the performance of distribution companies and often define annual improvement
targets to ensure service reliability. SAIDI quantifies the average duration of power supply
interruptions, indicated in minutes or hours per customer [2,4]:

SAIDI =

(
∑

i
Ui·Ni

)/
NT [h/yr], (1)

where Ui represents the annual outage time for location i, Ni is the number of customers in
location i, and NT is the total number of customers served.

ENS represents the total amount of energy not supplied to consumers due to supply
interruptions, directly quantifying their impact. While SAIDI reflects the duration of
interruptions, ENS quantifies the unserved energy, making it particularly relevant for
assessing both the operational and, with certain extensions, the economic consequences of
reliability issues. ENS calculates annual energy not supplied to customers in the considered
network due to long supply interruptions [4]:

ENS = ∑
i

Ui·Pai [kWh/yr] , (2)

where Pai is the average load of a customer (in kW) connected to load point i.
In addition to SAIDI and ENS, this paper introduces and analyzes a cost indicator,

an economic metric used to quantify the financial impact of power supply interruptions.
Economic impact analysis has received significant attention in the literature, with various
indicators used to quantify economic effects [4]. Moreover, many studies rely on variable
outage cost data, which differ based on consumer type and interruption duration [4,37–39].
Additionally, some studies aim to provide highly accurate estimations of these costs [40,41],
requiring extensive input data that are often difficult to obtain.

This paper performs a reliability assessment and an optimization of investment options
that consider both higher and lower available financial resources. When the investment
budget is limited, allocating significant time and resources to collecting input data is
unjustified. Moreover, such data may not exist in developing countries, as compensation
for supply interruptions is either not implemented or is determined through individual
agreements between consumers and the DSO. In some cases, the price is typically negotiated
individually with industrial and commercial consumers. Regardless of whether a country
formally incorporates this aspect, it is preferable and wise to consider the economic effects.
This paper proposes a simplified approach based on a fixed unit monetary value of unserved
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energy per consumer type, which is independent of interruption duration. This method is
suitable for developing countries where detailed data on interruption costs by consumer
type may not be available. It is also useful for planning small-scale investments while
providing a reliable economic assessment.

The paper analyzes the value of the cost indicator (COST), which quantifies the eco-
nomic impact of power supply interruptions by expressing the reliability of the distribution
system in monetary terms:

COST = ∑
i

Ui·Pai·ci [EUR/yr] , (3)

where ci is the unit monetary value of unserved energy, reflecting the financial impact of
supply interruptions per kilowatt-hour [EUR/kWh] of energy not supplied.

2.2. Uncertainty in Component Reliability Data
2.2.1. Component Failure Rate

A component’s failure rate varies over its operational lifespan, following three distinct
periods: initial development, exploitation, and aging (Figure 1). In the early stage, latent
defects from design, transportation, assembly, or installation may lead to failures. Once
these issues are resolved, the failure rate stabilizes and remains approximately constant
for a significant period. However, as the component ages, failures become more frequent,
marking the onset of the final phase, where the failure rate progressively increases. The
technical service life ends when the component is irreparable or when its maintenance and
repair costs approach the expense of acquiring a replacement [42].
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This study takes into account that certain components within the network have reached
the aging period. Their age will be reflected in an increased failure rate, and potential
network reliability improvements will be explored by assessing the feasibility of replacing
these old components with new ones.

The Weibull distribution is widely used in reliability engineering and failure rate anal-
ysis due to its flexibility in modeling the failure characteristics of electrical power system
components. The failure rate is generated as a Weibull-distributed random variate [4,42].
Considering the failure rate characteristic, typical shapes of the Weibull distribution can
be observed in each lifetime period by adjusting the shape parameter (β): β < 1 models
the development period, β = 1 models the exploitation period, and β > 1 models the aging
period. In this study, β = 1 is used for components in the exploitation period, and β = 4
is used for components in the aging period [42]. The failure rate value will be varied
within predefined ranges, depending on the life phase of each specific component, and this
uncertainty will be incorporated into the MCS.
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2.2.2. Component Repair Time

A component’s repair time represents the time required to restore a component to
operational status after a failure. In 10 kV distribution networks, this parameter varies
significantly depending on several factors, including the location’s accessibility, the type of
component, the availability of spare parts and personnel, and the complexity of the repair.
This study defined a specific range for each component, within which the repair time value
was varied. Since repair time directly influences network reliability, incorporating it as a
stochastic parameter in the MCS ensures a more accurate assessment of reliability indicators
in the 10 kV distribution network.

2.3. Reliability Improvement Strategies for Analyzed Medium-Voltage Networks

Various strategies were explored in the analyzed MV semi-urban and rural distribution
networks to enhance reliability performance while considering financial constraints. These
strategies are categorized into three main groups:

1. Installation of new components, which includes:

• Construction of new power lines to form semi-rings on single-fed lines;
• Installation of new reclosers (REC).

2. Replacement of outdated components with new ones, ensuring that aging infrastruc-
ture does not compromise reliability.

3. Upgrading both components and network operations, including:

• Replacement of overhead lines (OHLs) with underground cable lines (UCLs);
• Installation of remotely operated disconnectors (RODs) with fault indicators

to enable faster fault detection and sectionalizing. This upgrade improves re-
sponse time.

For each analyzed network, specific investment options and the necessary financial
resources for their implementation were defined. By selecting the most effective measures
from the defined options, investments would be directed toward maximizing improvements
in reliability indicators, significantly enhancing the overall stability and efficiency of the
distribution system.

3. Optimization Problem Formulation
3.1. Objective Function Terms

This study aims to minimize one of the reliability indicators defined in Equations (1)–(3)
by optimally allocating limited investment funds among predefined improvement mea-
sures. Given that DSOs have financial constraints when planning investment strategies to
enhance grid reliability, the optimization problem is formulated as follows:

min

{
∑
i∈S

xiSAIDIi

}
, (4)

min

{
∑
i∈S

xiENSi

}
(5)

min

{
∑
i∈S

xiCOSTi

}
(6)

where xi is a binary decision variable indicating whether the investment option i is selected
(xi = 1) or not (xi = 0); SAIDIi, ENSi, and COSTi represent the reduction in SAIDI, ENS,
and COST achieved by implementing investment option i; and S is the set of available
investment options.
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The objective is to minimize each of the Equations (4)–(6) separately, subject to the
constraint:

∑
i∈S

xiCi ≤ Cmax, (7)

where Ci is the cost of implementing investment option i, and Cmax is the maximum
available investment budget.

Individual minimization of (4)–(6) allows the DSO to clearly understand the trade-offs
between different reliability aspects and select the most suitable investment strategy based
on specific priorities. Additionally, this method avoids potential biases that could arise
from normalizing or weighting the objectives, ensuring a more objective evaluation of each
reliability criterion.

This optimization problem belongs to the class of MILP problems, where all decision
variables are binary, meaning they can take only the values 0 or 1. A variable set to 1 indicates
that a given component has been replaced with a new one or that a new power line has been
built. MILP has been widely used in reliability studies for distribution networks due to its
ability to handle discrete decision-making and linear constraints effectively. In [11,15,32], the
application of MILP in improving distribution network reliability demonstrates effectiveness
in addressing complex reliability optimization problems.

3.2. The Algorithm

The reliability indicators (1)–(3) are calculated using a tree-based representation of
the distribution system, establishing parent–child relationships between network sections.
This allows for the precise identification of consumers affected by faults, as well as the
sections located upstream and downstream of the fault location. To account for uncertainty
in component reliability data (failure rate and repair time) and demand variability, an MCS
is integrated into the optimization framework. This ensures a probabilistic assessment of
investment decisions, reflecting real-world operating conditions.

Figure 2 shows the flow chart of the algorithm. Below is a step-by-step description
of the enhanced probabilistic algorithm for selecting investment options that maximize
reliability improvements, outlined as follows:

Step 1: Data input and parameter initialization.

• Load network topology and consumer data, including the number of cus-
tomers, their loads, and prices for unserved energy.

• Incorporate uncertainty in component reliability data, defining probability
distributions for failure rate and repair time.

• Incorporate demand uncertainty, defining probabilistic distributions for con-
sumer load fluctuations over time.

• Define a set of potential investment options (e.g., component replacements,
network reinforcements, automation upgrades) and their associated costs.

• Set MCS parameters—the number of iterations (N), which in this study is set
to 2500.

Step 2: Construct a tree-based network representation, establishing parent–child relation-
ships between sections to facilitate fault impact assessment.

Step 3: Initiate the MCS and set the iteration counter to 1.
Step 4: Randomly generate values for failure rates, repair times, and consumer demand.
Step 5: Calculate the reliability indicators (SAIDI, ENS, and COST) for the current MCS

iteration for the baseline scenario.
Step 6: Calculate the expected reduction in reliability indicators for each investment option

relative to the baseline scenario.
Step 7: Increase the iteration count by 1.
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Step 8: If the counter is less than or equal to the set number of iterations N, go to Step 4;
otherwise, go to Step 9.

Step 9: Compute the average reduction in reliability indicators across all Monte Carlo
iterations to obtain an expected improvement for each investment option.

Step 10: Formulate the optimization problem under the given total investment budget
constraint. Select investment options that contribute the most to the reduction in
reliability indicators.

Step 11: Display the optimal set of investments and conclude the algorithm.
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4. Model Description
4.1. Medium-Voltage Distribution Test Networks

The first analyzed network is an MV semi-urban distribution test network. The scheme
of the studied part of this semi-urban system is presented in Figure 3. The model assumes
that the supply points, the normally open circuit breaker (CB), and all transformers (TRs) in
the 10 kV/0.4 kV transformer stations (TSs) are ideally reliable. The entire network consists
of underground cable lines, with each section having an equal length of 0.3 km. The dashed
lines indicate power lines that do not exist in the baseline scenario. A disconnector is
positioned at both ends of every section. In total, the network includes 40 TSs. Figure 3
highlights the nodes with different consumption types: nodes with 100% commercial load,



Appl. Sci. 2025, 15, 4209 12 of 26

mixed nodes with both commercial and residential consumption, and industrial nodes. All
other nodes in the network are classified as residential.
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Figure 3. MV semi-urban test network configuration.

The second analyzed network is an MV rural distribution test network. Consumer
nodes, representing 10 kV/0.4 kV TSs, are marked with arrows. The network consists of
29 consumer nodes in total. All lines are overhead and numbered from 1 to 49, with their
lengths provided in Figure 4. The dashed lines indicate power lines and automatic reclosers
that do not exist in the baseline scenario. Figure 4 highlights the nodes with different
consumption types, specifically marking nodes with 100% commercial consumption and
mixed nodes with both commercial and residential consumption. All other nodes in the
network are classified as residential.

An overview of the consumer distribution in both the MV semi-urban and rural test
networks, including consumption type, node locations, total load supplied by each TS 10 kV/
0.4 kV, and the number of connected consumers, is presented in Tables 2 and 3, respectively.

Table 2. Consumer data in the semi-urban test network.

Consumption Type Node(s) Each Node Load Number of
Consumers

Industrial consumption 25 540 kW, cosφ = 0.9 1

100% commercial consumption 23, 30, 40 500 kW 2, 9, 5

Mixed commercial and
residential consumption 2, 6, 38 commercial: 204.3 kW,

residential: 136.2 kW
commercial: 3,
residential: 60

100% residential consumption all other load nodes 227 kW 100
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Table 3. Consumer data in the rural test network.

Consumption Type Nodes Each Node Load Number of
Consumers

100% commercial consumption 20, 36 100 kW 3, 2

Mixed commercial and
residential consumption 9, 39 commercial 60 kW,

residential: 11.35 kW
commercial: 2,
residential: 5

100% residential consumption all other load nodes 45.4 kW 20
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4.2. Modeling Uncertainty in Component Data

In 10 kV distribution networks, load demand at consumer nodes is subject to variations
due to fluctuations in consumption patterns. To account for this in the model, load values
at consumer nodes are adjusted within predefined ranges for four consumer types. The
variation ranges for the three considered consumer types in the analyzed test networks are
presented in Table 4. In the table, Pind, Pcomm, and Pres correspond to the load demand of
industrial, commercial, and residential consumers, respectively. The reference load values
for each consumer type are provided in Tables 2 and 3.

Table 4. Load variation ranges for different consumer types.

Consumer Type Load Variation Range

Industrial [0.7–1] Pind

Commercial [0.85–1.15] Pcomm

Residential [0.85–1.2] Pres

Reliability indicators provided by the DSO are based on long-term statistical obser-
vations of multiple components of the same type. Since such data inherently includes a
degree of uncertainty, this aspect is incorporated into the model by allowing reliability indi-
cators to vary within defined limits. Table 5 presents the values of reliability indicators of
components. The mean values of failure rate and repair time are sourced from Serbian DSO
statistics. Based on these mean values, upper and lower limits were defined to establish the
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variation range of reliability indicators in the MCS. The table also includes the variation
ranges for the failure rate of old components, which are set between two and five times the
mean failure rate of the corresponding component. A list of old components with increased
failure rates is provided in Table 6.

Table 5. Values of reliability indicators of components.

Component
Failure Rate

[faults/yr]
Failure Rate of Old

Component [faults/yr]
Repair Time

[h]

[Min, Mean, Max] [Min, Max] [Min, Mean, Max]

Circuit breaker [0.0272, 0.034, 0.0408] [0.068, 0.17] [9.6, 12, 14.4]

Recloser [0.0272, 0.034, 0.0408] [0.068, 0.17] [9.6, 12, 14.4]

Disconnector [0.00224, 0.0028, 0.00336] [0.0056, 0.014] [8.4, 10.5, 12.6]

Fuse [0.0032, 0.004, 0.0048] [0.008, 0.02] [1.6, 2, 2.4]

Cable line (per km length) * [0.032, 0.04, 0.048] - [16, 20, 24]

Overhead line (per km length) * [0.0728, 0.091, 0.1092] - [9.6, 12, 14.4]
Legend: * Components for which aging was not assessed (Table 6).

Table 6. Components that exhibit higher failure rates in semi-urban and rural networks.

Semi-Urban Network

Feeder 2 CB2, TS5, TS6, TS7, TS8

Feeder 5 CB5, TS17, TS18, TS19, TS20

Feeder 7 CB7, TS27

Feeder 9 CB9, TS33, TS35

Rural network

Feeder 1 CB1, CB6, D4, F9, F10, F11

Feeder 2 CB25, CB45, F33
Legend: CB—circuit breaker, D—disconnector, F—fuse, TS—equipment in 10 kV/0.4 kV TS (disconnectors in line
bays, and disconnector and fuse in the transformer bay).

The time required for fault localization and the reconnection of operational sections
was set to 1 h. The same duration was applied to switching operations for semi-ring closure
and supply restoration from an alternative source. In calculating the SAIDI, ENS, and
COST for both networks, faults on all initially installed equipment, including lines, circuit
breakers, disconnectors, fuses, and reclosers, were analyzed.

4.3. Investment Strategies and Associated Costs

To improve the reliability of the analyzed semi-urban and rural distribution networks,
specific investment strategies were implemented to reduce SAIDI, ENS, and COST indica-
tors. These strategies include the construction of additional power lines, the replacement of
old components, and network upgrades through the installation of automated switching
devices. The investment options and their estimated costs, based on average market prices
in Serbia, are provided in Table 7.

Investment strategies for the semi-urban network:

1. Construction of new power lines to form semi-rings at critical points in the network,
specifically between nodes 12–32 (L1), 8–36 (L2), and 4–40 (L3), ensuring alternative
supply paths. It was assumed that new lines are ideally reliable after installation.
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2. Replacement of old components listed in Table 6.
3. Installation of remotely operated disconnectors (RODs) with fault indicators in all TSs

on Feeder 3 and Feeder 7 to enable faster fault isolation.

Investment strategies for the rural network:

1. Formation of a semi-ring by constructing a new power line between the endpoints of
lines 24 and 32 (L50) and installing a recloser at the beginning of line L29.

2. Replacement of old components listed in Table 6.
3. Replacement of overhead lines with underground cable lines for L1, L2, L3, L25, L26,

and L27 to improve reliability.
4. Installation of a recloser at the beginning of line L12 to enhance switching operations.

Table 7. Investment options and associated costs.

Option Cost (EUR) Network

Construction of new line L1 80,000 semi-urban

Construction of new line L2 85,000 semi-urban

Construction of new line L3 90,000 semi-urban

Construction of new line L50 +
Installation of recloser on L29 100,000 rural

Replacement of CB 8000 semi-urban, rural

Replacement of disconnector 2000 semi-urban, rural

Replacement of fuse 400 semi-urban, rural

Replacement of OHLs with UCLs (per km) 100,000 rural

Installation of RODs (per feeder) 24,000 semi-urban

Installation of recloser 10,000 rural

Based on the assumption that in many energy markets, particularly in developing
countries, there is no explicit regulation defining the cost of unsupplied electrical energy,
leaving it to be determined through agreements between customers and suppliers, fixed unit
monetary values of unserved energy are adopted: 30 EUR/kWh for industrial consumers,
15 EUR/kWh for commercial consumers, and 2 EUR/kWh for residential consumers. For
practical implementation, the determination of fixed values is left to the respective DSO,
which can define them based on the specific network segment being assessed for reliability
and the values agreed upon with consumers in that area.

5. Simulation Results and Discussion
The minimization of SAIDI, ENS, and COST indicators was carried out for scenarios

considering the maximum available investment funds, as presented in Table 8.

Table 8. Maximum available investment funds.

Case Semi-Urban Network Rural Network

1 EUR 250,000 EUR 150,000

2 EUR 200,000 EUR 100,000

3 EUR 100,000 EUR 50,000

4 EUR 20,000 EUR 10,000
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This section is organized as follows: Sections 5.1 and 5.2 present the simulation results
and their discussion for the semi-urban network, respectively, while Sections 5.3 and 5.4
present the simulation results and their discussion for the rural network, respectively.
Section 5.5 addresses the study limitations and future research.

5.1. Simulation Results for the Semi-Urban Network

The reduction in SAIDI, ENS, and COST indicators due to implementing the consid-
ered options is shown in Figures 5 and 6 for the semi-urban network. Two figures are
provided to represent different value ranges of the indicators. Based on the obtained results
(Figures 5 and 6), the following list presents the reduction in the SAIDI and ENS indicators,
sorted in descending order from the highest to the lowest reduction, for the considered
options in the semi-urban network:

1. Construction of new lines L1, L2, and L3;
2. Replacement of old CBs;
3. Installation of remotely operated disconnectors with fault indicators; and
4. Replacement of old disconnectors and fuses.
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This sequence also applies to the reduction order of the COST indicator, although
some individual options within items 1 and 2 of the previous list do not strictly follow
this order. In the case of the COST indicator, the impact of the location of commercial
and industrial consumers within the network is more pronounced, leading to a pref-
erence for improvement strategies applied to their feeders. This is most noticeable in
the greater reduction in the COST indicator when replacing CB7 at the beginning of
Feeder 7.

Tables 9–11 display the selection of investment options for minimizing SAIDI, ENS,
and COST in the semi-urban network, respectively. The results are presented for all four
analyzed maximum available funds. Each of these tables, in addition to the selected
investment options, also presents the available and allocated funds. The values of SAIDI,
ENS, and COST indicators for the baseline scenario and after applying minimization are
presented in Table 12 for the semi-urban network.
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Table 9. Selected investment options for SAIDI minimization for the semi-urban network model.

Available Fund Allocated
Fund Selected Investment Options

EUR 250,000 EUR 250,000

CB2, CB5, CB7, CB9, TS5-D1, TS5-D2, TS5-D-F, TS6-D1, TS6-D2, TS6-D-F,
TS7-D1, TS7-D2, TS7-D-F, TS17-D1, TS17-D-F, TS18-D1, TS18-D-F, TS19-D1,

TS19-D2, TS19-D-F, TS20-D2, TS20-D-F, TS27-D1, TS27-D2, TS27-D-F,
TS33-D1, TS33-D2, TS33-D-F, TS35-D1, TS35-D2, TS35-D-F, L1-new, L2-new

EUR 200,000 EUR 200,000 CB2, CB5, CB7, CB9, TS5-D1, TS5-D2, TS33-D1, TS33-D2, L1-new, L2-new

EUR 100,000 EUR 100,000 CB5, CB7, TS33-D1, TS33-D2, L1-new

EUR 20,000 EUR 20,000 CB5, CB7, TS33-D1, TS33-D2
Legend: CB—circuit breaker, TS-D1—disconnector in the line bay of the 10 kV/0.4 kV TS on the supply side, TS-
D2—disconnector in the line bay of the 10 kV/0.4 kV TS on the opposite side of the supply, TS-D-F—disconnector
and fuse in the transformer bay of the 10 kV/0.4 kV TS (both components are replaced simultaneously), L—line.

Table 10. Selected investment options for ENS minimization for the semi-urban network model.

Available Fund Allocated
Fund Selected Investment Options

EUR 250,000 EUR 250,000

CB2, CB5, CB7, CB9, TS5-D1, TS5-D2, TS5-D-F, TS6-D1, TS6-D2, TS6-D-F,
TS7-D1, TS7-D2, TS7-D-F, TS17-D1, TS17-D-F, TS18-D1, TS18-D-F, TS19-D1,

TS19-D2, TS19-D-F, TS20-D2, TS20-D-F, TS27-D1, TS27-D2, TS27-D-F,
TS33-D1, TS33-D2, TS33-D-F, TS35-D1, TS35-D2, TS35-D-F, L1-new, L3-new

EUR 200,000 EUR 200,000 CB2, CB5, CB7, CB9, TS5-D1, TS5-D2, TS33-D1, TS33-D2, L1-new, L3-new

EUR 100,000 EUR 100,000 CB5, CB7, TS5-D1, TS5-D2, L3-new

EUR 20,000 EUR 20,000 CB5, CB7, TS5-D1, TS5-D2
Legend: The notation used in this table is the same as in Table 9.
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Table 11. Selected investment options for COST minimization for the semi-urban network model.

Available Fund Allocated
Fund Selected Investment Options

EUR 250,000 EUR 250,000
CB2, CB5, CB7, CB9, TS5-D1, TS5-D2, TS5-D-F, TS6-D1, TS6-D2, TS6-D-F,

TS17-D1, TS18-D1, TS19-D1, TS19-D-F, TS27-D1, TS27-D2, TS27-D-F, TS33-D1,
TS33-D2, TS33-D-F, L1-new, L3-new, Feeder 7-ROD

EUR 200,000 EUR 200,000 CB2, CB5, CB7, CB9, TS5-D1, TS5-D2, TS6-D1, TS6-D2, L1-new, L3-new

EUR 100,000 EUR 100,000 CB7, CB9, TS5-D1, TS5-D2, L3-new

EUR 20,000 EUR 20,000 CB7, CB9, TS5-D1, TS5-D2
Legend: The notation used in this table is the same as in Table 9.

Table 12. Reliability assessment results for the semi-urban network model.

Available
Fund Indices Baseline

Scenario
Improvement of

Indices

Indices After
Implemented

Options

EUR 250,000
SAIDI [h/yr] 3.743 2.772 0.971

ENS [kWh/yr] 39,050.9 30,427.9 8623
COST [kEUR/yr] 224.84 181.3 43.54

EUR 200,000
SAIDI [h/yr] 3.743 2.688 1.055

ENS [kWh/yr] 39,050.9 29,671.3 9379.6
COST [kEUR/yr] 224.84 178.2 46.64

EUR 100,000
SAIDI [h/yr] 3.743 1.456 2.287

ENS [kWh/yr] 39,050.9 15,999.3 23,051.6
COST [kEUR/yr] 224.84 116.3 108.54

EUR 20,000
SAIDI [h/yr] 3.743 0.715 3.028

ENS [kWh/yr] 39,050.9 7467.5 31,583.4
COST [kEUR/yr] 224.84 54.01 170.83

The ratio of the benefits of improving the reliability indicator COST (∆COST) to the
invested DSO funds for the considered options is calculated for each considered invest-
ment option:

Ratioi = ∆COSTi/Cinvop_i [1/yr], (8)

where ∆COSTi is the improvement of the COST indicator for option i, and Cinvop_i is the
investment option cost (Table 7).

By calculating Ratioi (8), a value is obtained that indicates the annual reduction in
economic losses for each unit of money invested in the considered option i. Table 13 shows
the values of Ratio for the components in the semi-urban network. For all components not
listed in the table, the obtained values are less than 0.15 [1/yr]. The highest values of the
Ratio are associated with replacing circuit breakers CB2–CB9 at the beginning of the feeders.
Among these, circuit breaker CB7, located at the beginning of the feeder supplying the
industrial consumer, has the highest value.

Table 13. Value of Ratio for the semi-urban network options.

Component CB2 CB5 CB7 CB9 L1-new L2-new L3-new

Ratio [1/yr] 1.4399 1.5167 4.0485 2.6311 0.4719 0.2226 0.6917
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5.2. Discussion of Results for the Semi-Urban Network

The results show that the proposed methodology successfully selected investment
options for different levels of DSO investment funds (Tables 9–11). In addition to selecting
investment options for each considered funding level, the results demonstrate how each
option individually improves the three observed indicators (Figures 5 and 6). Based on
the reduction in the indicators, sorted from the highest to the lowest reduction, a sequence
of option implementation can be applied. This sequence can prioritize options with a
more significant impact on reliability improvement, ensuring that investments are directed
toward the most effective strategies first.

The analysis demonstrates that forming semi-rings through the construction of new
lines has the most significant effect on reducing reliability indicators (SAIDI, ENS, and
COST). Given the financial constraints, these options will be considered first if they fit within
the available investment resources. Establishing semi-rings enables dual-sided supply,
effectively minimizing outage duration for customers connected to the affected feeders.

Calculations show that replacing old circuit breakers at the feeder’s starting point,
particularly those on feeders forming part of the semi-ring (CB5 and CB7), results in the
next most significant improvement in the SAIDI and ENS indicators. However, when
minimizing the COST indicator, priority is given to circuit breakers CB7 and CB9, which
are located on the 10 kV busbar section supplying feeders with a higher concentration of
industrial and commercial consumers.

The third most significant reduction in the analyzed indicators is achieved by installing
remotely operated disconnectors with fault indicators. These devices allow for faster fault
localization and network reconfiguration, significantly shortening the time needed to
isolate the affected section. As a result, improved fault detection and isolation lead to a
considerable decrease in interruption duration for end users. However, due to their higher
implementation costs, the algorithm did not prioritize these investments when optimizing
for SAIDI and ENS. Instead, allocating the budget to multiple lower-cost solutions resulted
in a greater overall reduction in these indicators. When considering the COST indicator, the
installation of RODs on the feeder leads to a more noticeable improvement in the indicator.
As a result, in the case of the highest analyzed investment of EUR 250,000 (Table 11), the
installation of RODs on Feeder 7, which supplies an industrial consumer, was selected as
one of the implementation choices.

The replacement of old disconnectors and fuses results in the smallest improvement
in the analyzed indicators when considering all defined investment strategies. However,
from the perspective of smaller investment planning, it is crucial to identify the transformer
stations where replacing outdated equipment will lead to the most noticeable enhancement
of reliability indicators.

For the semi-urban network, Figure 7 presents the graphical results of the calculations
assuming a maximum available budget of EUR 200,000. The figure shows that, when
replacing old equipment listed in Table 6, all three indicators select the replacement of old
circuit breakers, as well as the replacement of disconnectors in the line bays (D1 and D2) of
the first substation, TS5, as optimal options. Furthermore, the selected options for SAIDI
and ENS include the replacement of disconnectors in the line bays (D1 and D2) of the first
substation TS33, located at the beginning of Feeder 9, while COST indicator prioritizes the
replacement of disconnectors in the line bay of TS6, which supplies both residential and
commercial consumers.
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5.3. Simulation Results for the Rural Network

For the rural network, the reduction in SAIDI, ENS, and COST indicators resulting
from the implementation of the considered options is shown in Figures 8 and 9. The results
obtained for the rural network indicate that the reduction sequence for SAIDI, ENS, and
COST follows a similar pattern. The corresponding list, sorted in descending order from
the highest to the lowest reduction, is provided below:

1. Simultaneous construction of a new line and the installation of the recloser REC29;
2. Installation of the new recloser REC12;
3. Replacement of OHLs with UCLs;
4. Replacement of old CBs, with a greater effect when the CB is located at the beginning

of the feeder; and
5. Replacement of old disconnectors and fuses.
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The selected investment options for minimizing SAIDI, ENS, and COST are the same
for all three indicators and are presented in Table 14. In addition to the selected investment
options, Table 14 also includes the available and allocated funds. The values of the indi-
cators for the baseline scenario and after minimization are provided in Table 15 for the
rural network.

Table 14. Selected investment options for SAIDI, ENS, and COST minimization for the rural net-
work model.

Available Fund Allocated
Fund Selected Investment Options

EUR 150,000 EUR 147,600 CB1, CB6, CB25, CB45, D4, D38, F9, F10, F11,
F33, L50 + REC29-new, REC12-new

EUR 100,000 EUR 100,000 L50 + REC29-new

EUR 50,000 EUR 47,600 CB1, CB6, CB25, CB45, D4, D38, F9, F10, F11,
F33, REC12-new

EUR 10,000 EUR 10,000 REC12-new
Legend: CB—circuit breaker, L—line, REC—recloser, D—disconnector, F—fuse.

Table 15. Reliability assessment results for the rural network model.

Available
Fund Indices Baseline

Scenario
Improvement of

Indices

Indices After
Implemented

Options

EUR 150,000
SAIDI [h/yr] 14.24 7.06 7.18

ENS [kWh/yr] 21,073.5 11,723 9350.5
COST [kEUR/yr] 106.88 70.81 36.07

EUR 100,000
SAIDI [h/yr] 14.24 4.61 9.63

ENS [kWh/yr] 21,073.5 7772.5 13,301
COST [kEUR/yr] 106.88 48.09 58.79

EUR 50,000
SAIDI [h/yr] 14.24 2.45 11.79

ENS [kWh/yr] 21,073.5 3950.4 17,123.1
COST [kEUR/yr] 106.88 22.72 84.16

EUR 10,000
SAIDI [h/yr] 14.24 1.76 12.48

ENS [kWh/yr] 21,073.5 2908.7 18,164.8
COST [kEUR/yr] 106.88 17.49 89.39

For the components in the rural network, the values of Ratio (8) are shown in Table 16,
indicating the annual reduction in economic losses per unit of money invested in the
considered option. The highest values are obtained for the installation of a new recloser
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REC12, followed by the simultaneous construction of a new line L50 and installation of
a recloser REC29, which has a lower value compared to REC12 due to the significant
financial resources required for the construction of the new line. Furthermore, the circuit
breakers CB1 and CB25 at the beginning of the feeders have the next highest values. For all
components not listed in the table, the obtained values are less than 0.05 [1/yr].

Table 16. Value of Ratio for the rural network options.

Component REC12-new L50 + REC29-new CB1 CB25 CB6 CB45

Ratio [1/yr] 1.75 0.48 0.22 0.22 0.09 0.11

5.4. Discussion of Results for the Rural Network

The results show that the proposed methodology successfully selected investment
options for different levels of DSO investment funds (Table 15). The priority list, sorted by
indicator reduction from the highest to the lowest, is provided in Section 5.3. This ordering
allows for strategic investment planning, ensuring that the most impactful options for
reliability improvement are addressed first.

The greatest reduction in the analyzed indicators (SAIDI, ENS, and COST) for the rural
network is achieved by the simultaneous construction of a new line and the installation
of recloser REC29. This measure forms a semi-ring, improving supply flexibility and
reducing interruption duration by enabling an alternative supply path. Given its impact,
this option is prioritized when investment resources allow. A further reduction is achieved
by installing recloser REC12, which enhances network segmentation and speeds up fault
isolation. Replacing overhead lines with underground cables improves reliability due to
lower failure rates. As indicated by the results, replacing overhead lines with underground
cables was not selected due to higher installation costs. However, it should be noted that
although underground cables require a higher initial investment, their lower maintenance
costs can lead to long-term savings by reducing overall expenditures. The next indicator
reduction is achieved by replacing old circuit breakers with new ones, with the greatest
effect when the circuit breaker is positioned at the beginning of the feeder. Finally, replacing
old disconnectors and fuses provides the smallest impact among the analyzed options.

For the rural network, Figure 10 presents the graphical results of the calculations
assuming a maximum available budget of EUR 50,000. The explanation of the symbols in
Figure 10 corresponds to the explanation provided for Figure 4.
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5.5. Study Limitations and Future Research

The proposed methodology performs independent minimization of the selected indi-
cators. This approach allows the DSO to prioritize a specific indicator based on its needs
and the availability of relevant data. However, using the cost indicator is a practical chal-
lenge when applying this methodology. In some cases, the DSO may lack data on the unit
monetary value of unserved energy (ci), as compensation for supply interruptions is not
implemented within the regulatory framework.

The cost indicator, applied with a fixed unit monetary value of unserved energy per
consumer type, independent of interruption duration, is intended for use in developing
countries where detailed data on interruption costs by consumer type may not be available.
While the proposed methodology is based on a fixed ci, making it less applicable to
advanced networks with compensation schemes that account for interruption duration,
this limitation can be addressed by extending the algorithm.

For more complex systems, future research could focus on optimizing a composite
objective function that accounts for the sum of all three indicators, normalized relative to
their baseline values. This approach could be refined by introducing weighting factors to
adjust the influence of each normalized indicator. Furthermore, a methodology could be
developed to help the DSO manage these weighting factors.

Given the rapid expansion of prosumer integration in recent years, particularly in
developing countries, future research could focus on reliability assessment that accounts
for the presence of prosumers in the distribution network. Additionally, the influence
of energy storage systems on reliability could be further examined. A potential research
direction is the integration of machine learning with a Monte Carlo simulation to improve
reliability assessment by enabling more efficient analysis of prosumer-driven uncertainties
in distribution networks.

6. Conclusions
This paper presents a methodology for selecting optimal investment strategies in

semi-urban and rural distribution networks while considering financial constraints. The
proposed approach incorporates a Monte Carlo simulation to account for uncertainties in
reliability indices and consumer load, ensuring a more realistic assessment of investment
effectiveness. The approach focuses on minimizing SAIDI and ENS, as well as the COST
indicator, which quantifies reliability in monetary terms, ensuring that available resources
are directed toward the most effective improvements.

The methodology was applied to networks with industrial, commercial, and residential
consumers, considering their varying impact on reliability indicators. The results highlight
the importance of a structured investment prioritization process, demonstrating how
different consumer types influence the selection of reliability enhancement measures. The
methodology ensures that financial resources, regardless of their amount, are allocated to
maximize improvements in reliability indicators.

The proposed methodology is particularly suited for developing countries, where
financial limitations often constrain investment planning. Structuring the selection of
reliability improvement measures enables efficient allocation of available funds, ensuring
that investments are directed toward the most effective strategies.

The developed algorithm can be applied to more complex networks. It can also be
extended to include additional reliability indicators. In cases where the application of
economic reliability indicators requires the use of variable pricing, an algorithm upgrade
can be easily implemented to incorporate varying unit monetary values of unserved energy
based on interruption duration, further refining the economic evaluation of investment
strategies. Future research could focus on upgrading the objective function to integrate
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multiple normalized indicators, incorporating weighting factors and providing a frame-
work for DSOs to adjust them based on operational needs. Additionally, future studies
could explore reliability assessments that account for the presence of prosumers and energy
storage systems.
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16. Weiss, X.; Hilber, P.; Žarković, S.D.; Nordström, L. Predicting distribution reliability indices based on exogenous data. In
Proceedings of the 2024 IEEE PES Innovative Smart Grid Technologies Europe (ISGT Europe), Dubrovnik, Croatia, 14–17 October
2024; pp. 1–6. [CrossRef]

17. Qawaqzeh, M.; Al Issa, H.A.; Buinyi, R.; Bezruchko, V.; Dikhtyaruk, I.; Miroshnyk, O.; Nitsenko, V. The assess reduction of the
expected energy not-supplied to consumers in medium voltage distribution systems after installing a sectionalizer in optimal
place. Sustain. Energy Grids Netw. 2023, 34, 101035. [CrossRef]

18. Chivunga, J.N.; Longatt, F.G.; Lin, Z.; Blanchard, R. Transmission line redundancy for grid resilience enhancement: The concept of
Transmission Lines contributing to Energy Not Supplied (TLENS) on Malawi’s transmission grid. Energy Rep. 2024, 12, 4670–4685.
[CrossRef]
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