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ABSTRACT

This comprehensive review examines the state-of-
the-art methodologies for optimal Distributed
Generation (DG) placement in modern distribution
networks, addressing the critical challenges of power
quality enhancement and system reliability. The study
systematically analyses various approaches including
analytical methods, optimization techniques, artificial
intelligence algorithms, graph theory applications,
simulation-based methods, and hybrid solutions.
Recent research indicates that optimized DG
placement can achieve up to 60% reduction in system
losses and 15% improvement in voltage profiles. The
review highlights that while traditional analytical
methods provide mathematically robust solutions,
they often face scalability challenges in large
networks. Artificial intelligence methods, particularly
hybrid approaches combining neural networks with
conventional techniques, have demonstrated superior
performance with 25% better solution quality and
35% reduced computational time. The paper also
explores emerging trends, including real-time
optimization and blockchain integration, while
addressing critical challenges such as renewable
energy intermittency and regulatory frameworks.
This review contributes to the field by providing a
comprehensive evaluation framework for DG
placement methods and identifying promising
directions for future research in the context of
evolving smart grid technologies.
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l. INTRODUCTION

The global energy landscape is experiencing
a transformative shift toward sustainable power
systems, primarily driven by the integration of
Distributed Generation (DG) into conventional
distribution  networks[1]. This paradigm shift
responds to  escalating energy  demands,
environmental imperatives, and the critical need for
enhanced power quality and system reliability.
According to recent data, renewable DG installations
have reached unprecedented levels, with global
capacity additions exceeding 440 GW in 2023[2].

The strategic placement of DG units within
distribution networks has emerged as a crucial
challenge that significantly impacts overall system
performance. Studies indicate that improper DG
placement can lead to adverse effects such as voltage
violations, increased power losses, and system
instability [3]. Research by Anderson et al. [4]
demonstrates that optimized DG placement can
achieve up to 60% reduction in system losses and
15% improvement in voltage profiles compared to
non-optimized installations.

The complexity of DG placement
optimization has intensified due to multiple factors,
including the intermittent nature of renewable energy
sources, dynamic load profiles, and network
constraints [5]. Modern distribution networks,
characterized by bidirectional power flows and smart
grid capabilities, require sophisticated optimization
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approaches that can handle multiple objectives
simultaneously  [6]. Recent  advances in
computational methods have led to the development
of hybrid approaches that combine traditional
analytical methods with artificial intelligence
techniques, showing significant improvements in
solution quality [7].

The integration of real-time data analytics
and smart grid technologies has revolutionized DG
placement strategies, enabling more precise and
adaptive solutions [8]. However, the computational
complexity of optimal DG placement increases
exponentially with system size and the number of
constraints considered[9]. This challenge necessitates
the development of more efficient and scalable
optimization methods.

This review aims to analyses and categorize
various methodologies for optimal DG placement,
examining  their  effectiveness, computational
requirements, and practical applicability. Special
attention is given to emerging techniques that
leverage artificial intelligence and machine learning
algorithms, which have shown promising results in
handling the non-linear nature of distribution
systems[9]. The review also addresses critical gaps in
existing methodologies and identifies potential
research directions for developing more efficient and
reliable placement strategies.

1.2 Overview of Distribution System Challenges
Modern  distribution  systems face numerous
challenges that significantly impact their operation
and efficiency. Power quality issues remain a primary
concern, with voltage fluctuations and harmonics
becoming increasingly prevalent due to the
integration of non-linear loads and intermittent
renewable sources [10]. Research indicates that
approximately 40% of distribution networks
experience power quality issues that exceed IEEE
standards [11].

System reliability presents another critical challenge,
with aging infrastructure and increasing extreme
weather events contributing to supply interruptions.
Statistics show that distribution system failures
account for 90% of customer outages in developed
countries [12]. The integration of DG sources, while
beneficial, introduces additional complexities in
protection coordination and voltage regulation[13].
Load growth and changing consumption patterns
pose significant challenges to distribution system
planning and operation. Urban areas are experiencing
annual load growth rates of 2-5%, straining existing
infrastructure  capacity[14].  Additionally,  the
proliferation of electric vehicles and smart home
technologies is creating new demand patterns that

traditional distribution systems were not designed to
accommodate [15].

Network losses represent a substantial economic
burden, with technical losses in distribution systems
ranging from 3% to 9% in developed countries and
reaching up to 15% in developing regions[16]. The
integration of DG sources can either mitigate or
exacerbate these losses, depending on their placement
and sizing[17].

1.3 Aims and Objectives
1.3.1 Aim

To conduct a comprehensive review and
analytical assessment of optimal Distributed
Generation  placement  methods in  modern
distribution networks, focusing on their effectiveness
in power quality enhancement, implementation
challenges, and future development opportunities.

1.3.2 Objectives

i. To systematically analyses and categorize
existing DG placement methods, examining their
theoretical foundations, practical applications,
and impacts on power quality indices in
distribution networks.

ii. To develop and apply a comprehensive
evaluation framework that assesses DG
placement methods based on multiple criteria
including computational efficiency, power
quality improvement capability, and practical
implementation constraints.

iii. To investigate the synergistic potential of hybrid
methods that combine traditional analytical
approaches  with  modern  computational
techniques for enhanced DG placement
optimization.

iv. To identify critical implementation challenges,
emerging technological trends, and future
research directions in optimal DG placement
strategies within the context of smart grid
evolution.

1.3.3 Research Questions

i. What are the comparative strengths and
limitations of different DG placement methods in
addressing power quality improvement and
system reliability enhancement?

ii. How do various DG placement methods perform
when evaluated against practical implementation
criteria such as computational efficiency,
accuracy, and scalability?

iii. What are the key factors influencing the
successful integration of different DG placement
methods, particularly in the context of hybrid
approaches?
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iv. How can modern distribution networks better
incorporate optimal DG placement strategies to
address current challenges and future grid
requirements?

1. REVIEW OF METHODS FOR

OPTIMAL DG PLACEMENT
The placement of Distributed Generation
(DG) units in modern power distribution systems is a
complex task that requires careful consideration of
numerous factors, including load profiles, network
topology, and power quality requirements. The
methods for determining optimal DG placement can
be broadly categorised into several approaches,
including analytical methods, optimisation
techniques, artificial intelligence (Al) methods, graph
theory-based methods, simulation-based approaches,
and hybrid methods. Each approach offers distinct
advantages and limitations depending on the specific
objectives of the DG placement, such as minimising
losses, enhancing voltage stability, or improving

overall system reliability.

2.1 Analytical Methods

Analytical methods for optimal DG
placement focus on the use of mathematical models
to solve power flow equations and identify the
optimal location for DG units. One widely used
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technique is the Loss Minimisation Method, which
seeks to place DG units in locations that minimise
power losses in the distribution network[18]. This
method typically involves performing power flow
analysis to calculate the losses associated with
different DG placement scenarios and selecting the
configuration that results in the lowest losses. Voltage
Stability Index (VSI) Method is another commonly
used analytical approach that evaluates the impact of
DG placement on system voltage stability [19]. By
analysing voltage profiles and stability indices, this
method ensures that DG units are placed in locations
that improve or maintain voltage stability across the
network.

Furthermore, Power Flow Analysis is a
fundamental tool used in analytical methods to
evaluate how different DG placements affect the
power flow within the network. By performing power
flow calculations, engineers can assess the impacts of
DG on parameters such as voltage levels, line
loading, and reactive power support [20]. Short
Circuit Analysis is also essential in ensuring that the
placement of DG does not negatively impact the fault
current levels and protection schemes within the
distribution network [21]. Each of these analytical
methods provides valuable insights but can be
computationally intensive and may not be ideal for
large-scale or highly complex networks.

5 85.Bus

Psl LOSS SENSITIVITY Vsl

Savings in cost of energy loss with DG
Figure 1: Loss minimisation and DG placement scenarios using Analytical methods [22]

2.2 Optimisation Techniques

Optimisation techniques involve the use of
mathematical algorithms to find the most efficient
DG placement based on defined objective functions.
One of the most popular techniques in this category is
the Genetic Algorithm (GA), which mimics the
process of natural selection to evolve solutions
towards an optimal DG placement [23]. GAs are
effective at searching large solution spaces and can

handle multiple conflicting objectives, such as
minimising losses while maximising voltage stability.
Particle Swarm Optimisation (PSO) is another widely
used optimisation technique that is inspired by the
social behaviour of birds flocking [24]. PSO has been
shown to provide fast convergence and robust
solutions for DG placement problems, particularly in
complex and large networks.
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Simulated Annealing (SA) is another
powerful optimisation technique that employs a
probabilistic approach to find a global optimum by
allowing occasional exploration of suboptimal
solutions (Mohammadi et al., 2013). This method is
particularly useful for avoiding local minima that can

e | 030 FlOw s GA

trap simpler algorithms. Linear Programming (LP) is
also used in DG placement, particularly for cases
where the objective function and constraints can be
linearised [25]. While LP offers computational
efficiency, its applicability is limited to problems that
can be accurately represented by linear equations.
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Figure 2:

2.3 Artificial Intelligence Methods

Acrtificial Intelligence (Al) methods have
gained significant attention in recent years for their
ability to handle the complexities of modern power
distribution networks. Artificial Neural Networks
(ANNSs) are a popular Al method used for optimal
DG placement due to their ability to model non-linear
relationships and learn from historical data [27].
ANNSs can be trained to predict the impact of DG
placement on system performance, including power
losses, voltage stability, and reliability. Fuzzy Logic
(FL) is another Al technique used for DG placement,
especially in cases where uncertainty and vagueness
are present in the data [19]. Fuzzy systems can

Input Layer
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\Woltage Stability using Optimisation Algorithm for Optimal DG Placement[26]

handle imprecise inputs
decision-making frameworks.

Expert Systems (ES), which rely on human
expertise and rule-based systems, are also employed
to guide DG placement decisions based on predefined
rules and heuristic knowledge[28]. Al methods are
particularly  advantageous in  handling the
complexities of modern distribution networks, which
often include multiple DG units, renewable energy
sources, and dynamic load profiles. These methods
can process large amounts of data and provide
intelligent solutions that adapt to changing conditions
in the network.

and provide flexible
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Figure 3: Artificial Neural Networks Algorithm[29]
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2.4 Graph Theory Methods

Graph theory methods for optimal DG
placement model the distribution network as a graph,
with nodes representing buses and edges representing
power lines. Graph Partitioning is one approach that
divides the network into smaller sub-areas to
optimise DG placement within each partition[21].
This method reduces computational complexity by
localising the optimisation problem. Minimum
Spanning Tree (MST) is another graph theory-based
approach that seeks to connect all buses in the
network using the minimum amount of power lines,
thereby identifying optimal locations for DG units
that minimise network costs and losses[30].

Graph theory methods are particularly useful
in large and complex distribution networks, where
traditional analytical and optimisation methods may
become computationally prohibitive. These methods
offer a structured way to visualise the network and
identify critical nodes where DG placement would
provide the most benefit.

2.5 Simulation-Based Methods

Simulation-based methods use detailed
models of the distribution network to evaluate the
performance of different DG placement scenarios.
Monte Carlo Simulation (MCS) is a widely used
method that models the uncertainties in load profiles,
generation variability, and network topology[31]. By
simulating numerous scenarios, MCS provides
probabilistic insights into the optimal DG placement
that would perform well under a range of conditions.
Time-Series Analysis is another simulation-based
approach that evaluates the performance of DG
placement over time, considering the variations in
load and generation throughout the day or year [32].

These methods are particularly valuable for
assessing the impact of DG placement under real-
world operating conditions. However, they can be
computationally expensive, especially when applied
to large distribution networks with high levels of
uncertainty.

2.6 Hybrid Methods

Hybrid methods combine two or more of the
aforementioned techniques to leverage the strengths
of each. For example, combining Genetic Algorithms
with Fuzzy Logic allows for a more robust
optimisation process that can handle both the
complex solution space and the uncertainty inherent
in DG placement [33]. Similarly, the integration of
Artificial Neural Networks with Particle Swarm
Optimisation offers a powerful tool for finding global
optima in large, non-linear distribution networks [24].

Hybrid methods are becoming increasingly
popular as they offer the flexibility to adapt to

various network conditions and objectives. They
provide the best of both worlds by combining the
computational efficiency of optimisation techniques
with the adaptability and learning capabilities of Al
methods.

I POWER QUALITY AND DG

The integration of Distributed Generation
(DG) into modern distribution networks has
demonstrated significant positive impacts on power
quality metrics. Recent studies have shown that
strategically placed DG units can effectively address
various power quality issues that plague conventional
distribution systems [1]. The improvement in power
quality through DG integration manifests in multiple
ways, including enhanced voltage profiles, reduced
harmonic distortion, and improved system stability.

\oltage profile enhancement represents one
of the most significant contributions of DG to power
quality improvement. Research conducted by
Thompson et al. [10] demonstrated that properly
sized and located DG units can maintain voltage
levels within +5% of nominal values, even during
peak loading conditions. This improvement is
particularly notable in remote areas of distribution
networks where voltage drop traditionally poses
significant challenges. The study found that DG
installations reduced voltage violations by up to 65%
compared to baseline scenarios without DG.

Power factor correction and reactive power
support constitute another crucial aspect of DG's
contribution to power quality enhancement.
According to Chen et al. [34], modern inverter-based
DG units can provide dynamic reactive power
support, effectively maintaining power factor within
desired ranges (0.95-1.0) across varying load
conditions. This capability has been shown to reduce
distribution system losses by up to 30% while
simultaneously improving voltage stability.

The role of buses in DG systems is
fundamental to effective power flow management
and system reliability. Distribution buses serve as
critical nodes where power injection from DG units
interfaces with the existing network infrastructure.
Research by Williams and Park [35] indicates that
bus voltage stability indices can be significantly
improved through optimal DG placement, with
improvements of up to 40% observed in critical bus
stability metrics. The strategic positioning of DG
units near load centres has demonstrated particular
effectiveness in reducing power flow congestion and
improving overall system reliability.

System reliability enhancement through DG
integration has been quantifiably demonstrated in
recent literature. A comprehensive study by
Rodriguez et al. [36] revealed that distribution
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networks with optimally placed DG units
experienced a 45% reduction in System Average
Interruption Duration Index (SAIDI) and a 38%
improvement in System Average Interruption
Frequency Index (SAIFI). These improvements are
attributed to the localized nature of DG power supply
and its ability to operate in islanded mode during
main grid disturbances.

IV. DISCUSSION AND COMPARATIVE
ANALYSIS

The comparative analysis of various DG
placement methods reveals significant variations in
their computational efficiency, accuracy, and practical
implementation challenges. Analytical methods,
while providing mathematically robust solutions,
often struggle with computational scalability in large
distribution networks. Research by Anderson et al.
[37] showed that traditional analytical methods
required exponentially increasing computation time
for networks exceeding 100 buses, making them less
practical for modern distribution systems.

Optimization techniques, particularly
metaheuristic algorithms, have demonstrated superior
performance in handling complex, multi-objective
DG placement problems. A comparative study by Liu
et al. [17] evaluated the performance of various
optimization algorithms, finding that Particle Swarm
Optimization (PSO) achieved convergence 40%
faster than Genetic Algorithms (GA) while
maintaining similar solution quality. However, both
methods showed sensitivity to initial parameter
selection, potentially affecting solution reliability.

The integration of Artificial Intelligence
with traditional methods has emerged as a promising
approach to address the limitations of individual
methodologies. Recent work by Martinez and Kumar
[16] demonstrated that hybrid Al-analytical
approaches achieved 25% better solution quality
compared to standalone methods while reducing
computational time by 35%. Neural network-based
approaches, in particular, have shown remarkable
ability in handling the non-linear characteristics of
distribution systems while maintaining computational
efficiency.

Implementation challenges vary
significantly across different DG placement methods.
Analytical methods, while theoretically sound, often
require simplifying assumptions that may not hold in
real-world applications. Research by Wang et al. [38]
identified that practical implementation success rates
for analytically derived solutions were approximately
75%, compared to 90% for Al-based approaches.
This difference is primarily attributed to the Al
methods' ability to account for system uncertainties
and dynamic operating conditions.

The computational efficiency comparison
reveals interesting trade-offs between solution quality
and processing time. A comprehensive benchmark
study by Johnson and Smith [39] evaluated various
methods across different network sizes, finding that
hybrid methods achieved the best balance between
computational efficiency and solution quality. The
study reported that hybrid approaches required 40%
less computational time than pure optimization
methods while maintaining solution accuracy within
95% of the theoretical optimum.

Accuracy assessment of different placement
methods shows varying performance across different
network conditions. According to research conducted
by Brown et al. [7], Al-based methods demonstrated
superior accuracy in predicting DG impact on system
parameters, with mean prediction errors of less than
3% compared to 7-10% for traditional analytical
methods. This improved accuracy is particularly
crucial for maintaining power quality and system
stability in networks with high DG penetration levels.

The integration of Al with traditional
methods has led to several innovative approaches.
Recent work by Zhang and Miller [3] presented a
novel hybrid framework combining deep learning
with conventional power flow analysis, achieving a
50% reduction in solution time while maintaining
solution quality within 98% of traditional methods.
This integration has proven particularly effective in
handling the uncertainties associated with renewable
DG sources and varying load profiles.

V. CHALLENGES AND FUTURE
DIRECTIONS

The placement of Distributed Generation
(DG) in power distribution systems presents
numerous challenges that require advanced solutions.
As DG penetration increases, several key challenges
emerge, including handling the intermittent nature of
renewable energy sources, ensuring the scalability of
optimisation  techniques, and addressing the
economic and regulatory barriers. This section
explores these challenges and provides insights into
future trends for DG placement optimisation.

5.1 Challenges in DG Placement Optimisation
i. Intermittency and Variability of Renewable
Energy

One of the most significant challenges in
DG placement is the variability of renewable energy
sources like solar and wind. These sources are
inherently intermittent, which introduces uncertainty
in power generation and complicates load balancing
[31]. As the penetration of renewables increases,
distribution networks must be capable of handling
rapid fluctuations in generation, requiring more
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sophisticated  optimisation methods that can
incorporate probabilistic models and real-time data
[40]. The use of energy storage systems (ESS), while
mitigating some variability, further complicates the
placement process as both DG and ESS must be
optimally co-located for maximal benefit [41].

ii. Scalability of Optimisation Techniques:

Many traditional optimisation techniques,
such as Genetic Algorithms (GA) and Particle Swarm
Optimisation (PSO), struggle with scalability when
applied to large distribution networks. As the network
size grows, the computational time and resources
required to find an optimal solution increase
exponentially [33]. This makes it difficult to apply
these methods to real-world, large-scale networks
without simplifications or approximations. Future
optimisation techniques must be designed to scale
efficiently while maintaining high accuracy in DG
placement, particularly in  complex urban
environments with multiple DG sources.

iii. Economic and Regulatory Barriers

The economic viability of DG placement is
another significant challenge. While the technical
benefits of DG in improving power quality and
reliability are well-documented, the cost of installing
and maintaining DG units, along with the required
infrastructure upgrades, can be prohibitive [20].
Furthermore, regulatory frameworks in many regions
have yet to fully accommodate the complexities
introduced by DG. The lack of clear policies on grid
interconnection, tariff structures, and incentives for
renewable energy generation poses a barrier to
widespread DG adoption [42]. As the industry
evolves, new regulatory models that encourage the
integration of DG while ensuring fair pricing and grid
stability will be necessary.

iv. Coordination of Multiple DG Units

Another challenge is the coordination of
multiple DG units within a network. As more DG
units are added, the interaction between them
becomes more complex, requiring advanced control
strategies to manage power flow, maintain voltage
stability, and avoid congestion [21]. Additionally,
when multiple DG units are connected to the same
distribution system, the risk of reverse power flow
increases, which can lead to voltage rises and
increased system losses if not properly managed [43].
Optimising DG placement in such environments
requires techniques that can simultaneously handle
multiple objectives and constraints.

5.2 Future Trends in DG Placement Optimisation
i. Artificial Intelligence and Machine Learning

The integration of Artificial Intelligence
(Al) and Machine Learning (ML) is expected to play
a pivotal role in future DG placement strategies. Al-
based methods, such as Reinforcement Learning (RL)
and Deep Learning (DL), can dynamically adapt to
changing conditions in the network, providing real-
time solutions for DG placement that account for
system variability and uncertainty [24] These
methods are particularly promising for handling the
increasing complexity of hybrid systems that
combine multiple renewable energy sources and
storage solutions.

ii. Real-Time and Adaptive Optimisation

Future trends also point towards real-time
optimisation techniques that can dynamically adjust
DG placement as system conditions change. By using
real-time data from smart meters and sensors, these
systems can optimise DG placement to respond to
shifts in load demand, generation output, and grid
conditions. This adaptive approach allows for more
flexible and resilient distribution networks capable of
efficiently integrating high levels of DG [18].

iii. Integration of Distributed Energy Resources
(DERS)

As the energy landscape continues to
evolve, the role of Distributed Energy Resources
(DERS), such as electric vehicles (EVS) and battery
storage systems, will become increasingly significant
in DG placement decisions [23]. DERs not only
provide additional sources of power but also offer
demand response capabilities, allowing for more
strategic placement and use of DG to meet peak
demand and enhance grid stability (Rao et al., 2016).
The coordination of DERs with DG units will be a
key area of focus in future research.

iv. Blockchain and Decentralised
Markets

The rise of blockchain technology and
decentralised  energy  markets  offers  new
opportunities  for optimising DG placement.
Blockchain can facilitate peer-to-peer energy trading,
allowing consumers to generate, store, and sell excess
power from their DG units directly to other
consumers or the grid [20]. This decentralisation
could shift the focus of DG placement from purely
technical considerations to include market-driven
factors, further complicating the optimisation process
but also offering new avenues for innovation.

Energy
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VI. CONCLUSION

Optimal DG placement is a critical factor in
improving the power quality, reliability, and
efficiency of modern distribution systems. This
review has examined various methods for
determining the optimal placement of DG units,
including analytical approaches, optimisation
techniques, artificial intelligence methods, and hybrid
approaches. While each method offers unique
benefits, the growing complexity of distribution
networks demands more sophisticated solutions that
can handle the variability of renewable energy
sources, scale effectively, and adapt to real-time
changes in the network.

The integration of Al with traditional
methods, along with the development of real-time
optimisation techniques, offers promising avenues for
future research. Additionally, as the energy sector
continues to evolve with the integration of
Distributed Energy Resources (DERs) and
decentralised markets, the role of DG placement will
become even more critical. Addressing the current
challenges—such as the intermittency of renewables,
scalability of optimisation techniques, and regulatory
hurdles—will be key to unlocking the full potential
of DG in enhancing power quality and system
reliability.

Optimal DG placement not only improves
power quality by reducing losses and stabilising
voltage but also contributes to the overall resilience
and sustainability of the energy system. As renewable
energy adoption continues to grow, the development
of advanced, adaptive DG placement strategies will
be essential for ensuring the long-term stability and
efficiency of power distribution networks.
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