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Abstract

The integration of Distributed Generation (DG) into modern power distribution networks plays a vital role in
enhancing operational efficiency and driving global decarbonization targets. However, capturing the full technical
and environmental advantages of DG requires precise multi-objective optimization. This study presents a systematic
literature review aimed at evaluating, synthesizing, and quantifying the methodologies used for power loss
minimization and carbon emission reductions within radial distribution networks. Adhering to the PRISMA 2020
framework, a rigorous bibliometric and content analysis was performed using Publish or Perish (PoP) and
VOSviewer. Out of 323 initially screened articles indexed in the Scopus database from 2017 to 2025, 112 peer-
reviewed papers met the strict inclusion criteria and were comprehensively analyzed. The synthesis reveals that
optimal DG placement utilizing swarm intelligence techniques — predominantly Particle Swarm Optimization (PSO)
and Genetic Algorithms (GA) — consistently achieves substantial improvements, yielding active power loss reductions

between 40% and 94% and annual greenhouse gas emission mitigations ranging from 25% to 65%. Bibliometric
mapping highlights a mature focus on voltage profile enhancement and network reconfiguration, while critical gaps
remain in standardizing dynamic hosting capacity and life-cycle assessment (LCA) frameworks for emissions.
Although simulation-based optimization models show high technical maturity, they still require real-world
validation. Future research must prioritize dynamic operational strategies under stochastic renewable uncertainty to
bridge this implementation gap.

Keywords: Radial Distribution Networks, Particle Swarm Optimization, Distributed Generation, Controllable Power
Factor, Voltage Stability

Introduction

Modern energy distribution systems face complex challenges in meeting sustained growth in electricity demand while
reducing environmental impact [1]. The integration of Distributed Generation (DG) into the power distribution network
has become a key strategy for improving operational efficiency, reducing power losses, and lowering greenhouse gas
emissions. However, the maximum benefits of DG can only be achieved through proper optimization in terms of
location, size, and configuration of the generating units[2].

Power loss in distribution systems not only increases operational costs but also contributes to significant carbon
emissions. Studies show that with optimal DG placement, power loss reduction can reach 70-97% depending on the
network configuration [3]. Additionally, the integration of DG based on renewable energy provides an opportunity to
substantially reduce greenhouse gas emissions, supporting global decarbonization targets [4]. This creates a complex
multi-objective optimization scenario, where decision-makers must consider the trade-offs between various technical
and environmental performance metrics [5]. This challenge is further complicated by the uncertainty associated with the
stochastic nature of renewable energy generation and the variability of demand loads [6].

Quantifying loss and emission reduction in the optimization of DG requires a comprehensive and integrated
methodological approach. Traditional metrics such as Reduction Index Losses (LRI) and voltage profile improvement
have been used for a long time, but carbon emission measurement still requires better standardization [7]. Life cycle
assessment (LCA) and carbon footprint calculation analysis have become important tools for measuring the holistic
environmental impact of DG systems [8], encompassing direct emissions from power plant operations as well as indirect
emissions from equipment manufacturing and the supply chain.

Particle Swarm Optimization (PSO), Genetic Algorithm (GA), and other swarm intelligence-based algorithms have
proven effective in handling these non-linear and multi-constraint optimization problems [9]. Furthermore, advanced
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optimization techniques such as reinforcement learning and hybrid algorithms show potential for improving accuracy
and convergence speed in finding optimal solutions [10].

On a global scale, research on distribution generation optimization has been extensive and shows a positive trend,as
shown in Figure 1. There were caught 7.346 articles within the 2017 to 2025 time period, as documented on Scopus.com.
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Figure 1. Search Results for Distributed Generation Optimization in the Database of Scopus.com

Based on the "Documents by year" graph, a structured explanation of the trends in scientific publications related to
the optimization of Distributed Generation from 2017 to 2025 is as follows:Year 2017: Research in this field started with a
relatively small number, namely 4 documents.
Year 2018-2019: There was initial growth where the number of publications increased and remained stable at 9
documents per year. This indicates a growing academic interest in the issues of power losses and distribution networks.
Year 2020: The number of documents sharply surged to 16 documents. Year 2021: The positive trend continued with an
increase to 18 documents.
Year 2022: The graph reached one of its main peaks with 19 documents. The surge in this 3-year period indicates that the
topics of energy savings, emissions, and network optimization have become major global focuses highly sought after by
researchers.
Year 2023: A significant decrease occurred to 14 documents. This decline can generally be analyzed as a shift in global
energy policies or a change in research focus toward more specific areas, such as the transition to smart grid concepts,
microgrids, or broader modern electrification.
Year 2024: Research resurges and reaches its highest peak again (twin peaks) at 19 documents. This proves that the
urgency of decarbonization and minimization of technical losses remains a highly crucial research agenda.
Year 2025: The graph closed at 15 documents.

Method

To evaluate the effectiveness of power system optimization strategies, both technically and economically, refer to Table
1, which summarizes various key performance metrics from previous studies. Generally, these metrics include aspects of
power loss reduction, voltage profile improvement, carbon emission reduction, and cost efficiency and economic
benefits.

Based on the literature reviewed, power loss reduction shows a significant improvement in network efficiency, with
power loss decreases ranging from 40% to 94% compared to baseline conditions [2], [11]. Meanwhile, voltage
improvement is generally measured through the absolute voltage error value, with a range of 0.02-0.06 p.u., indicating
the system's ability to maintain voltage stability within acceptable limits [2].

From an environmental perspective, CO, emission reductions reached 25-65% per year, indicating that the
implementation of certain technologies and optimization strategies not only improves energy efficiency but also makes a
significant contribution to environmental sustainability [12], [13] .

Thus, the table provides a comprehensive overview of the power system's performance achievements based on
various key indicators that have been widely used in previous studies.

Table 1. A Comprehensive Overview Based on Performance Indicators for the Power System

Metric Category Primary Metrics Typical Range Key Literature
Power Loss Reduction 1088 reduction 40-94% [11], [14], [15], [16], [17]
from base case
Absolute voltage
Voltage Improvement error (p.u.) 0.02-0.06 p.u. [11], [14], [18], [19], [20]
Emission Reduction % CO; reduction 25-65% [4], 112}, [13], [21], [22],
per year [23]
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[10], [24], [25], [26], [27],
[28]

50k-1M [29], [30], [31], [32], [33]

Cost Metrics LCOE (Rp/kWh) 0.08-0.12

Annual energy cost

Economic NPV .
savings

Article Collection Strategy

This research was conducted systematically by extensively reviewing relevant quantitative and qualitative
bibliographies in the form of academic journals. Data collection involved gathering articles from the Scopus.com
database, using Harzing's Publish or Perish search engine (PoP, Windows GUI Editions 8.17.4863.9118) with a total of
200 selected articles, conducted by searching for the keyword "Distributed Generations" within the publication
timeframe of 2017-2025. Next, an additional search on Scopus.com using the keyword "Power Loss Reductions" yielded
123 articles. In total, 323 articles were collected. Next, data extraction was performed from each database and exported to
the Mendeley desktop application for metadata verification. It is important to note that the article search was conducted
exclusively within journals available on the Scopus.com database due to its international recognition and reputation
within the academic community [34] .

These articles were then carefully examined for metadata and content analysis to ensure their relevance to the topic
of the upcoming article. The article data search was further refined using inclusion and exclusion criteria to filter results
and identify articles that met predetermined quality standards. Out of the initial 323 articles, after careful review, 44
articles met the established standards and were considered suitable for analysis.

Selection Criteria

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement represents a
cornerstone methodological framework in evidence synthesis research [35]. The PRISMA statement comprises a 27-item
checklist and flow diagrams designed to facilitate transparent and complete reporting of systematic reviews [35]. The
checklist includes key items deemed essential for transparent review reporting across essential domains: planning and
registration, methods for search and selection, quality assessment procedures, data extraction processes, and results
synthesis and interpretation.

The structure of PRISMA was modified to facilitate implementation, with items reorganized to reflect contemporary
systematic review practices [36]. This reorganization helps authors better understand why each item is recommended
and how recommendations can be operationalized in their own work.

While PRISMA represents significant methodological advancement, certain limitations deserve mention. The use of
multiple checklists and extensions, while providing specificity, can create complexity and potential confusion about
which version applies to different review types [37]. Additionally, some argue that strict adherence to PRISMA items
may lead to excessive length in manuscripts, potentially impacting accessibility and reader engagement.

This method of content analysis adheres to a systematic approach and research framework that permits process
reproducibility and facilitates a methodical examination of articles delineating and evaluating authentic content
relationships within previously recognized clusters [38].

Bibliometric Analysis

The bibliometric analysis employed the software Publish or Perish (PoP), renowned for its adaptability in processing
imported data from diverse databases to facilitate comprehensive analysis. PoP's versatility extends to leveraging
multiple network analysis tools for in-depth scrutiny of network data, yielding detailed results. Input data for PoP were
sourced in RIS format, including thorough bibliographic details for each article. The analysis scrutinizes key
components, including author details, article title, abstract, publication year, and keywords. This examination follows
the conventional five-step approach commonly used in bibliometric analyses. These steps involve identifying keywords,
initial search results, refining search results, aggregating statistics from initial data, and ultimately conducting an in-
depth data analysis. The primary objective of this bibliometric analysis is to investigate extant research on the
application of biomass as an energy source in industrial settings via a methodical literature review, thereby delineating
the current landscape of scholarly contributions on this topic.

VOSviewer

The subsequent bibliometric analysis was conducted using the VOSviewer application. Initially,the software
facilitated the visualization of research manuscripts employing a cluster network technique, as illustrated in Figure 2.
This figure reveals the presence of four distinct clusters, each assigned a specific color. VOSviewer is a computational
tool utilized for the analysis of bibliometric data to recognize correlations among citations, co-authorship, and keywords
within a diverse array of academic articles.

The overlay visualization reveals a clear temporal shift in distributed generation research, evolving from
optimization-based loss minimization approaches toward system-level performance assessment involving voltage
stability, renewable integration, and distribution network behavior. However, advanced topics such as dynamic hosting
capacity and adaptive operational strategies remain underexplored, indicating substantial opportunities for future
research, as illustrated in Figure 3.

The density visualization highlights distributed generation and power loss reduction as the most intensively
investigated themes, indicating a mature research domain. Supporting topics such as voltage profile, network
reconfiguration, and stability indices serve as established evaluation tools, while the relatively low density of renewable-
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specific and distribution network contexts suggests opportunities for more system-oriented and dynamic investigations,
as illustrated in Figure 4.
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Figure 2. Visualization of Research Manuscripts using Network Techniques using Keywords Developed in this Study
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Figure 3. Visualization of Research Article Manuscript Distributions using Keywords Developed in this Study
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Figure 4. Visualization of the density of research article manuscripts using keywords developed in this study

PRISMA Statement

The PRISMA statement serves as a methodical structure designed to formulate research inquiries in a lucid and
organized approach. It utilizes methodical and transparent approaches to identify, screen, and evaluate data relevance
from pertinent research findings via meticulous data gathering and scrutiny [35].

A
Eecords identified from Eecords removed screening:
5 "distributed generation" *: +  Keyword
Databazes (Scopus = 4562 ) »| + Database criteria
i “Optimizations™ (n=1724) + Data extraction
“Power Loss Reduction™ (n + 1601 articles are excluded
=123
L i
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Figure 5. PRISMA 2020 Statement to Explain the Step of Analyze Process

Results and Discussion
From the search results using Scopus, and after excluding titles that did not match the desired topic, 112 articles were
obtained. The analysis results using the VOSviewer application at a threshold of 5 yielded 15 keywords out of a total of
318, making the core themes visible with stable clusters and highlighting gaps and novelties. The clusters show the
presence of 6 different color groups, each represented by a specific color: Group 1 (red) consists of 5 items, Group 2
(green) consists of 3 items, Group 3 (blue) consists of 3 items, Group 4 (yellow) contains 2 items, and Group 5 (purple)
contains 2 items. Additionally, 46 links connect these clusters. In total, there are 114 links connecting the four clusters, as
detailed in Table 2.

Bibliometric Analysis of Distributed Generation Optimization Research. Initial screening through the Scopus
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database yielded 323 publications, which were then filtered down to 112 core articles following the strict inclusion and
exclusion criteria of PRISMA 2020. This section outlines the macroeconomic trends, publication dynamics, and keyword
networks of the selected literature.

Publication Trends (2017-2025): The chronological distribution of the 112 selected documents reflects the growing
global academic interest in the optimization of Distributed Generation (DG), particularly related to minimizing power
loss and mitigating carbon emissions.

As illustrated in the screening data, the research area experienced a simple early period between 2017 and 2019, with
an average of 4 to 9 documents per year. A significant turning point occurred in 2020, when publications surged to 16
documents, eventually peaking in 2022 and 2024 with 19 documents each. The trajectory of these two peaks underscores
the ongoing urgency of power distribution efficiency and the mandate for global network decarbonization. Small
fluctuations in 2023 (14 documents) indicate a temporary shift in research focus toward broader microgrid architectures
and smart grid communication protocols before returning to the mathematical optimization framework in 2024.

Keyword Co-Occurrence and Cluster Analysis: To map the intellectual structure of the field, keyword co-occurrence
analysis was conducted using VOSviewer. Network visualization identifies three main thematic clusters:

Cluster 1 (Red - Optimization Algorithms): Dominated by terms such as "Particle Swarm Optimization (PSO)",
"Genetic Algorithm (GA)", and "Swarm Intelligence". This cluster represents the mathematical and computational
engines driving modern DG allocation.

Cluster 2 (Green - Network Performance): Focused on the indices of "Radial Distribution Network," "Voltage
Stability," and "Power Loss." This thematic area represents traditional technical constraints in electrical engineering.

Cluster 3 (Blue - Environmental Factors): Emerging keywords include "Emission Reduction," "Renewable Energy
Sources," and "Controllable Power Factor." This cluster signifies a shift in the modern optimization paradigm toward a
multi-objective framework that balances carbon metrics with economic costs.

Cluster 4 & 5 (Grid Topologies & Quantitative Loss): Centered on Distribution Networks, Power Losses, and Power
Loss Reduction, these clusters map the fundamental physical domain where high resistance-to-impedance (R/X) ratios
historically compromise system reliability.

Table 2. Clustering in Distributed Generation Optimization Links with VOSViewer

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
. . Distributed Lo Distribution Power Loss
Network Reconfiguration Generation Optimization Networks Reduction
Genetic algorithm Renewable Power Losses Power Loss Voltage Stability
Energy Index
Particle Swarm Voltage .
Optimization Stability Voltage Profile
Power Loss Minimization
Voltage Profile
Improvement
Voltage Profile
Improvement

The overlay and density visualizations (Figures 3 and 4) indicate that while power loss reduction and basic voltage
profiling represent mature, heavily saturated themes, advanced operational paradigms remain significantly
underexplored. Academic attention is shifting away from static, single-objective planning models toward dynamic
hosting capacity evaluation, adaptive control strategies, and real-time operational optimization under intense stochastic
load uncertainties.

Quantitative Synthesis of Techno-Environmental Performance Metrics

A systematic content analysis of the high-reputation articles compiled within the energy subject domain allowed for
a comprehensive quantification of core performance metrics across technical, environmental, and economic parameters,
as summarized in Table 1.

Technical Performance: Loss Minimization and Voltage Stabilization

The literature demonstrates a remarkable consensus regarding the efficacy of metaheuristic optimization for
network enhancement. By applying algorithms such as Particle Swarm Optimization (PSO), Whale Optimization
Algorithm (WOA), and advanced hybrid variants, active power loss reductions consistently range from 40% to 94%
compared to unoptimized base cases. For instance, sensitivity factor approaches like Real Power Loss Sensitivity Factors
(PLSF) effectively streamline node selection, preventing massive iterative errors [39], [40]. Concurrently, voltage profile
improvements are quantitatively validated by a substantial reduction in absolute voltage errors, typically confined
within a tight stability band of 0.02 to 0.06 p.u. This tight range underscores the capability of optimized DG placement to
prevent voltage collapse and maintain grid integrity within safe statutory limits [40].

Environmental Performance: Standardizing Carbon
Mitigations: From an ecological standpoint, the integration of optimized renewable-based DG units delivers an
annual greenhouse gas (CO2) emission reduction ranging between 25% and 65%. However, a critical discussion
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emerging from the systematic review is the lack of methodological standardization across the literature. While
traditional metrics successfully measure localized, direct operational offsets, they frequently fail to capture indirect
lifecycle impacts. To bridge this gap, modern literature increasingly advocates for the incorporation of standardized Life
Cycle Assessment (LCA) and holistic carbon footprint analysis. This ensures that emissions associated with equipment
manufacturing, supply chains, and commissioning are fully accounted for alongside operational reductions, establishing
a true net-zero accounting model [41], [42] .

Economic Viability and the Implementation Gap

Economic sustainability is predominantly evaluated using the Levelized Cost of Electricity (LCOE) and Net Present
Value (NPV) savings. The reviewed optimization frameworks demonstrate that optimized grid integrations achieve a
highly competitive LCOE ranging from 0.08 to 0.12 per kWh. This technical cost-efficiency translates into profound
economic advantages, yielding annual energy cost savings between 50,000 and 1,000,000 depending on the network scale
and DG penetration depths [43], [44], [45]. Despite these optimized, highly favorable simulation models, a substantial
implementation gap persists between academic publications and real-world deployment. The majority of current studies
rely heavily on standardized test systems under static parameters. In real-world applications, cross-sectoral coordination
challenges, regulatory barriers, and the extreme stochastic volatility of solar and wind inputs create a disconnect from
theoretical calculations [46], [47]. Therefore, transitioning these highly optimized mathematical formulations into
practical, climate-resilient energy distribution infrastructures remains a vital prerequisite for [48], [49], [50].

Articles Based on Research Subjects

Regarding the criteria for articles based on the research subject of distributed generation optimization, the top three
fields are engineering, computer science, and energy, with 34.3%, 18.1%, and 16.2% of the articles, respectively, as shown
in Figure 7.

Other (2.6%)
|
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~ Engineering (34.
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Figure 7. Percentage of Articles by Research Subject

From the percentage data in this article, we can see the number of articles from each research subject, as shown in
Table 3.

Table 3. Number of Articles Based on Research Subjects

Subject Area Artikel
Engineering 93
Computer Science 49
Energy 44
Mathematics 23
Materials Science 17
Chemical Engineering 10
Multidisciplinary 9

Environmental Science

Physics and Astronomy

Economics, Econometrics and Finance

Earth and Planetary Sciences

Social Sciences

Biochemistry, Genetics and Molecular Biology
Neuroscience

Business, Management and Accounting

== NNDN O
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Conclusions

The clusters identified in the distributed energy optimization study on the distribution system are of significant interest
and have broad implications that can be further expanded upon. It can be seen that in the research subject area of energy,
there are 44 articles, of which 33 are relevant and can be analyzed. Renewable energy is usually at the top of the
spectrum of proposed global developments in any climate change discussion, in order to stave off the worst
reverberation of rising temperatures. Renewable energy sources do not produce carbon dioxide, nor do they produce
any other greenhouse gas contributing to global warming. In tandem with the need for diminishing carbon emissions,
the growing demand for electricity leads to significant renewable energy production [51]. In this research work, a
worthwhile methodology is recommended for optimal allocation of traditional (gas turbine) and renewable energy
sources that are based on distributed generators, which include solar and wind, in the distribution system [52].

Based on a comprehensive analysis of 33 collected articles, there is a need to integrate three interconnected main
dimensions: (1) heterogeneous methodologies for quantifying power loss, (2) non-standardized emission reduction
metrics, and (3) a significant gap between theoretical simulation results and practical implementation in the field.

Five dominant research clusters were identified, microgrid optimization [53], [54], [55], energy and carbon planning
[56], renewable system development [54], [57], grid stability and control [58], [59], and photovoltaic performance
modeling [60], [61], each representing a distinct yet interconnected strand of the global energy discourse.

In conclusion, while distributed and renewable energy research has achieved notable progress, the transition to
carbon-neutral systems remains incomplete without real-world validation, cross-sectoral coordination, and equitable
energy governance frameworks. The integration of advanced analytics, open data ecosystems, and collaborative policy
mechanisms will determine the pace and inclusivity of the global energy transition in the coming decade.
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