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ABSTRACT: The literature on multi-attribute optimization for renewable energy source (RES) placement in dereg-
ulated power markets is extensive and diverse in methodology. This study focuses on the most relevant publications
directly addressing the research problem at hand. Similarly, while the body of work on optimal location and sizing of
renewable energy generators (REGs) in balanced distribution systems is substantial, only the most pertinent sources
are cited, aligning closely with the study’s objective function. A comprehensive literature review reveals several key
research areas: RES integration, RES-related optimization techniques, strategic placement of wind and solar generation,
and RES promotion in deregulated power markets, particularly within transmission systems. Furthermore, the optimal
location and sizing of REGs in both balanced and unbalanced distribution systems have been extensively studied.
RESs demonstrate significant potential for standalone applications in remote areas lacking conventional transmission
and distribution infrastructure. Also presents a thorough review of current modeling and optimization approaches
for RES-based distribution system location and sizing. Additionally, it examines the optimal positioning, sizing, and
performance of hybrid and standalone renewable energy systems. This paper provides a comprehensive review of
current modeling and optimization approaches for the location and sizing of Renewable Energy Sources (RESs) in
distribution systems, focusing on both balanced and unbalanced networks.

KEYWORDS: Optimization of RESs; distributed generation; modeling and selection of RESs hybrid systems; stan-
dalone systems; optimal location

1 Introduction
Energy constitutes a fundamental driver of economic growth and social development across nations,

with sources broadly classified into renewable and non-renewable categories. The ongoing proliferation
of renewable energy sources (RESs), encompassing wind, solar, small hydro, geothermal, bio-power, and
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waste-to-energy, is experiencing rapid acceleration due to their inherent characteristics of cleanliness,
sustainability, and abundance. These freely accessible sources are increasingly acknowledged as crucial to
global initiatives aimed at expanding energy capacity, bolstering energy security, mitigating environmental
concerns, and fostering the burgeoning renewable energy market. Consequently, RESs are positioned as the
vanguard of green energy, poised to supplant less environmentally benign energy sources in the future. This
paradigm shift towards renewables represents a significant trend in the global energy landscape, with far-
reaching implications for policy formulation, technological innovation, and environmental sustainability.
The growing energy demand, driven by rising population, industrialization, and urbanization, places
significant pressure on energy supplies. Electrical energy, which constitutes a substantial portion of total
energy consumption, faces a notable shortfall due to high consumption rates and insufficient supply [1].
Centralized power generation systems are often inadequate to meet energy demands due to limitations in
transmission capacity, voltage stability, and economic constraints. Conventional energy sources contribute
to various environmental problems, including health issues, premature mortality, and significant economic
costs, amounting to billions of dollars annually. The integration of renewable energy sources and distributed
generation systems offers a promising solution to mitigate these challenges.

Renewable Energy Sources (RESs) offer a highly effective and efficient alternative for power generation.
In recent years, the growing demand for power and increasing environmental concerns have driven the
expanded use of RESs, positioning them as key players in power generation, sustainable development,
and the mitigation of environmental issues. Historically, the RESs cost has been higher than conventional
energy sources, limiting their competitiveness in deregulated power markets. However, recent trends show
a continuous decline in the costs of RESs, particularly solar power, which is expected to reach parity with
conventional electricity generation costs in the near future. As a result, RESs are now leading new capacity
installations for electrical power generation in India and globally. Renewable energy sources and associated
technologies hold significant potential to address longstanding energy challenges and help bridge the gap
between electricity generation and demand, particularly in developing countries.

This paper examines research on the strategic placement of Renewable Energy Generators (REGs) in
power grids. We consider factors like social impact, power losses, voltage stability, emissions, and REG
size to optimize their location and capacity. Proper REG placement can alleviate the strain on traditional
power sources, improve network efficiency, and reduce energy waste. This paper also reviews current
methods for optimally placing and sizing Renewable Energy Sources (RESs) in balanced and unbalanced
distribution networks. We examine optimization techniques like Particle Swarm Optimization (PSO) and
Genetic Algorithms (GA) to identify challenges and knowledge gaps in RES integration, particularly for
hybrid and standalone systems. The findings emphasize the need to consider multiple optimization criteria,
including power losses, emissions, and system reliability, to maximize performance and efficiency.

2 Position of Renewable Energy in India and Worldwide
Global renewable energy (RE) capacity has significantly increased over the past decade. Wind power

remains the leading RE source, followed by solar photovoltaic (PV) power. As shown in Fig. 1 [2], wind power
accounts for 370 GW of the total 673 GW installed RE capacity worldwide. India ranks 5th globally in wind
power capacity with 22.6 GW. For solar power, the global capacity is 177 GW, with India ranking 11th at 4 GW.

China dominates the global wind power landscape, leading with an installed capacity of 114.6 GW. The
United States follows in second place, with a wind power capacity of 65.9 GW. Germany and Spain occupy
the third and fourth positions, respectively. India holds the fifth position worldwide, contributing 22.6 GW
to the global wind power capacity. This global distribution of wind power capacity is illustrated in Fig. 2.
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Figure 1: Renewable energy capacity around the world. Reprinted from Ref. [2]
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Figure 2: Installed wind energy capacity (GW)

Germany holds the top position globally in solar power installed capacity, with 38.2 GW. It is followed
by China with 28.2 GW, Japan with 23.3 GW, Italy with 18.5 GW, and the United States with 18.2 GW, ranking
second through fifth, respectively India has demonstrated substantial growth in solar power installations
over the past five years, achieving an installed capacity exceeding 4 GW by the conclusion of 2015.

2.1 March 2015 Wind Energy Growth Path Across Indian States
According to the Centre for Wind Energy Technology (CWET), India’s current installed wind power

capacity is 22,645 MW. The estimated wind power potential varies with hub height: at 50 m, it is assessed
at 49,130 MW, while at 80 m, the potential increases significantly to 102,788 MW. Fig. 3 illustrates the
geographical distribution of wind energy potential across various Indian states. CWET has established
ambitious targets for future wind power installations, projecting 32,352 MW by 2016–17 and 60,000 MW by
2021–22.

The aggregate installed wind power capacity across Europe, China, the United States, and India totals
approximately 297 GW [3]. China has consistently maintained its global leadership in wind power capacity
over the past eight years, with an installed capacity exceeding 91 GW. As of October 2015, India’s cumulative
installed wind power capacity surpassed 24 GW [4]. The primary contributors to wind power generation in
India are the states of Tamil Nadu, Maharashtra, Gujarat, Rajasthan, Karnataka, and Andhra Pradesh.
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Figure 3: State-wise wind power locations in India

2.2 Solar Energy Growth in Indian States through March 2015
Several states in India receive abundant solar radiation, making them particularly suitable for solar

power generation, with Rajasthan, Gujarat, Tamil Nadu, and Maharashtra being notable examples. The
installation of solar power plants across India has been a collaborative effort between state governments and
the Government of India. Fig. 4 illustrates the solar power installed capacities in various Indian states as of
March 2015 [5]. By the conclusion of 2015, six states had emerged as frontrunners in solar power generation
in India: Gujarat, Rajasthan, Madhya Pradesh, Maharashtra, Andhra Pradesh, and Tamil Nadu.

Figure 4: State-wise solar power sites in India. Reprinted from Ref. [5]

1) The status and revised targets for renewable energy (RE) in India during the financial years 2007 to
2015 (FY 2007-15) demonstrate a substantial increase in installed capacity. Over this period, renewable energy
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installations surged from 9389 MW in 2007 to 34,351 MW by 2015, as depicted in Fig. 5. This significant
growth underscores India’s efforts to scale up its renewable energy capacity across various sources.

Figure 5: Renewable energy progress through 2015

2) The total installed power generation capacity in India is 272.50 GW, with renewable energy (RE)
contributing 35.78 GW. This accounts for 13% of the total installed capacity and approximately 7% of the
electricity produced in the country [5].

3) India’s new vision for renewable energy targets by 2022 delineates an ambitious plan for significant
capacity expansion. Currently, under the National Action Plan for Climate Change, the installed renewable
energy capacity is 34.5 GW. The plan projects an increase to 142.3 GW by 2020, with an ultimate target of 175
GW by 2022. This target is disaggregated as follows: 100 GW from solar power, 60 GW from wind power, 10
GW from biomass, and 5 GW from small hydro projects [6]. Table 1 provides detailed information on the
installation of off-grid renewable energy systems.

Table 1: Installation of renewable energy systems [7]

Source Installed capacity
by end of 11th plan

(2012)

Current installed
capacity (2015)

Target as per 12th
plan (2017)

Revised targets
till 2022

Biomass power 3225 4183 6125 10,000
Wind power 17,352 22,645 32,352 60,000
Small hydro 3395 4025 5495 5000
Solar power 941 3383 10,941 100,000

TOTAL 24,914 34,351 54,914 175,000

The Renewable Purchase Obligation (RPO) mandates that a certain percentage of the power consumed
must come from renewable energy sources, with specific targets set for each state. The current target is 7%,
but it is aimed to increase to 15% by 2020 and further to 18.9% (corresponding to 175 GW) by 2022 [7], as
shown in Fig. 6. Achieving these targets is crucial for India’s transition to a greener energy mix and reducing
its dependence on fossil fuels.
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Figure 6: Projected renewable energy capacity of 175 GW by 2022

3 Renewable Energy Source Breakdown
Renewable energy sources, like solar, wind, hydro, geothermal, biomass, biogas, and ocean wave power,

can be replenished naturally. Unlike finite fossil fuels, these sources are continuously renewed. While
humans have utilized renewable energy for centuries, significant growth occurred in the 20th century
due to technological advancements, economic factors, and global shifts [7]. The increasing concern over
fossil fuel-related environmental issues, energy security, and geopolitical tensions has driven the surge in
renewable energy adoption. In recent years, fossil fuels have continued to dominate the global energy
landscape despite rising oil prices and their detrimental impact on the environment, particularly in terms
of air pollution. Nevertheless, the adoption of renewable energy, recognized for its critical environmental,
social, and economic benefits, is increasingly viewed as a necessary alternative to conventional fossil fuels.

The shift towards renewable energy sources (RESs) is particularly important in deregulated power
markets, where environmental and social concerns associated with conventional energy generation are
more pronounced. The integration of RESs into the power grid is primarily driven by ecological policies
that promote sustainable energy resources and reduce carbon emissions. Technological advancements have
significantly contributed to the growth of RESs, and many countries now recognize these technologies as
essential for the future. Solar, wind, and hydropower offer a reliable and inexhaustible supply of renewable
energy, unlike fossil fuels, which are subject to resource limitations and political uncertainties [8]. Renewable
energy and associated technologies hold great promise in addressing the energy crises developing countries
like India face. Solar and wind energy, in particular, play a central role in India’s energy strategy by adding
new capacity and enhancing energy security, addressing environmental concerns, and driving the substantial
market for renewable energy [9].

Photovoltaic (PV) technology directly converts sunlight into electricity. This process, known as pho-
tovoltaic generation, uses semiconductor materials to transform solar energy into direct current (DC)
electricity. The International Energy Agency (IEA) categorizes PV applications into four main types: off-grid
domestic, off-grid non-domestic, grid-connected centralized, and grid-connected distributed systems. PV
modules typically consist of approximately 36 or 72 cells connected in series and encapsulated within an
aluminum frame, with the configuration varying based on the specific application and cell technology [8,9].
The widespread adoption of PV technology in renewable energy is attributable to its silent operation, non-
toxic production processes, and minimal maintenance requirements [10]. The power sector, a key driver of
economic development, must actively participate in research projects with relevant stakeholders to ensure
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that the benefits of technological advancements reach end consumers [11]. In the 1990s, many electric utilities
globally were required to shift from vertically integrated structures to open market models to enhance
efficiency and competitiveness. The extensive use of fossil fuels has caused considerable environmental harm
due to various emissions, with human activities releasing an estimated 8 billion metric tonnes of carbon
into the atmosphere annually, including 6.5 billion tonnes from fossil fuel combustion and 1.5 billion tonnes
from deforestation [12]. In response to global power sector transformations, India established regulatory
commissions in 1998 to promote competition, efficiency, and economic operations. This restructuring began
with the Orissa State Electricity Board and has since expanded to several other states. India is now the sixth-
largest electricity generator globally, with 274 GW of installed capacity [13]. While thermal power dominates
at 65%, there’s a growing emphasis on renewable energy sources, which contribute around 12% [14]. Despite
significant growth, a substantial gap persists between electricity generation and demand, necessitating
additional power plants, especially those utilizing renewable energy [10].

The IEEE bus system under consideration includes three generators and two dispatch able loads. The
generators are located at specific bus numbers. Dispatch able loads are situated at certain bus numbers, while
a fixed load is assigned to a particular bus. The bid function for each generation unit is defined as

Ci (Pgi) = ai (Pgi)
2 + bi (Pgi) + ci (1)

Similarly, the demand biding function has been taken as

B j (Pd j) = α j (Pd j)
2
+ β j (Pd j) + λ j (2)

The emission function is presented by the following quadratic equation:

Ei (Pgi) = A0i + A1i (Pgi) + A2i (Pgi)
2 kg/h (3)

where ai , bi and ci are the coefficient of the generators and Pgi is the generation power at ith bus. αj, βj and
λj are the demand bidding coefficient, pdj is an amount of electric power to be purchased from ith bus. And
A0i , A1i and A2i are the emission coefficient of the generators and Pgi is the power generation at ith bus.

Due to significant environmental concerns associated with fossil fuel-based electricity generation,
renewable energy sources are gaining prominence. Mitigating these environmental and social impacts is
a key focus in policy-making, project development, and operational practices. In India, particularly, the
poor quality of coal, often with high ash content, exacerbates the environmental impact of coal-fired power
plants [15]. Approximately one-third of these plants generate large amounts of ash, along with harmful
gases like CO2, SO2, and NOx. As the economy expands, energy demand is anticipated to rise sharply, and
continued dependence on traditional energy sources is likely to lead to increased emissions of harmful
gases and a surge in greenhouse gas (GHG) emissions [16]. To address these challenges, the development of
renewable energy sources (RESs) is crucial. RESs are abundant, can improve energy security by diversifying
the energy supply, reduce reliance on fossil fuel imports, and provide energy access to rural areas. As India
strives for sustainable and environmentally responsible energy solutions, transitioning to renewable energy
is essential.

3.1 Overview of Renewable Energy Generation Capacity in India
India has witnessed exponential growth in renewable energy consumption over the past decade [17].

The share of renewables in the country’s total installed grid-connected capacity has increased at an average
rate of 25% per year, currently accounting for 13% of India’s overall electricity generation capacity. When
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large hydroelectric generation is included, this share rises to 28% [18]. As of March 2015, India’s total
installed power generation capacity reached 272 gigawatts (GW), with 36 GW derived from grid-connected
renewable energy sources (RESs) [19]. Wind energy was the dominant renewable source, contributing 24
GW, followed by biomass power at 4.4 GW and small hydroelectric power at 4 GW. Although relatively new,
solar photovoltaic (PV) capacity had experienced rapid growth, increasing from 0.035 GW in 2010 to 4 GW
by March 2015 [20]. In terms of overall grid-connected electricity generation capacity in 2015, RESs made a
significant impact, with wind energy maintaining the highest share at 66% and solar energy accounting for
12% [21].

3.2 Assessing Renewable Energy Targets, Potential, and Regulations in India
Regulatory support has been instrumental in promoting investment in solar energy, significantly

contributing to the sector’s growth. The Indian government’s ambitious renewable energy target of 175 GW
has created a favorable environment for accelerated solar energy investment. Market research by Deutsche
Bank indicates that annual capital investment in the solar energy sector is projected to exceed coal by
2019–20, driven by a commitment of US$35 billion from global investors [22].

The report projects that annually adding 5 GW of solar power from 2016 to 2020 could decrease India’s
coal reliance by 8%, reducing coal imports and GHG emissions. To accelerate renewable energy adoption,
state electricity regulators must implement measures like preferential tariffs and open access to the grid.
India’s 2008 National Action Plan on Climate Change set a 15% solar energy penetration goal by 2020,
strengthening Renewable Purchase Obligations (RPOs) to mandate renewable electricity procurement by
distribution companies and consumers [23].

India has significantly increased its renewable energy targets. The 2022 goal is 175 GW, including 100 GW
of solar power (40 GW from rooftop installations), 60 GW of wind, 10 GW of biomass, and 5 GW of small
hydro. This is a substantial increase from the initial 20 GW target under the Jawaharlal Nehru National Solar
Mission [24]. Additionally, the 12th Five-Year Plan aims to add 30 GW of new renewable energy capacity by
2017 [25]. The realization of these ambitious goals is estimated to necessitate an investment of approximately
US$200 billion. These targets constitute a crucial component of India’s national climate plan, which was
submitted to the United Nations Framework Convention on Climate Change (UNFCCC) in December 2015,
in preparation for the United Nations Conference of the Parties on Climate Change in Paris (COP21) [26].
This heightened policy commitment has revitalized confidence in the solar energy sector, underscoring
its growth potential and making it an increasingly attractive area for investment [27,28]. India’s current
renewable energy potential is summarized in Table 2.

Table 2: India’s renewable energy potential

Renewable energy source Estimated potential (GW) Current installed capacity (GW)
Solar [27] 748.9 4.00
Wind [28] 102.8 23.40

Biomass [29] 23.0 4.40
Small hydro [30] 19.7 4.00
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3.3 India’s Initiatives for Promoting Solar Energy
In June 2008, the National Action Plan on Climate Change (NAPCC) formally acknowledged the

developmental trajectory of solar energy technologies in India, leading to the establishment of the National
Solar Mission (NSM) [29,30]. With the objective of achieving grid parity with conventional power tariffs
by 2022, the Government of India launched the “Jawaharlal Nehru National Solar Mission” (JNNSM) in
November 2009. This initiative was primarily focused on promoting the development and widespread
adoption of solar energy technologies across the nation [31,32]. The significance of solar energy has been
substantially amplified in recent years, driven by escalating energy demand and the imperative to minimize
environmental impacts. Solar energy, characterized by its clean, secure, and low-maintenance attributes,
presents an appealing option for sustainable energy development. As of June 2015, India’s total installed solar
power capacity had attained 4.011 GW, as detailed in Table 3.

Table 3: Total installed solar power capacity in India as of June 2015 [33]

Central government State government REC scheme

State Installed
capacity (MW)

State Installed
capacity (MW)

State Installed
capacity (MW)

Andhra Pradesh 95 Maharashtra 185 Tamil Nadu 98
Madhya Pradesh 185 Madhya Pradesh 298 Maharashtra 121

India total 1354 India total 2056 India total 601
Rajasthan 889 Gujarat 974 Rajasthan 210

3.4 Techniques for Optimizing Renewable Energy Systems
Optimizing the exploitation of renewable energy sources (RESs) across multiple sites to maximize

profits poses significant challenges for energy operators. These challenges include efficiently dispatching
available power sources at the lowest possible cost while navigating the complexities of large-scale RES
integration into electrical systems. The increased utilization of RESs offers substantial societal benefits, such
as local availability, sustainability, and renewable resource usage. However, incorporating large amounts of
RES-generated energy into the grid requires advanced operational tools and techniques.

Optimizing new generation assets in deregulated markets has become increasingly critical, especially
considering regulatory frameworks and emerging factors like carbon credits and emission trading. Various
modern optimization techniques have been developed and analyzed by researchers worldwide to improve
the operation of RESs within electric power systems. These analyses focus on hydro, wind, and solar
energy production, including cooperative efforts between different technologies, regional dispatching, and
integration solutions.

Akella et al. proposed a method for optimizing the utilization of renewable energy sources (RESs) in
remote areas [34]. Another study [35] employed a linear programming-based energy model to minimize the
use of agricultural residues as biomass energy by optimally allocating land for crop cultivation in a region
of South India. The optimization of both individual RESs and hybrid systems involves selecting the best
components, determining their optimal sizes, and developing operation strategies to ensure cost-effective,
efficient, and reliable energy generation. For instance, Zhu et al. [36] presented the simulation and design of
standalone hybrid systems for electricity generation from RESs, highlighting the critical role of component
selection and sizing [37,38].
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A strategy utilizing multiple control variables, optimized through Genetic Algorithms (GA), was
introduced for managing standalone hybrid renewable electrical systems [39]. Another study [40] proposed
a GA-based optimization technique for the optimal sizing of solar PV-wind hybrid energy systems, aiming
to minimize total system costs while keeping the loss of power supply probability below a defined threshold.
Furthermore, an enhanced GA-based method was developed to optimize hybrid renewable energy systems,
factoring in the system’s operational lifespan [41]. Other studies have reported multi-objective optimization
techniques for the optimal unit sizing of hybrid power generation systems [42,43], including the optimization
of hybrid solar-wind energy systems using genetic algorithms [44].

Razak et al. focused on hybrid system optimization with an emphasis on minimizing excess energy and
overall energy costs [45]. The Hybrid Optimization Model for Electric Renewables (HOMER) software has
been widely employed to determine optimal system sizing and minimize costs for hybrid power systems
with specific load demands [46–48]. For example, researchers used HOMER to optimize a hybrid PV/diesel
generator system with battery backup for a village in Saudi Arabia, utilizing hourly solar energy data [49].
Muselli et al. [50] proposed that the optimal configuration of hybrid systems should aim to minimize the
cost per kilowatt-hour (kWh). Additional studies have optimized the sizing of hybrid PV/diesel systems in
various regions, such as Malaysia [51].

The growing importance of RESs is driven by factors like deregulation, power system restructuring,
global warming, and the depletion of fossil fuel reserves. Hammons [52] examined the challenges and
potential solutions for integrating new renewable energy sources into European power grids, including
applying wind power prediction tools. Researchers have also developed optimization models for RESs using
binary particle swarm optimization and fuzzy logic [53].

Differential evolution-based optimization techniques have been employed to enhance electric energy
production through RESs [54]. A study [55] focused on integrating and optimizing renewable energy
sources (RESs) in a remote region, recommending the energy hub concept as a modeling framework
for optimal power flow (OPF) problems in integrated energy systems with multiple energy carriers [56].
Liu et al. proposed a particle swarm optimization-based maximum power point tracking algorithm for
photovoltaic systems operating under partially shaded conditions [57]. Other studies [58] have optimized
new hybrid standalone renewable energy systems using Particle Swarm Optimization (PSO), simulating
scenarios with hourly data on wind speed, solar radiation, water flow, and energy demand, such as shown the
literature Tables 4 and 5 as per the optimization technique and objective according to stand alone systema
and case studies as per deferent area of the world.

Table 4: Review explores various optimization techniques integrate large-scale RES into electrical systems

S. no. Optimization techniques Stand-alone systems Challenges and benefits
1 Genetic Algorithm (GA)

([38,41])
Solar, Photovoltaic (PV),

wind, biomass, diesel
generators, battery storage,

hydrogen storage

Available power sources at
lowest cost. Navigating the

complexities. Increased
utilization Local availability

Sustainability Renewable
resource usage

2 Particle Swarm Optimization
(PSO) ([53,57])

3 Differential Evolution (DE)
([54])

4 Cuckoo Search Algorithm
(CSA) ([57])

5 Hummingbird algorithm ([40])

(Continued)
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Table 4 (continued)

S. no. Optimization techniques Stand-alone systems Challenges and benefits
6 Binary Particle Swarm

Optimization (BPSO) combined
with fuzzy theory ([53])

7 Energy hub approach
([56,59,60])

Table 5: Review explores various optimization techniques integrate large-scale RES into electrical systems

S. no. Optimization objectives Stand-alone systems Case studies
1 Minimizing costs ([35,44,61]) Solar, Photovoltaic (PV),

wind, biomass, diesel
generators, battery storage,

hydrogen storage

Remote areas in India
([55,63]), Island

electrification ([59,60]),
Desert agriculture ([46]),

Malaysia ([51]), Saudi Arabia
([49])

2 Maximizing profit ([34,62])
3 Minimizing excess capacity

([45])
4 Ensuring system reliability

([58])
5 Optimizing unit sizing of

hybrid systems ([42])
6 Focus on minimizing cost while

considering market dynamics
([62])

7 HOMER software is used for
modeling and simulating HRES

([48])

Numerous studies have investigated the potential of renewable energy solutions. An optimization
model was developed to fulfill the energy requirements of Lemnos Island through the utilization of
renewable energy sources (RESs), taking into account factors such as environmental impacts, energy
demand, energy costs, and resource availability [59]. Another study [60] examined a hybrid photovoltaic
(PV)/diesel generator system for remote electrification in rural areas. Researchers have also conducted
techno-economic evaluations of hybrid solar PV-wind power generation systems [61] and grid-connected
hybrid renewable energy systems [62]. A standalone hybrid energy system, combining biomass gasifier-based
power generation, picohydro, and solar photovoltaic (PV) technologies, was proposed [63], with studies
focusing on optimal sizing for remote village clusters in Uttarakhand to ensure a reliable power supply with
minimal environmental impact [64]. Milan et al. developed a linear programming-based model for the
optimal sizing of renewable supply systems, aiming to minimize overall system costs [65].

4 Site Selection for Efficient Wind Power Generation
Wind energy has emerged as one of the most significant sources of renewable energy in recent years. Its

availability and ability to reduce reliance on carbon-based energy sources like coal and oil make it a crucial
component in the global transition to cleaner energy. The rapid development of wind energy worldwide
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underscores its potential for supplying energy, particularly in rural and remote regions. Determining optimal
locations for wind energy systems is crucial for maximizing their efficiency and utility.

The deployment of large-scale wind energy systems is being considered by numerous utilities, with
a range of optimization techniques, encompassing both classical and artificial intelligence-based methods,
being developed to determine optimal locations for renewable energy sources (RESs). The identification of
the optimal location and sizing of RESs within the deregulated power sector presents a complex optimization
challenge. For instance, Singh et al. [66] utilized mixed integer nonlinear programming (MINLP) to identify
optimal sites for combining fuel cells and RESs, while the analytic hierarchy process was employed for
decision-making related to the placement of RESs.

In another study, researchers formulated an optimization approach for determining the optimal sizing
and placement of RESs on electrical distribution feeders, considering both technical and economic fac-
tors [67]. However, these studies often did not include social benefit maximization as an objective. Another
investigation utilized MINLP for the economic evaluation of the optimal generation capacity of a wind
park, focusing on maximizing expected generation profit while minimizing risks associated with uncertain
wind speeds [68]. Additionally, a methodology based on MINLP was proposed to optimally allocate various
types of renewable distributed generation (DG) units in distribution systems to minimize annual energy
losses [69].

The integration of renewable energy into electricity generation, with a specific focus on CO2 reduction,
has been extensively studied. Musi et al. [70] developed a model for the optimal planning of renewable
energy-integrated electricity generation using mixed integer linear programming (MILP). Other researchers,
such as Alberto et al. [71], have analyzed the optimal utilization of renewable energy sources (RESs)
and energy storage systems (ESS) using multi-period alternating current optimal power flow (AC-OPF).
Advanced techniques, including Complex-Valued Neural Networks (CVNN) and Time Domain Power Flow
(TDPF), have been implemented to optimize the placement and sizing of storage systems in transmission
and distribution networks [72].

To minimize losses, traditional Big Bang-Big Crunch algorithms have been applied for the optimal
placement of renewable energy generators (REGs) in systems with dispatchable generation [73]. Cheng
et al. [74] presented a case study on “Wang-An Island,” utilizing the energy PLAN model to simulate energy
demands and the potential of renewable energy sources (RESs), optimizing their integration. However, these
studies often neglected to consider models of deregulated power systems.

Various methodologies have been employed to optimize the placement and sizing of RESs, includ-
ing mixed integer nonlinear programming (MINLP) [75], linear programming [76], and step-controlled
primal-dual interior point methods [77,78]. Nevertheless, many of these studies have not prioritized the
minimization of pollutant emissions. Efforts to enhance voltage regulation and reduce energy losses through
optimal placement of REGs for profit maximization have also been explored [79]. Muis et al. [80] investigated
renewable energy-integrated electricity generation planning with targets for CO2 reduction using MILP.
Multi-objective artificial bee algorithms have been utilized to minimize fuel costs and emissions from
thermal units by adjusting the size and location of solar farms, while incorporating power system security
constraints [81–84]. Yet, these studies have often overlooked social benefit maximization.

Several methods have been proposed for the optimal placement of wind turbines, employing approaches
such as step-controlled primal-dual interior point methods [85–88], probabilistic load flow analysis [89,90],
and Newton-Raphson methods for load flow studies [91]. Research has also focused on minimizing fuel and
emission costs [92,93], utilizing techniques like the Ant Colony Optimization model [94–96], Tabu search
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optimization [97], and hybrid Fuzzy-GA methods [98]. These approaches have been applied to optimize DG
placement for enhanced reliability, loss reduction, and voltage improvement [99–103].

Other studies have examined strategies for integrating wind power into existing power systems [104–
107], with a focus on operational efficiency, economic performance, and system reliability [108–110]. Particle
Swarm Optimization (PSO) algorithms have been applied to optimize the placement of wind turbines to
maximize power generation [111–114], while genetic algorithms have been used to optimize electric power
systems incorporating offshore wind farms [115–119].

In addition, various techniques have been explored for optimizing wind turbine placement and sizing
within wind farms, including simulated annealing optimization, distributed genetic algorithms [120–123],
and Artificial Neural Networks (ANN) [124–128]. These methods aim to enhance wind farm efficiency,
reduce costs, and improve the overall reliability of power systems [129–131], such as shown the in the Table 6
(Techniques for Optimal Wind Turbine Placement) and Table 7 (Techniques for Optimizing Wind Turbine
Placement and Sizing Within Wind Farms) for optimal wind turbine placement [132–134].

Table 6: Techniques for optimal wind turbine placement

S. no. Technique Description Category Reference
1 Mixed Integer Nonlinear

Programming (MINLP)
Optimizes location and size
of RES considering technical

and economic factors

Classical
optimization

[66,68]

2 Linear Programming (LP) Simpler mathematical model
compared to MINLP

Classical
optimization

[76]

3 Step-controlled primal-dual
interior point methods

Efficiently solves
optimization problems

Classical
optimization

[77,78]

4 Multi-objective artificial bee
colony algorithms

Minimizes fuel costs and
emissions

Artificial
intelligence

[81]

5 Probabilistic load flow analysis Considers uncertainties in
wind speed for optimal

placement

Probabilistic
methods

[87]

Table 7: Techniques for optimizing wind turbine placement and sizing within wind farms

S. no. Technique Description Reference
1 Simulated annealing

optimization
Improves solution, leading to potentially better

solutions.
[133]

2 Distributed genetic
algorithms

Parallelizes genetic algorithms for faster
computation in wind farm optimization.

[134]

3 Artificial Neural
Networks (ANN)

Wind farm performance for optimized placement
and sizing.

[120]

Overall, wind energy’s importance in the electricity markets continues to grow, driven by its envi-
ronmental, economic, and fuel independence benefits. As wind power integration increases, various
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optimization techniques will be crucial in addressing the challenges associated with this growth, such as
investment in grid infrastructure, efficiency losses, and ensuring a competitive electricity market [135–138].

5 Optimal Locations for Solar Farm Development
Solar energy, derived from the sun’s radiation, is one of the most promising renewable energy sources

globally [139–142]. In many regions worldwide, direct solar radiation is considered a highly potent energy
source. The growth of photovoltaic (PV) technology is largely driven by the increasing demand for renewable
energy, particularly as fossil fuel reserves deplete. PV systems offer a secure and clean energy source,
although their high costs have prompted significant research aimed at improving efficiency and reducing
expenses [143–145]. The optimal location and sizing of solar energy systems are crucial factors, as the
utilization of solar radiation varies across different locations within a country [146–148].

Solar energy can be harnessed in various forms, such as water heating and electricity generation,
through both direct and indirect conversions. Research has focused on different aspects of optimizing solar
energy systems, particularly grid-connected PV systems, which are influenced by the intermittent nature of
renewable energy generation. For instance, authors in [149] investigated the significance of grid-connected
PV systems, emphasizing the need for compliance with grid codes given the variability of PV generation. In
another study [150], several parameters, such as shading analysis, wire losses, and the optimal orientation and
tilt angle, were optimized for grid PV systems in Spain, though PV array size optimization was not addressed.

An in-depth economic and environmental analysis of grid-connected photovoltaic (PV) systems in
Malaysia was performed in [151], evaluating multiple scenarios that account for variations in interest rates
and initial cost incentives. The methodology for identifying optimal sites for PV grid-connected systems was
further investigated in [152]. Shen [153] concentrated on the size optimization of solar arrays and batteries in
standalone PV systems, to minimize system costs while ensuring load demand fulfillment and maintaining
an acceptable loss of power supply probability.

Several studies [154,155] have developed analytical models focused on optimal sizing for standalone
PV systems, emphasizing cost minimization and achieving predetermined reliability levels to satisfy load
requirements. For grid-connected systems, optimization models have been proposed to determine the
appropriate PV array size, orientation, tilt angle, and inverter sizing ratio [156,157]. An economic analysis
integrated with optimization strategies for PV grid-connected systems was presented in [158], concentrating
on selecting optimal PV module types, numbers, arrangements, and tilt angles.

Artificial intelligence (AI) techniques are gaining prominence as alternatives to traditional approaches
in PV system sizing. A comprehensive review of AI-based sizing methods is provided in [159], highlighting
their application in forecasting meteorological data, system modeling, simulation, and control [160]. In [161],
an Artificial Neural Network-Genetic Algorithm (ANN-GA) model was introduced to generate sizing curves
for standalone PV systems, specifically addressing various loss of load probabilities across different locations
in Algeria.

Kornelakis et al. [162,163] applied Particle Swarm Optimization (PSO) to multi-objective optimization
problems aimed at maximizing the economic and environmental performance of photovoltaic grid-
connected systems. Another study [164] utilized Binary Particle Swarm Optimization (BPSO) to determine
the optimal location and size of Solar Photovoltaic Grid-Connected Systems (PVGCS) for distributed power
generation, considering technical constraints such as maximum installed peak power capacity.

Medina [165] proposed a multi-objective optimization framework for the optimal allocation and sizing
of photovoltaic grid-connected systems (PVGCSs) in distribution networks, evaluating both technical and
economic impacts. The influence of PV system placement on power quality in distribution systems was
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examined in [166], which included a measurement setup for a grid-connected PV system. Kirmani et al. [167]
introduced a methodology for identifying the optimal size and location for solar photovoltaic (SPV) systems
in radial distribution networks to minimize power losses. The strategic placement of solar PV systems for
power loss reduction and voltage profile enhancement was further recommended in [168].

6 Site Selection for Effective Hybrid Renewable Systems
Several modern optimization techniques have emerged to enhance the efficiency of solar and wind

energy combinations in electrical systems. For example, in [169], a graphical sizing curve method was
employed to determine the optimal configuration of solar and wind generators that could meet energy
demands throughout the year, such as shown in Table 8 of optimization technique for optimal solar energy
system. Another study [170] presented a methodology for calculating the optimal size of a PV array in a
standalone hybrid wind/PV system, using the least squares method to find the best positioning for PV arrays
and wind turbines relative to a given load.

The use of real meteorological data vs. generic analytical models for sizing PV and wind systems was
examined in [171]. Garcia and Weisser [172] applied linear programming (LP) and fixed dispatch methods to
optimize the size and dispatch of grid units in a wind-diesel hybrid system with hydrogen storage, utilizing
a year-long hourly time series of wind speed and electricity demand data to minimize costs. In [173], an
optimization procedure was discussed for sizing a hybrid system that integrates wind generators, batteries,
and hydrogen storage based on real wind data and average residential demand. Additionally, a genetic
algorithm (GA) was introduced in [174] for the optimal sizing of standalone PV-wind systems, aimed at
selecting the ideal number and type of units to minimize costs while meeting full load energy requirements.

Renewable energy sources such as solar and wind power present substantial challenges in deregulated
power markets, particularly in terms of grid flexibility, capacity adequacy, and the integration of these
generators into energy markets. Both solar and wind energy are abundant, especially in remote areas, making
them key components of global renewable energy strategies. However, due to their intermittent nature,
neither energy source can provide a consistent supply on its own, given seasonal and periodic variations [175–
177]. To overcome this issue, hybrid energy systems, which integrate multiple renewable resources, have been
developed to enhance the reliability of energy supply by balancing the strengths of each source. These systems
are particularly effective in ensuring a stable electricity supply across diverse locations worldwide.

Other studies have also employed GA to optimize hybrid solar-wind configurations, including battery
banks, by considering factors such as the number of PV modules, wind turbines, battery storage capacity, the
tilt angle of PV panels, and the installation height of wind turbines [175]. An evolutionary algorithm (EA)
was used in [176] to design and control a complex hybrid PV-wind-diesel-battery-hydrogen system, yielding
effective solutions with minimal computational effort.

In [177], a multi-objective GA was applied to optimize the sizing of a solar-wind-battery hybrid system
for the northern coast of Senegal, also evaluating how load profiles influence the system’s configuration.
Masoum et al. [178] proposed a GA-based method to optimally place hybrid PV-wind systems (HPWS) and
determine the ideal wind/solar power ratio, with total HPWS capacity based on estimated annual power
demand, average wind speed, and solar radiation.

A mathematical model for sizing a PV/wind system, incorporating solar energy, wind speed, wind
turbines, PV modules, and battery storage, was proposed in [179]. Simulated Annealing (SA) was applied
in a response surface meta-model (RSM) to optimize a hybrid PV/wind system in Turkey, addressing
two different load types [180]. Another study [181] optimized the sizing of a PV/wind hybrid system with
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battery storage, accounting for varying loads and auxiliary energy source costs, using a simulation-based
optimization procedure called OptQuest.

Table 8: Techniques for optimal solar farm development

S. no. Technique Description Category Reference
1 Linear

Programming (LP)
Optimizes system size and dispatch
in wind-diesel hybrid systems with

hydrogen storage.

Traditional
optimization

[172]

2 Genetic Algorithm
(GA)

Optimizes sizing of standalone
PV-wind systems,

PV-wind-diesel-battery-hydrogen
systems, and solar-wind-battery

hybrid systems.

Metaheuristic
optimization

[174,175,177,178]

3 Simulated
Annealing (SA)

Optimizes sizing of hybrid
PV/wind systems using response

surface meta-models.

Metaheuristic
optimization

[180]

4 Artificial Neural
Networks (ANN)

Generates sizing curves for
standalone PV systems.

Artificial
intelligence

[161]

5 Particle Swarm
Optimization

(PSO)

Maximizes economic and
environmental performance of

photovoltaic grid-connected
systems.

Artificial
intelligence

[162,163]

6 Graphical sizing
curve method

Determines optimal configuration
of solar and wind generators.

Other
techniques

[169]

7 Least squares
method

Finds optimal positioning for PV
arrays and wind turbines relative to

a given load.

Other
techniques

[170]

Research on hybrid PV/wind systems for an island in Malaysia [182] utilized hourly solar radiation, wind
speed, and load demand data to optimize system size. Studies for specific regions [183,184] used mathematical
models, hourly radiation, and wind speed records to optimize standalone solar PV and hybrid PV/wind
systems. A technical review by Jamil et al. [185] assessed the economic feasibility of solar photovoltaic
power generation.

Hybrid PV-wind systems were examined for multiple locations in Sweden, assessing system costs,
energy generation costs, and the potential cost reductions of hybrid systems compared to standalone PV
systems [186]. Optimal site selection for hybrid renewable energy installations on a hill in an island’s eastern
region was discussed in [187]. Manas et al. [188] developed a methodology for optimally sizing autonomous
hybrid PV/wind systems to ensure system reliability with the lowest levelized cost of energy, also shown
the Table 9 of Optimization Techniques for hybrid Energy Systems.

An optimization algorithm for PV arrays with battery storage in standalone solar-wind hybrid systems
was developed in [189], utilizing long-term hourly solar radiation and peak load demand data. Studies
conducted in various locations worldwide consistently show that hybrid PV-wind systems are often more
cost-effective than standalone PV or wind systems [190–193].
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Table 9: Optimization techniques for solar and wind energy systems

S. no. Technique Application Description Reference
1 Linear

Programming (LP)
Mathematical
programming

Optimizing system size and
dispatch in wind-diesel hybrid

systems

[171,172]

2 Genetic Algorithm
(GA)

Metaheuristic
optimization

Optimizing sizing and
configuration of various hybrid

systems, including PV-wind,
PV-wind-diesel-battery-hydrogen

[173–176]

3 Simulated
Annealing (SA)

Metaheuristic
optimization

Optimizing sizing of hybrid
PV/wind systems using response

surface meta-models

[180]

4 Artificial Neural
Networks (ANN)

Artificial
intelligence

Generating sizing curves for
standalone PV systems

[183,184]

5 Particle Swarm
Optimization

(PSO)

Artificial
intelligence

Maximizing economic and
environmental performance of

photovoltaic grid-connected
systems

[186–189]

6 Real-world
optimization

Real-world
data-driven

optimization

Sizing hybrid systems based on real
wind and solar data

[171,173]

7 Optimal Sites for REGs in Distribution Networks
In traditional power systems, high-voltage lines form the backbone of the transmission network,

with loads connected at medium and low voltage levels. However, this conventional structure is evolving
due to the integration of renewable energy sources into the grid. Renewable Portfolio Standards (RPS)
set by various regions mandate that a percentage of electricity must be sourced from renewables, while
subsidies from governments, including India’s, promote renewable energy installations for both individuals
and communities. These incentives have accelerated the development of sustainable distributed generations
(REGs), which are small-scale plants directly connected to the distribution network.

One significant challenge in such systems is voltage management. In conventional radial distribution
feeders, voltage tends to drop toward the end of the feeder due to load-induced voltage drops. However, when
REGs are introduced, reverse power flow can occur, disrupting existing protection mechanisms and raising
the voltage at the point of REG connection. This change in voltage profile has led researchers to investigate
optimal location and sizing techniques for REGs in distribution networks.

For instance, the authors in [194] utilized small load pick-up conditions to optimally allocate distributed
generation (DG) units to improve voltage deviations. As most distribution system components (e.g.,
transformers, motors) are inductive, they result in a lagging power factor, as noted in [195]. Studies such
as [196,197] have examined the role of shunt capacitors in boosting system capacity, improving voltage
profiles, and reducing losses. In [198], optimization techniques successfully reduced energy losses and
enhanced reliability and power quality in distribution networks.

Various approaches have been proposed for the optimal placement and sizing of DGs in distribution sys-
tems. Studies have focused on expanding distribution networks [199], identifying optimal DG technologies
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and locations [200], and ensuring compatibility with existing systems, including protection schemes [201].
Determining optimal DG locations involves technical, regulatory, economic, and environmental considera-
tions, as explored in [202], with techniques tailored to specific scenarios [203,204].

Optimization tools, including artificial intelligence (AI)-based methods, have been employed for plac-
ing multiple DGs, as outlined in [205–207]. Genetic algorithms (GA) have been widely used for determining
optimal DG placement and sizing, as demonstrated in [208], while particle swarm optimization (PSO) was
used in [209] to minimize real power losses through optimal DG and capacitor placement. Some studies
also integrated simultaneous DG and capacitor placement to further reduce losses under time-varying
loads [210].

Advanced techniques like the reinitialized social configuration PSO algorithm were proposed in [211]
for locating multiple REGs in microgrids, aiming to minimize active power loss. Griffin et al. [212]
presented a load-balancing approach for optimal DG placement. Research has also focused on combining
real and reactive power injection strategies to optimize voltage profiles and reduce losses through DG
placement [205–208]. Certain models only account for real or reactive power injection alongside capacitor
placement [210–212].

To quantify the benefits of DG placement, several studies have developed optimization techniques
that address REG penetration thresholds, such as the analytical method proposed in [213], which min-
imized power losses in primary distribution systems. While some approaches considered the reliability
improvements from DGs, they did not incorporate reliability as a direct optimization criterion for DG place-
ment [214]. Other methods, such as [215], preset DG capacities and locations before applying optimization to
minimize real power losses, with novel approaches like the Harmony Search Algorithm setting penetration
limits for DGs [216].

A loss sensitivity approach, combined with optimal siting and sizing strategies, was used in [217],
focusing on power loss reduction. Additionally, reference [218] proposed region-specific optimization goals
based on emissions reduction. GAs have also been applied to optimize DG placement and sizing to minimize
losses and balance the power supply to the grid [219]. Studies like [220] investigated DG placement in
voltage-sensitive areas to prevent collapse.

In hybrid optimization methods, GA and PSO have been combined to achieve optimal DG placement,
as shown in [221–223], while algorithms such as the imperialist competitive algorithm have been applied for
both DG and capacitor placement [224]. Some researchers proposed integrating network reconfiguration
with DG placement for improved system efficiency [225–227]. In restructured distribution systems, the GA-
based Tabu Search method was employed to solve the DG allocation problem [228]. The Voltage Stability
Index (VSI) has been used to identify weak nodes for DG placement in radial networks [229,230].

Other approaches include using a price-area zonal method to determine the optimal DG size and
location [231,232], as well as market-simulation methods for assessing DG impacts on transmission expan-
sion [233]. Hengsritawat et al. [234] used a probabilistic method to size PV-DG systems, minimizing active
power losses while considering power quality constraints. Differential evolution (DE) and the loss sensitivity
factor simulated annealing (LSFSA) method have been applied in larger distribution systems to optimize DG
placement, minimize losses, and improve voltage stability [235,236].

Several algorithms, such as Tabu Search [237] and continuation power flow analysis [238], have been
introduced to minimize power losses and enhance voltage profiles in distribution systems. An artificial neural
network (ANN)-based model for determining the appropriate DG size and location was tested on a 52-
bus system by Kayal et al. [239], illustrating the effectiveness of ANN in optimizing DG placement and
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sizing. Optimal placement and sizing of REG units can significantly enhance the performance of distribu-
tion networks. Various optimization techniques, including classical optimization methods, metaheuristic
algorithms, and artificial intelligence, can be employed to achieve optimal solutions. Real-world factors
such as load profiles, network topology, and regulatory constraints must be carefully considered during
the optimization process. By effectively applying these techniques, it is possible to harness the benefits
of renewable energy while ensuring the reliability and efficiency of distribution networks, such as shown
in Table 10.

Table 10: Optimization techniques for optimal REG placement in distribution networks

S. no. Application Technique Description Reference
1 Load flow analysis Classical

optimization
Identifying voltage issues and

power flow patterns
[198–200]

2 Genetic Algorithm
(GA)

Metaheuristic
optimization

Optimizing DG placement and
sizing to minimize losses and

improve voltage profiles

[208]

3 Particle Swarm
Optimization

(PSO)

Metaheuristic
optimization

Minimizing real power losses
through optimal DG and capacitor

placement

[209–211]

4 Load balancing
approach

Other techniques Optimizing DG placement to
balance loads

[212–215]

5 Artificial Neural
Networks (ANN)

Artificial
intelligence

Determining appropriate DG size
and location

[207,208]

6 Combining GA
and PSO

Hybrid techniques Achieving optimal DG placement [211–215]

7 Integrating DG
placement

Network
reconfiguration

Integrating DG placement with
network reconfiguration

[225–227]

8 Identification of
DG placement

Voltage stability
analysis

Identifying weak nodes for DG
placement

[229,230]

9 Determination of
DG size and

location

Economic analysis Determining optimal DG size and
location based on economic factors

[232]

10 Sizing PV-DG
systems

Probabilistic
methods

Sizing PV-DG systems considering
power quality constraints

[234]

7.1 Optimal Renewable Source Selection Criteria
The selection of the most appropriate renewable energy source is commonly addressed as a multiple

attribute decision-making (MADM) problem, requiring consideration of various criteria. To tackle this
complexity, a fuzzy-based MADM algorithm has been proposed, incorporating intuitionistic fuzzy sets to
handle the inherent imprecision and vagueness in the decision-making process. This method was specifically
applied to the Indian state of Tamil Nadu, demonstrating its effectiveness in evaluating renewable energy
options [240].

Another approach for prioritizing and ranking renewable energy potential integrates a geographical
information system (GIS) with the analytical hierarchy process (AHP). In this technique, weights are
assigned based on multiple criteria and used as inputs for GIS-based spatial analysis. GIS tools are then
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utilized to generate maps showing wind speed, geothermal potential, and solar irradiance. This method was
applied across 30 provinces in Indonesia, with the results indicating that geothermal energy was the most
viable, followed by solar and wind energy [241].

Optimal location selection for renewable energy installations has also been achieved using meteorolog-
ical data, which provides key insights into renewable energy potential. Combined with land use analysis, the
total available space for generation units is calculated, identifying potential expansion sites while accounting
for geographical and social constraints that might limit usable land. After completing the meteorological
and land use analyses, an economic evaluation compares the investment costs for different renewable energy
sources to inform the final decision [242].

7.2 Modeling Approaches for Renewable Energy Sources
The authors developed a time series analysis method to model uncertainties inherent in the availability

of solar and wind energy. This approach involved adjusting historical hourly solar irradiance and wind
speed data to fit autoregressive moving average (ARMA) models, thereby simulating variations in resource
availability. To further evaluate design candidates, Monte Carlo simulations were employed, with a focus
on total system cost and reliability [243]. In a separate study, a mathematical model was formulated by
combining numerical and analytical methods to address the limitations associated with simpler models. The
Lambert W function was utilized to calculate the output current of photovoltaic (PV) modules, while the
Newton-Raphson method was applied for voltage calculations. The derived algebraic equations determined
the shape factor, and the model was validated against manufacturer-rated PV output, yielding an error
margin of ±2% [244].

An evolutionary programming (EP) algorithm was also proposed for modeling PV power output. The
EP algorithm optimized the fill factor to accurately predict PV system power output, and its effectiveness
was confirmed by comparing results with measured power values from PV systems [245].

Another study [246] introduced an aggregate model that integrates multiple forecasting models, offering
improved performance compared to problem-specific individual models. The model includes three groups
of backpropagation neural network (BPNN) models: a multivariate model, a hybrid ARIMA-BPNN model,
and a univariate BPNN model. Each was used for forecasting, with fuzzy theory combining their outputs
to produce final results. Additionally, a model for estimating PV system power production with solar
tracking, based on temperature and solar irradiance data, was developed and validated using the Photovoltaic
Geographical Information System (PVGIS) and data from a PV test facility. The study also addressed factors
influencing solar power output [247].

Finally, an improvement to the Grey prediction model was proposed by incorporating an exponential
smoothing method. When compared to the standard Grey prediction model using actual PV output
data, the improved model demonstrated higher accuracy and effectiveness, making it a more reliable and
straightforward method for predicting PV output [248].

7.3 Energy Loss in Power Systems
The authors developed an analytical expression for determining the optimal size of distributed genera-

tion (DG) units, along with an effective method for identifying the best location for DG placement, aiming
to minimize total power losses in distribution systems. This methodology is based on an exact loss formula,
forming the foundation for the analytical expression. The study thoroughly examines how DG unit size and
location affect system losses within the distribution network [249,250].
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Additionally, the authors proposed an efficient analytical method to optimize the installation of multiple
DG units and calculate their optimal power factor, focusing on minimizing power losses. This approach also
incorporates the allocation of an optimal mix of DG types, each with varying generation capabilities. By
combining an Evolutionary Algorithm (EA) with optimal power flow techniques, the authors introduced
a novel method that effectively handles system constraints, offering a robust solution for optimizing DG
placement and operation within power distribution networks [251].

7.4 Voltage Distribution Across the Network
The authors proposed a method that considers active power losses and imposes penalties for voltage

deviations to optimize the placement of generation units. Binary variables are used to define generation
locations, employing a classical optimization approach. This method enables the identification of optimal
generation sites while accounting for both power losses and voltage stability [252].

In addition, the authors introduced a Particle Swarm Optimization (PSO) technique for the optimal
placement of Distributed Generators (DGs) with the dual objectives of reducing power losses and improving
the voltage profile. A violation coefficient is incorporated into the voltage profile to formulate the objective
function. The results show that this method significantly reduces power losses, reinforces the minimum
voltage profile, and improves the overall voltage stability across the system [253].

Furthermore, a novel methodology based on a fuzzy adaptive hybrid PSO was proposed for optimal
voltage and reactive power control. The primary goal is to minimize a comprehensive cost function that
includes operational costs for transformers and capacitors, power losses, and various constraints such as
reactive power limits, the maximum number of switching operations allowed per day, and voltage deviation
limits. Fuzzy adaptive inference is employed to refine the search process, resulting in more efficient and
effective optimization outcomes [254].

7.5 Assessing Reliability in Power Systems
In [255], the authors proposed a method to calculate the impact of Distributed Generators (DGs) on

the reliability of distribution systems, using a typical utility feeder from Calicut, Kerala, as a case study.
The findings revealed that while the integration of a single DG enhances system reliability, the addition of
multiple DGs may have an adverse effect. The reliability of the system was evaluated using specific reliability
indexes [256].

Furthermore, a methodology for the optimal location and sizing of DGs was developed, focusing on
reducing power losses and improving system reliability [256–259]. The problem was formulated as a Mixed
Integer Nonlinear Programming (MINLP) model and solved using a Genetic Algorithm (GA) [259–262]. The
methodology also included the calculation of interruption costs and losses associated with renewable-based
DGs [263–265]. Additionally, factors such as load variations, renewable energy input, and hourly energy
costs were incorporated into the optimization process to ensure a thorough analysis [265–267].

7.6 Ensuring Voltage Stability in Power Systems
In [268], an optimal Distributed Generation (DG) placement strategy was developed with a primary

emphasis on voltage stability as a critical security measure. This approach integrates continuous power flow
analysis and modal analysis into a hierarchical placement algorithm. To address the issue of reactive power
shortages, a modified version of the equivalent reactive compensation method was utilized to create a priority
list of potential DG locations. Simulations conducted on a 33-bus radial distribution network demonstrated
the efficacy of the proposed method in maintaining voltage stability.
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Similarly, another method has been introduced for optimal DG allocation and sizing, aimed at reducing
losses while enhancing voltage stability. This approach employs bifurcation analysis to identify the buses most
prone to voltage instability, which are then selected as prime locations for DG placement. The number of DGs
is determined to ensure that the voltage profile remains within acceptable limits. A dynamic programming
search is subsequently utilized to find the global optimum size for the DGs. Additionally, the consideration
of reactive power limits on DG units influences voltage stability bifurcation, which in turn affects the size,
location, and number of DGs required [269].

7.7 Emission Monitoring and Reduction Strategies
In [270], a planning strategy for advancing low-carbon sustainability in distribution systems was

presented. This strategy utilizes an integrated method that incorporates both demand response (DR) and
renewable distributed generation (RDG). The problem is addressed using a two-stage model that co-
optimizes renewable and non-renewable distributed generation units, along with smart metering, with the
goal of minimizing both carbon emissions and total economic costs. The stochastic nature of renewable
energy sources and the price responsiveness of customers are modeled through various probabilistic
scenarios. To implement this methodology, an efficient hybrid algorithm is employed, which effectively
manages the complexities of the co-optimization process. The results from this approach show significant
improvements in system efficiency and reductions in carbon emissions, demonstrating its potential to
support sustainable energy transitions in distribution networks.

8 Discussions
The optimal placement and sizing of REG in distribution networks is a complex optimization problem

with significant implications for the reliability, efficiency, and sustainability of power systems. A variety of
optimization techniques, including classical optimization methods, metaheuristic algorithms, and artificial
intelligence, can be employed to address this challenge. While classical optimization techniques are well-
suited for simple problems, metaheuristic and artificial intelligence-based techniques offer greater flexibility
and can handle complex, real-world scenarios. Hybrid approaches that combine multiple techniques can
further enhance the performance of optimization models, such as shown in Table 11.

Table 11: Comparison of optimization techniques for REG placement and sizing

S. no. Technique Advantages Disadvantages Application
1 Classical optimization Well-established,

efficient for simple
problems

Limited scalability,
may not handle

uncertainties
effectively

DG placement power
losses and voltage

stability

2 Fuzzy-based MADM Handles uncertainty
and imprecision,

considers multiple
criteria

Subjective
decision-making,

sensitivity to expert
opinions

Renewable energy
source selection

3 Metaheuristic
algorithms (GA, PSO,

etc.)

Flexible, easily control
complex and

nonlinear problems

Computationally
intensive, sensitive to

initial conditions

DG placement for loss
reduction and voltage
profile improvement

(Continued)
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Table 11 (continued)

S. no. Technique Advantages Disadvantages Application
4 Artificial intelligence

(ANN, ML)
To learn from data,
adapt to changing
conditions with

accurate predictions

Requires large
datasets, black-box

nature

DGs on distribution
system reliability

5 Mathematical
modeling

Precise calculations,
accurate results

Complex models,
computational

intensive

Calculating PV
module output

6 GIS and AHP Visualizes spatial data,
prioritizes REG

potential

Relies on accurate
data and expert

judgment

Prioritizing and
ranking renewable

energy
7 Time series analysis Accurate forecasting,

improves system
reliability

Requires historical
data, sensitive to data

quality

Solar and wind energy
availability

8 Hybrid techniques Combines with
complex problems,
improved accuracy

and efficiency

Increased
computational

complexity

Improving forecasting
accuracy

9 Future Work
The further optimize renewable energy systems, future research should focus on several key areas.

One promising direction is the development of advanced hybrid optimization algorithms that combine
machine learning and metaheuristic techniques to improve the accuracy and efficiency of renewable energy
placement and sizing, especially in complex and dynamic environments. Additionally, integrating energy
storage systems with renewable energy sources can enhance grid balance, particularly in regions with high
renewable energy penetration. Research should also explore the optimization of renewable energy systems in
deregulated power markets, considering market dynamics and policy changes. Furthermore, there is a need
to investigate the scalability of optimization models for large-scale power systems and the socioeconomic
impacts of transitioning to renewable energy-based distribution systems. Lastly, ensuring the resilience
of renewable energy systems under extreme weather conditions and developing real-time optimization
strategies are crucial for reliable and efficient renewable energy systems. A multidisciplinary approach,
involving experts from electrical engineering, economics, and environmental science, is essential to address
these complex challenges and accelerate the transition to a sustainable energy future.

10 Conclusion
Renewable energy sources (RESs) are green energy options capable of generating large amounts of

power at lower costs and with minimal emissions compared to non-renewable energy sources. RESs have
become an integral component of modern electrical power systems, and their share in total power generation
is expected to grow rapidly with ongoing advancements in related technologies. This review discusses in
detail the selection and modeling techniques for RESs, general optimization criteria such as power losses,
emissions, and reliability, as well as techniques for the optimal positioning and sizing of Renewable Energy
Generators (REGs) using methods like Particle Swarm Optimization (PSO), Genetic Algorithms (GA),
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Evolutionary Programming (EP), Monte Carlo Simulation-Optimal Power Flow (MCS-OPF), and others.
The review also covers hybrid and standalone systems, providing an overview of different methods used
to determine optimal performance, location, and size of RESs. According to the findings, conducting a
detailed analysis of RESs at the initial stage and considering a wide range of optimization criteria is crucial
for achieving optimal placement and sizing of RESs to enhance overall system performance. Transitioning to
hybrid systems, rather than relying on a single RES, can improve reliability. Additionally, standalone systems
offer a viable alternative for power supply in remote areas, often proving more effective than extending the
existing transmission network.

In conclusion, the optimal placement and sizing of RESs are crucial for enhancing system performance
and reliability in modern electrical grids. This review highlights that hybrid systems offer improved
resilience over standalone solutions, particularly in remote areas. Future research should focus on developing
more sophisticated optimization models that integrate energy storage and account for deregulated market
dynamics. By addressing these challenges, future work can significantly advance the efficient integration of
RESs into power systems, contributing to a more sustainable and reliable energy future.
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