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Abstract

The paper investigates the design and operation of microgrid arrangements, with a focus on
renewable power systems, system architectures, and storage solutions. The research evaluates
stochastic and multi-objective optimization methods to show how demand response systems
improve operational flexibility. The study evaluates 200 journal articles to select those that address
microgrid design in conjunction with optimization models and demand response approaches. The
articles are classified into three essential categories, which include microgrid design optimization
methods and demand response integration. The review establishes that microgrid performance
depends on three fundamental design parameters, which include energy generation systems, storage
capabilities, and load demand control mechanisms. The review demonstrates that advanced
optimization approaches, such as stochastic and multi-objective optimization methods, offer effective
solutions for managing renewable energy variability. The paper demonstrates that demand response
strategies are crucial for reducing costs and enhancing system flexibility. However, current published
research falls short of establishing an integrated system that combines real-time demand response
with stochastic optimization. This integration, while not yet fully realized, is suggested as a critical
advancement for ensuring both system performance optimization and long-term sustainability.
Therefore, this paper calls for further research to develop resilient hybrid renewable microgrids that
integrate flexibility with sustainability through advanced optimization models and demand response
strategies.

Keywords: demand response; energy storage systems; hybrid renewable microgrids; load demand
management; multi-objective optimization; real-time optimization; renewable energy integration;
stochastic optimization; system flexibility

1. Introduction

1.1. Overview of Hybrid Renewable Microgrids

Hybrid renewable microgrids (HRMGs) are widely adopted sustainable energy solutions that
benefit both urban and remote areas [1]. Combining solar and wind renewable energy sources with
battery storage systems may create dependable, flexible power networks. Implementing HRMGs
reduces national dependence on fossil fuels and lowers greenhouse gas emissions. The energy
security benefits of HRMGs become most apparent in communities that centralized power grids have
traditionally neglected. The integration of renewable energy resources enables HRMGs to develop a
cleaner, decentralized power grid system. The power systems function autonomously but can also
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connect to the primary grid, adjusting their energy consumption patterns accordingly. These systems
provide customized energy solutions tailored to meet the specific needs of individual communities.
A small village would rely on solar panels and wind turbines, using storage capacity. Industrial areas
achieve maximum energy optimization by integrating solar and wind power with battery storage
systems, thereby reducing operational expenses. The ability to adapt to fluctuations in energy
demand and supply makes HRMGs extremely useful. Optimizing hybrid systems presents a
significant technical challenge. The system requires optimal optimization to maintain its cost-
effectiveness alongside reliability and environmental sustainability. Hybrid systems comprise
multiple energy sources, along with storage and backup components, creating complex operational
systems. The seamless integration of all components requires optimization of cost, together with
emissions and reliability [2—4].

1.2. Importance of Optimizing Hybrid Systems for Cost, Emissions, and Reliability

The optimization of HRMGs requires. The expense represents a significant point of
consideration. The initial costs of implementing renewable energy technologies and deploying
energy storage systems remain high. Still, they may lead to substantial long-term financial benefits
depending on maintenance costs and lifetime. Operators must manage operations and maintenance
costs to maintain operational efficiency. The design of HRMGs has the objective of heavy emission
reduction as a fundamental element. The systems reduce carbon emissions by minimizing the use of
backup generator operations that rely on fossil fuels. The importance of this factor increases as the
global community works to fulfill climate objectives by transitioning away from fossil fuels.
Reliability stands as the most vital element among all factors. The power delivery from HRMGs must
remain continuous without interruptions, even as renewable energy production levels decline. The
general architecture of a hybrid renewable microgrid is described in Figure 1.
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Figure 1. General architecture of a hybrid renewable microgrid.

The reliability of solar and wind energy remains a significant concern due to their variable power
output, which fluctuates based on changing weather conditions. The power supply from these
sources does not provide a reliable, continuous electricity stream. The implementation of hybrid
systems represents a potential solution to this problem. The storage of excess energy in batteries
during periods of high production enables its later use during periods of increased demand or
reduced production [3,5]. The energy storage system functions similarly to saving money for future
needs but operates within an energy framework. Diesel generators function as backup systems to
ensure grid reliability during periods when renewable energy production decreases [6]. Optimization
methods help mitigate the uncertainties associated with renewable energy systems. Stochastic
optimization techniques help manage this uncertainty by incorporating probabilistic models that
account for fluctuations in renewable energy generation, such as changes in wind speed or solar
radiation. We refer to situations where weather patterns are erratic, and customer demand fluctuates.
Planning such challenges is not easy, but stochastic optimization makes it more manageable.
Moreover, multi-objective optimization is also essential, as it aims to reduce costs, minimize
emissions, and enhance system reliability. With these approaches, hybrid systems are better
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equipped to handle the unpredictability of renewable energy and the evolving needs of energy
consumers [7].

1.3. Introduction to Demand Response and Its Role in Enhancing System Flexibility

The implementation of demand response (DR) technology serves as a fundamental element to
improve both flexibility and operational efficiency of HRMGs [8]. The system enables users to modify
their power consumption according to supply availability, which becomes vital during periods of
high demand. The main difficulty for hybrid microgrids stems from renewable energy source
variability because weather conditions determine whether solar and wind power generation exceeds
or falls short of requirements [9]. DR strategies function to synchronize microgrid energy
requirements with the availability of renewable energy. The implementation of this strategy reduces
the need for backup power systems, representing a significant benefit. Two DR strategies exist for
consideration, which include time-of-use tariffs that raise prices during peak demand periods and
real-time pricing that adjusts according to supply and demand fluctuations. [10]. The concept appears
straightforward, yet additional adjustments remain necessary. The DR and its role in enhancing grid
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Figure 2. DR and Its roles in enhancing systems grid flexibility.

The implemented strategies provide economic benefits to consumers, motivating them to adjust
their power consumption patterns to align with periods of abundant renewable energy production.
According Avordeh, Gyamfi [11,12], the system reliability improves while fossil fuel dependence
decreases. DR controls energy consumption patterns by shifting appliance operations to daytime
usage during periods of high solar production, thereby preventing overload of storage and backup
systems. DR implements demand reduction or time-shifting of consumer usage during low solar or
wind power output to maintain energy stability while avoiding backup generation costs [13].

1.4. Structure of the Paper
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The paper is organized as follows:

Section 2: Methodology

The section describes the systematic literature review approach that guided this research. The
authors describe their database search methods and article selection process, which yielded 200
journal articles for synthesis. The research faced difficulties when trying to limit sources to match the
study parameters, but the methodology provided a thorough understanding of the topic through
relevant and diverse literature.

Section 3: Hybrid Renewable Microgrid Architectures

This section reviews different hybrid microgrid configurations, their components, integration
challenges, and benefits. It focuses on the main architectural designs, which describe the typical
energy sources and storage systems found in HRMGs. The different configurations demonstrate
varying levels of operational success, but each design requires analysis to understand its real-world
implementation challenges.

Section 4: Key Design Parameters in Hybrid Microgrids

The section focuses on vital parameters that enhance hybrid microgrid systems through
improved energy generation and storage, load demand management, and enhanced reliability
methods for forecasting energy requirements and addressing the unpredictable nature of renewable
energy resources.

Section 5: Optimization Techniques in Hybrid Microgrids

The section examines sophisticated optimization methods, which include multi-objective,
stochastic, and evolutionary algorithms. The analysis examines current model restrictions while
demonstrating how integrating them with demand response systems would enhance operational
efficiency and flexibility. The real-world implementation of these methods presents a distinct
challenge compared to their theoretical potential.

Section 6: Demand Response Integration in Hybrid Microgrids

This section covers DR systems and their influence in enhancing the flexibility and efficiency of
HRMGs.

Section 7: Research Gaps and Future Directions

The section presents various research gaps and future directions that concentrate on integrating
stochastic optimization with real-time demand response systems. While some progress has been
made, these areas still require further exploration and present opportunities for advancing hybrid
microgrids. Bridging these gaps could significantly enhance system performance.

Section 8: Conclusion

The final section summarizes our findings and offers recommendations for future research. We
suggest areas where further optimization, emissions reduction, and improvements in reliability and
flexibility are necessary for the continued development of HRMGs. As the demand for sustainable
energy solutions grows, these research areas will play a crucial role in shaping the future of the hybrid
microgrid. We also emphasize the importance of performance indexes for HRMGs. These indices:
system efficiency, reliability, economic costs, and environmental impact, are critical for assessing and
enhancing the overall performance of HRMGs.

2. Methodology

2.1. Literature Search Process

The literature search involved multiple academic databases, including Google Scholar, IEEE
Xplore, ScienceDirect, and SpringerLink. We selected these databases for their extensive collections
of peer-reviewed articles on energy systems, microgrids, optimization, and demand response. We
aimed to collect the most recent and relevant studies on HRMGs, with a specific focus on system
architectures, optimization techniques, and demand response mechanisms. We used a combination
of targeted search terms and Boolean operators to ensure comprehensive coverage. Keywords such

a "o

as “hybrid renewable microgrids,” “demand response,” “optimization techniques,” “multi-objective
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optimization,” and “stochastic optimization” helped refine the search results. We connected different
aspects of HRMGs using operators like "AND," such as “hybrid renewable microgrids AND
optimization” or “demand response AND renewable energy integration.” Our search focused on
articles from 2013 to 2025 to include the most recent developments in hybrid microgrid technology
and optimization methods, as well as to address new trends in demand response integration. We
searched and then reviewed the titles and abstracts of more than 200 articles. We only included those
that focused explicitly on hybrid renewable microgrids, optimization strategies, and demand
response. We excluded articles that were primarily focused on traditional energy systems or
standalone renewable technologies unless they contributed significantly to understanding HRMGs
or optimization strategies.

2.2. Article Selection Criteria

The main inclusion criteria were as follows:

Publication Quality

Our analysis included only articles from reputable, peer-reviewed journals and conference
proceedings. We selected Applied Energy, Renewable & Sustainable Energy Reviews, IEEE
Transactions on Smart Grid, and Energy as our primary journals because they have the highest
impact on energy systems and microgrids.

Relevance to Hybrid Renewable Microgrids

Our selection of articles focused on hybrid renewable microgrid systems. Our research focused
on investigating various combinations of renewable energy sources, including solar power, wind
power, storage systems, and backup power systems. The selection included studies on microgrid
operations in isolated or off-grid settings, which focused on integrating renewable resources [4,14,15].

Focus on Optimization Techniques

The review focuses on optimization as its central theme, so we selected articles that analyzed
optimization models for hybrid microgrids. The studies by Dawoud, Lin [16] examined multi-
objective optimization, stochastic optimization, and genetic algorithms to manage trade-offs between
cost emissions, and reliability.

Demand Response Integration

The research examined articles on demand response systems in HRMGs, focusing on time-of-
use tariffs, real-time pricing, and load shifting. These strategies are essential for enhancing flexibility
and matching energy consumption with renewable energy availability.

Methodology Transparency

We concentrated on articles that provided detailed descriptions of their research methods. The
studies that employed well-defined models, along with algorithms and simulation tools, for
microgrid design were most notable. To the best of the authors' knowledge, the methodologies
concerned are believed to be effective, combining optimization techniques with demand response
integration.

2.3. Data Synthesis and Categorization

The articles are divided into three main themes: Hybrid microgrid design, Optimization
techniques, and Demand response integration (see Figure 3).
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Figure 3. Flowchart of the review methodology.

Hybrid Microgrid Design and Architecture

The theme explores fundamental aspects of hybrid renewable microgrids by examining how
renewable energy systems interact with storage and backup power systems. The articles in this
category examine how these components interact to form efficient and reliable systems.

Optimization Techniques in Hybrid Microgrids

The theme explores optimization techniques for HRMGs through multi-objective and stochastic
optimization methods. The articles present methods to reduce costs and emissions while maintaining
system reliability, particularly in the face of unpredictable renewable energy sources and changing
demand patterns. The field has advanced, but researchers encounter significant obstacles when
dealing with unpredictable weather patterns and unexpected demand surges.

Demand Response Integration

The theme investigates how demand response integration improves the flexibility of HRMG
systems. The articles demonstrate that time-of-use tariffs, real-time pricing, and direct load control
strategies effectively boost both efficiency and reliability. Different systems have varying approaches
to demand response integration, which remains a topic of expert discussion. The following section
presents the primary findings from each theme, together with their assessment for hybrid renewable
microgrid design and optimization. The areas show significant advancement, yet researchers need to
continue their work to develop these fields fully.
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By leveraging both AC and DC, hybrid microgrid configurations reduce conversion losses and
enhance power flow management, thereby increasing the overall system's efficiency [17,18]. Effective
control strategies are crucial for maintaining operational stability in HRMGs. Distributed,
decentralized, and hierarchical control structures have emerged to regulate voltage, stabilize
frequency, and ensure optimal power sharing among various distributed energy resources (DERs)
[19-22]. It is interesting how these systems are evolving, and while some solutions seem to work well,
there is always room for improvement, especially in real-world, large-scale implementations. Recent
works propose approaches that reduce dependence on centralized communication systems,
enhancing resilience against faults and cyberattacks [23].

The design and operation of hybrid microgrids also necessitate advanced energy management
systems (EMS) to coordinate energy flows dynamically between generation, storage, and load
demands [24]. Optimal EMS design considers technical, economic, and environmental objectives
while balancing local autonomy with grid-support functions [25].

Although HRMG technologies demonstrate significant potential, several technical and non-
technical challenges remain. Large-scale deployment demands scalable architectures, fault-tolerant
communication protocols, efficient integration of variable renewable sources, and compliance with
diverse regulatory frameworks [26]. Economic feasibility also influences adoption rates, particularly
in developing regions where upfront investment costs remain prohibitive.

This section reviews the operational components, configurations, and control strategies of
hybrid renewable microgrids, based on a critical analysis of recent literature. The paper focuses on
design aspects for combining solar, wind, energy storage, and backup systems, emphasizing
technological developments and current limitations.

2.4. Configurations and Operational Components

The HRMG architectures combine various energy sources to boost reliability, efficiency, and
flexibility. The selection and combination of these components depend on resource availability, load
profiles, and operational goals. The typical HRMGs include photovoltaic (PV) systems, wind energy
conversion systems (WECS), energy storage systems (ESS), and backup generation units. The
system's performance depends on the characteristics, advantages, and challenges of each subsystem.

2.4.1. Solar Energy Systems

Solar PV systems are a primary energy source in most HRMG configurations. Their modular
design, decreasing costs, and low environmental impact make them appealing for distributed
generation [27]. PV panels convert sunlight directly into electricity, which sounds simple, but it is not
without challenges. These systems rely on maximum power point tracking (MPPT) algorithms to
optimize energy capture, especially as irradiance and temperature fluctuate. It is a process that works
well in theory, but it requires constant adjustment to adapt to changing conditions.

Integrating PV systems into microgrids necessitates careful consideration of voltage regulation
and synchronization with other energy sources. In DC-based microgrids, we can connect PV modules
directly to the distribution bus with the appropriate DC/DC converters, which minimizes energy
losses [28]. However, PV inverters must synchronize with the microgrid’s voltage and frequency in
AC-based or hybrid systems. This synchronization demands robust grid-forming or grid-following
controls to ensure smooth operation [29]. The PV output becomes unpredictable due to cloud shading
and daily variations in the sun cycle. The system maintains power equilibrium through three
alternative methods, which include dynamic dispatch control, load management, and energy storage.
Although imperfect, forecasting techniques enable smooth microgrid operations [30].

2.4.2. Wind Energy Systems

The power generation of Wind energy conversion systems (WECS) depends on wind resources,
which experience different patterns. The systems achieve their highest output levels during nighttime
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and specific seasonal periods when solar power generation reaches its minimum. Wind turbines
operate in two modes, which include fixed-speed and variable-speed operation, to maximize energy
capture and improve power grid support [31]. The integration of WECS into HRMGs needs detailed
evaluations of power electronics interfaces. The system utilizes either doubly fed induction
generators (DFIGs) or permanent magnet synchronous generators (PMSGs), which are connected
through AC or DC buses, depending on the system's specific requirements. [32].

The DC-link coupling in hybrid AC/DC systems enables adaptable power transfer and smoother
control operations, particularly when wind conditions fluctuate. The variable nature of wind
generation presents similar operational challenges to solar power systems due to its unpredictable
nature. The operational challenges are typically solved by predictive control systems and storage
solutions, which maintain voltage and frequency stability. Zhang, Shotorbani [33] created
hierarchical control systems that effectively stabilize voltage and control dynamic loads when wind
speed variations occur.

2.4.3. Energy Storage Systems

The operation of HRMGs depends on ESS because these systems maintain surplus power
generated during peak production hours for use during periods of limited resources. Lithium-ion
battery technology is the best choice for microgrid storage applications due to its high energy density
and rapid response times, with prices continuing to decrease [34,35]. The energy storage systems in
HRMGs serve four essential roles, including frequency regulation, voltage support, peak shaving,
and grid-forming services for islanded operation. The integration methods differ based on whether
the ESS connects to AC or DC buses. The DC-coupled storage system provides more effortless energy
transfer from PV or WECS sources by minimizing conversion steps. However, the AC-coupled
storage offers better compatibility with traditional power grids [36].

The EMS operates these operations by analyzing state-of-charge (SOC) levels and degradation
models together with real-time load predictions [37]. The research community works to create hybrid
storage systems that combine batteries with supercapacitors and flywheels to enhance system
flexibility and extend lifespan [38]. Combining different storage systems enables solutions for
immediate transient power needs and extended energy supply requirements.

2.4.4. Backup Systems

The reliability of HRMG depends on backup systems because renewable and storage
technologies have not yet rendered them obsolete. To support critical loads during prolonged
renewable generation shortfalls, dispatchable backup sources like diesel generators, microturbines,
and fuel cells are commonly used [39].

The implementation of backup generation systems in HRMGs faces obstacles related to
synchronization, fuel consumption optimization, and emission control. The implementation of
Bidirectional interlinking converters (BICs) resolves these problems because they enable seamless
integration of backup AC units with hybrid systems. The system allows for fast mode transitions,
which prevent power interruptions according to [40]. The primary objective of optimal dispatch
algorithms is to reduce backup generator usage while maintaining sufficient fuel reserves and
minimizing operational expenses. Through predictive scheduling and dynamic programming, it
becomes possible to schedule backup activation according to renewable energy forecasts and load
criticality assessments [41,42]. The implementation of advanced HRMG designs includes combined
heat and power (CHP) units, which enhance efficiency by utilizing the waste heat from backup
generators. [43]. The ongoing conflict between environmental protection and energy security remains
a significant challenge for microgrids that primarily rely on diesel.

2.5. Design Considerations for Hybrid Renewable Microgrids
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The design of HRMGs should consider scalability, control strategies, system topology, and
economic feasibility. These factors play a crucial role in ensuring the system remains stable, integrates
various resources, and delivers reliable, cost-effective energy across diverse situations.

2.5.1. Scalability and Modularity

The design of HRMGs requires scalability as one of its fundamental requirements. The system
architecture needs to accommodate the growth of generation units, storage devices, and loads
without needing major reengineering, according to Thang, Ahmed [44]. Microgrids achieve
scalability through modular designs that use standardized unit capacities and decentralized
management systems, which enable growth according to demand and technological advancements.
The implementation of plug-and-play interfaces between distributed energy resources (DERs) is a
crucial element, as it enhances modularity and simplifies upgrade processes [45,46]. The expansion
of microgrids leads to more intricate network systems. The rising system complexity demands
sophisticated communication systems and fault management capabilities to manage the increasing
complexity of systems. System integrity throughout all growth phases depends on an adaptable
communication infrastructure together with protective measures as these systems expand [47,48].

2.5.2. Control Strategies

The control frameworks of HRMGs maintain voltage stability and frequency stability by
distributing power across DERs. The control systems consist of three hierarchical layers, which
include primary control, secondary control, and tertiary control [49-52]. The primary control layer
provides immediate stability through virtual inertia emulation, which operates independently of
communication systems. The secondary control system operates to restore voltage and frequency by
adjusting setpoints, working in coordination with other control systems. Distributed secondary
controls that utilize consensus algorithms enhance system resilience by minimizing dependence on
central communication links, which are sometimes vulnerable to vulnerabilities [37]. The tertiary
control system operates at a broader level to optimize economic dispatch and primary grid
interactions. The control layers require proper time-scale separation because fast-acting dynamics
must stabilize before economic optimizations with slower speeds are activated [53]. The protection
of these communication-based systems from attacks requires strong cybersecurity measures.

2.5.3. Interconnection Topologies

The selection of interconnection topology in HRMGs remains crucial because it significantly
impacts system performance outcomes. The authors Shen, Tan [54] explain that hybrid AC/DC
systems unite AC and DC networks through dual buses, which use bidirectional interlinking
converters. The AC buses serve as excellent connections for traditional loads and rotating machines,
while DC buses offer an efficient power supply to PV arrays, batteries, and DC loads.

Researchers have studied three different architectural configurations, including radial, ring, and
mesh designs, which present unique trade-offs between reliability, cost, and system complexity,
according to [55]. The ring and mesh topologies enhance fault tolerance by providing backup power
routes. The implementation of multiple power flow paths in these systems demands sophisticated
protection systems, which increases system complexity. The addition of multiple voltage levels to DC
buses appears beneficial for system optimization, yet introduces additional converters and complex
system requirements [56]. The process of topology design requires a balance between system
performance, simplicity, and cost management.

2.5.4. Economic Feasibility

Despite technological progress, the economic feasibility of HRMGs is still the key factor for
widespread adoption. The initial capital costs for renewable generation, energy storage, and
advanced controls are typically substantial. Total cost analysis should include equipment
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replacement periods, maintenance needs, and backup system fuel expenses. Energy management
systems (EMS) enhance economic viability through optimized dispatch decisions, which reduce
operational costs while extending asset lifetimes [57]. The implementation of demand-side
management strategies enables peak load reduction, resulting in improved asset utilization rates. The
attractiveness of HRMG deployments increases with the implementation of regulatory incentives,
carbon pricing mechanisms, and community ownership models, especially in underserved or off-
grid regions [58,59]. However, the uncertainty surrounding policy frameworks and market structures
remains a significant obstacle to substantial investment in hybrid microgrids.

2.6. Critical Review of Hybrid Renewable Microgrid Literature

The advancement of HRMGs has led to multiple control architectures, operational strategies,
and design frameworks. Research studies demonstrate significant progress alongside ongoing
difficulties in creating scalable, resilient, and economically viable systems. Distributed control
strategies have become more popular than traditional centralized management systems. Araujo,
Callegari [29], [60,61] developed a distributed grid-forming control system that removed the
requirement for central converter management while providing seamless transitions between grid-
connected and islanded operations. The hardware validation showed better scalability and reliability,
but the economic feasibility study and DER constraints needed further development. Qin, Li [62]
created distributed cooperative control for DC microgrid clusters through multiport converter
implementation. The research experiments demonstrated better energy sharing performance, but the
method needs further evaluation to assess its potential for large-scale implementation. The economic
and energy management aspects of interconnected microgrids have been extensively studied by
researchers. Micallef, Guerrero [63] proposed a comprehensive optimal energy control framework
that integrated multiport energy routers and demand response programs. Although their simulations
demonstrated reduced peak demands and enhanced reliability, the authors acknowledged that
broader market integration and regulatory challenges remained insufficiently addressed.

Control strategies focusing on adaptive load management have been another research focus.
Yuan, Fu [64] introduced a hierarchical control structure with adaptive droop methods for DC
microgrids, thereby improving dynamic load sharing and bus voltage regulation. However, practical
challenges related to communication delays and fault tolerance require further investigation for real-
world applications.

Several studies have offered guidelines for the practical implementation of microgrids. Cagnano,
De Tuglie [65] presented an extensive overview of microgrid operational features based on real-world
projects. Although the paper outlined key design considerations, it lacked detailed discussions of
economic and regulatory barriers, which remain crucial to the proliferation of microgrids.

Regarding stability and dynamic control, Moheb, El-Hay [66] conducted a comprehensive
review emphasizing hierarchical control systems and fault ride-through capabilities. Their findings
highlighted the complexity associated with hybrid AC/DC architectures, particularly during mode
transitions, but called for more empirical validation through large-scale case studies.

Efforts to optimize hybrid interconnections have focused extensively on bidirectional
interlinking converters (BICs). Azeem, Ali [67], [68,69] reviewed control strategies for BICs within
hybrid AC/DC microgrids, discussing power-sharing challenges, operational flexibility, and system
coordination. Although BIC control methods offer numerous advantages, they introduce control
complexity at scale, a concern yet to be fully resolved in practice.

Decentralized approaches emphasizing modularity and plug-and-play capabilities have also
advanced. Muralidhar and Rajasekar [70] proposed a decentralized DC microgrid with a fully
modular architecture tailored for rural electrification applications. Their design-enhanced system
scalability and eliminated reliance on centralized controllers. However, long-term fault tolerance and
system robustness, especially under harsh environmental conditions, remain open research topics.

Analysis of different microgrid topologies has revealed trade-offs between simplicity and
performance. Dos Santos Neto, Barros [71] compared multiple DC microgrid configurations,
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providing guidelines for voltage level selection and power flow management. Nevertheless, practical
case studies evaluating multi-voltage DC microgrids under field conditions are still scarce.

Kim, So [72] developed a common microgrid platform supporting interoperability across diverse
communication standards. Although their platform demonstrated improved communication
integration, its scalability in heterogeneous regulatory environments needs broader validation.

Other studies have focused on renewable-based microgrids for rural or isolated settings. Tank
and Mali [27] proposed a renewable DC microgrid incorporating basic energy management
strategies. While their system achieved stability in simulations, it failed to account for lifecycle costs
and integration challenges with grid-based networks. Additional distributed control solutions have
reinforced the need for scalable architectures. Shaban, Mosa [73] highlighted energy storage sharing
across DC microgrid clusters, enhancing fault tolerance and retrofitting options. However, the
authors identified that practical deployment at a large scale requires additional communication and
operational optimization.

Advances in consensus-based control strategies aim to improve plug-and-play features. Espina,
Llanos [37] proposed a distributed secondary control that avoided circulating currents while
supporting scalable energy sharing. Their experimental validations were promising, though real-
world applications must address communication latency and cybersecurity threats. Hybrid energy
storage strategies have also emerged as critical components of HRMGs. Biglarahmadi, Ketabi [57]
introduced nonlinear hierarchical control methods, outperforming conventional systems in
simulations. Nonetheless, their applicability to large and diverse hybrid systems remains to be
demonstrated through pilot projects. The development of HRMGs has advanced through various
architectures, control methods, and operational strategies. A critical review of recent literature
highlights technical progress and identifies persisting challenges related to scalability, economic
viability, and system resilience.

Distributed control strategies have been widely explored to improve HRMG flexibility and
robustness. Araujo, Callegari [29] presented a distributed grid-forming control that removed the need
for centralized converters, offering improved scalability and smooth transitions. However, the study
lacked evaluation of large-scale deployment and economic impacts. Similarly, Meng, Shafiee [74,75]
introduced distributed cooperative control for DC microgrid clusters using multiport converters,
validated through hardware-in-the-loop experiments, though large-scale scalability issues remained
unaddressed. Optimal energy control frameworks have focused on enhancing efficiency and grid
support. Micallef, Guerrero [63] proposed a comprehensive approach incorporating demand
response and multiport energy routers. While effective in simulations, the economic feasibility and
integration into real-world market structures require further investigation. Hierarchical control
structures have addressed dynamic load sharing and voltage regulation challenges. Mohammadi and
Ajaei [76] developed an adaptive droop control mechanism to stabilize DC microgrids. Although
simulations yielded positive results, the authors acknowledged potential issues related to
communication delays and fault tolerance in practical deployments.

Systematic overviews have provided practical guidelines for microgrid implementation.
Cagnano, De Tuglie [65] analyzed operational experiences from real-world projects, emphasizing
control strategies and design practices. Nevertheless, the absence of detailed discussions on economic
and regulatory frameworks limited their practical applicability across diverse contexts. Research on
stability and fault management has highlighted the complexities of hybrid systems. Ahmed, Sarwar,
Kirli [69] identified critical challenges in AC/DC hybrid microgrids, particularly during transition
events. Theoretical models demonstrated promising results, but validation through empirical field
tests remains necessary. Efforts to enhance interconnection flexibility have emphasized bidirectional
interlinking converters. Kumar [77] reviewed control strategies for BICs, focusing on operational
flexibility and power-sharing accuracy. While BICs improved hybrid system performance, managing
control complexity at scale remains an unresolved challenge.

Decentralized and modular approaches have gained traction to support system scalability.
Richard, Boudinet [78] proposed a decentralized plug-and-play DC microgrid model for rural
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electrification, improving flexibility and resilience. However, issues related to long-term system
reliability and fault isolation in harsh environments need further exploration. Topology studies have
compared different network designs. Modu, Abdullah [79] reviewed DC microgrid topologies and
recommended configurations based on system voltage and load characteristics. Despite their
theoretical advantages, practical field evaluations of multi-voltage DC networks remain limited.
Microgrid interoperability platforms have also been developed. Kim, So [72], designed a common
platform for seamless operation across different communication standards. While facilitating
interoperability, questions remain regarding practical implementation across varied regulatory
frameworks. Rural and isolated microgrids have garnered attention for their potential in integrating
renewable energy sources. Tank and Mali [27] proposed a renewable-based DC microgrid, validated
through simulations, though lacking in economic lifecycle assessments and scalability considerations.
Energy storage strategies have expanded to address transient and long-term demands. Biglarahmadi,
Ketabi [57] introduced nonlinear hierarchical controls that improved stability compared to
conventional approaches. Pilot projects are needed to confirm applicability to larger and more
diverse systems. Research into consensus-based secondary controls has improved plug-and-play
capabilities. Ahmad, Hassan [80] demonstrated distributed control schemes that supported accurate
power-sharing without introducing circulating currents. Nonetheless, cybersecurity risks and
communication delays still pose implementation challenges. New coordinated control strategies have
emphasized seamless power exchanges. Alhasnawi, Jasim [81] developed a distributed control
method for hybrid microgrids that integrate wind and solar resources. Although simulations
confirmed flexibility under different operational modes, practical scaling issues and concerns
regarding communication reliability remain.

Studies analyzing economic operations have focused on optimizing energy dispatch and cost
efficiency. Shaukat, Islam [82] proposed a decentralized economic control for hybrid microgrids,
reducing dependence on centralized management. Real-world deployments, however, are needed to
validate economic gains under complex load and generation profiles. Hybrid energy architectures
continue to evolve. Yuan, Gou [83] proposed novel hybrid microgrid designs combining modular
multilevel converters and energy storage systems, achieving lower conversion losses. Although
promising, comprehensive long-term operational data are necessary to assess reliability and cost-
effectiveness. Optimized energy management systems have also been explored. Wang, Sun [84]
proposed an integrator current-sharing-based DC droop control strategy, improving uniform power-
sharing in microgrids. Although simulations showed reduced circulating currents, larger field trials
are required to establish robustness under fault conditions. Seamless operational mode transitions
have remained a challenge. Karami, Baharizadeh [85] presented a master-slave control structure for
managing transitions in hybrid AC/DC microgrids. While effective in controlled environments,
adaptability to real-world disturbances and dynamic loads needs further study. Renewable resource
forecasting and dispatch coordination have been identified as key factors for HRMG success. Sarwar,
Kirli [69] provided a comprehensive review of interconnection strategies, identifying gaps in
dynamic energy management, particularly for hybrid multi-terminal systems. Recent works have
proposed model-free adaptive control strategies for HRMGs. Zhang, Zhou [86] combined dual-droop
control with model-free adaptive mechanisms to improve proportional power-sharing. Practical
implementations must address disturbance rejection capabilities and scalability.

Advanced control methodologies have focused on hierarchical and nonlinear optimization.
Baharizadeh and Karshenas [87] proposed a unidirectional hierarchical control strategy that
eliminated power-sharing errors across AC and DC domains. Validation across larger and more
diverse microgrid configurations remains necessary. Lastly, scalable clustering architectures have
emerged to organize large HRMG networks. Xu, Xiao [88] introduced decentralized clustering for
hybrid AC/DC microgrids, enhancing operational flexibility. Practical integration with national grid
codes and standards remains an open area of research. Despite significant progress, the literature
consistently identifies remaining gaps, including the need for large-scale pilot implementations,
enhanced cybersecurity measures, dynamic energy management under high renewable penetration,
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and economic viability modeling for diverse deployment contexts. Future research should
concentrate on practical validations, cross-sector interoperability, and resilience strategies to fully
realize the potential of hybrid renewable microgrid architectures.

2.7. Summary and Future Outlook of HRMGs

HRMG:s offer an effective solution for integrating renewable energy systems with conventional
power infrastructure. System architectures, along with control strategies and energy management
approaches, have undergone significant developments, as noted in the literature. Distributed and
hierarchical control mechanisms have enhanced both scalability and reliability in power systems,
according to Cardenas, Martinez [89]. The optimization strategies for energy dispatch developed by
Tang and Wang [90] address technical and economic barriers through flexible operational modes.
The innovative solutions demonstrate their potential to resolve fundamental energy system
problems.

The implementation of these systems faces multiple substantial challenges that need resolution.
System complexity, combined with communication delays and economic challenges associated with
hybrid configurations, presents obstacles to deploying these systems on a large scale. The
implementation of hybrid AC/DC systems for loss reduction requires additional research on fault
management and scalability issues that arise during changing load and generation conditions [91].

Moreover, let us not forget the economic side: lifecycle costs, grid integration, and policy
frameworks all require more attention to make large-scale, cost-effective adoption possible. It's a lot
to work through, but it's doable. Looking ahead, future research will need to address several key
areas. First, scalability and real-world applications need more attention. While HRMGs appear
promising in controlled environments, further testing is required on a larger scale, particularly in
diverse geographic and regulatory settings. That is where things could get tricky. Different regions
face unique challenges, and what works in one place may not be effective in another.

Advanced control algorithms also need to evolve. New algorithms must efficiently manage
dynamic power flows as these hybrid systems grow more complex. The focus should be on
optimizing hierarchical and decentralized approaches for large-scale systems, so we do not rely too
much on centralized infrastructure [37]. Energy storage, of course, plays a massive role in this
equation. We must integrate advanced energy storage technologies, especially hybrid storage
systems, to improve reliability and reduce reliance on fossil fuel-based backup systems. The challenge
here is optimizing storage for both short-term frequency regulation and long-term energy storage
[92]. It is one of those areas that could make or break the efficiency of these systems.

The final aspect involves policies and economic considerations. To promote HRMG adoption,
we need to study economic models that analyze market incentives together with regulations and
financing systems. The development of supportive deployment conditions for microgrids
necessitates collaboration between policymakers and industry stakeholders, particularly in remote
and underserved regions. The path to sustainable and resilient energy systems becomes clear through
HRMGs. The path forward requires additional work to achieve scalability, together with control
strategies, energy management systems, and economic models. The global transition to a
decarbonized, decentralized, reliable energy future depends on solving these challenges for HRMGs
to become essential. The path will be challenging, yet the potential remains strong.

3. Key Design Parameters in Hybrid Microgrids

The rising worldwide energy demands require the development of sustainable and resilient
energy systems. HMRGs, which combine renewable power sources with storage systems and
conventional power generation technologies, have the potential to provide a reliable and
environmentally friendly power supply to both grid-connected and off-grid communities. Figure 4
shows the key design parameters in a hybrid microgrid.
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Figure 4. Key design parameters in a hybrid microgrid.

3.1. Forecasting Energy Generation and Renewable Integration

The primary renewable energy sources used in hybrid microgrids consist of solar PV systems,
wind power, and hydropower generation. The integration of renewable power systems within
microgrids creates dual benefits for security and environmental protection. The study by Uddin, Mo
[4] investigates how microgrid technology enables renewable energy-based solutions to enhance grid
resilience while decreasing dependence on fossil fuels. The research provides important theoretical
insights into hybrid systems, although it does not address the operational challenges that arise when
renewable energy sources become unstable. The lack of understanding about microgrid deployment
in these regions presents a crucial challenge for their implementation. The literature indicates that
managing renewable energy variability remains a complex issue that warrants further research.
Azeem, Adeel [93] concentrate on hybrid AC/DC microgrids, which unite AC and DC networks to
enhance system reliability and efficiency. Hybrid systems offer substantial benefits, particularly
when multiple renewable power sources must operate in tandem.

The authors provide a correct analysis of the practical problems that occur when implementing
AC/DC systems across large operational areas. The theoretical analysis remains relatively easy to
understand, but implementing the practical system proves to be more challenging. System
deployment faces practical challenges because conversion expenses, system imbalances, and
fluctuating renewable outputs require further research. Case studies would enhance the
understanding of hybrid system behavior under high energy demands, along with real-world
conversion cost implications [93]. These systems require further research to fully understand their
operational effectiveness in practical applications.

Hybrid renewable systems continue to implement backup power solutions, such as diesel
generators and natural gas turbines, when renewable power generation decreases. Almutairi,
Hosseini Dehshiri [94] examines a hybrid renewable power system integrating solar PV systems,
wind turbines, and diesel generators along with storage batteries for residential use. This system
demonstrates economic feasibility while decreasing greenhouse gas emissions when compared to
conventional fossil fuel-based systems. The utilization of diesel generators presents environmental
concerns alongside long-term sustainability issues. The need for diesel backup in regions with weak
renewable resources creates an immediate conflict with building a carbon-neutral energy network.
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The actual challenge lies in determining the phase-out timeline of fossil fuel-based solutions when
renewable capacity expands. Future research should concentrate on creating completely renewable
systems that operate independently of fossil fuel backup [95]. A move toward sustainability would
be achieved by conducting additional research in this area, and we support this direction.

3.2. Storage Sizing and Optimization

The stability of energy supply in hybrid microgrids depends heavily on storage systems because
renewable generation has intermittent output, and when generation cannot meet demand. The design
of microgrids requires substantial effort to size and optimize these storage systems properly. Energy
storage systems (ESS) require important decisions that determine which type to use between
conventional options like lithium-ion and flow batteries, and newer options such as supercapacitors
or hydrogen storage. It is not an easy choice, and each option brings its own set of trade-offs.

The research by Mquqwana and Krishnamurthy [96] focuses on maximizing hybrid microgrid
design capabilities by using renewable energy sources for remote locations. The authors employ
Particle Swarm Optimization (PSO) to establish the optimal component sizes, including storage
system capacities. Their study shows hybrid systems provide both economic savings and reliability
benefits, specifically for locations that lack access to main power networks. Their research
concentrates mainly on rural energy systems where electricity consumption patterns remain
relatively consistent. This method fails to examine how the system functions under changing weather
conditions, as well as unpredictable renewable energy sources in urban and industrial regions with
their fluctuating load demands.

PSO delivers important findings, but does not evaluate the system's performance during severe
weather conditions and irregular patterns of renewable power generation. System performance
requires advanced algorithms that can adapt to both renewable output and demand changes in real-
time. Large-scale storage systems face a significant cost hurdle because implementing costly battery
storage technology proves unaffordable for hybrid systems deployed in resource-constrained areas.
Additional economic analysis of storage technology alternatives, combined with operational
performance analysis, would create more effective frameworks for decision-making processes.

Anvari-Moghaddam, Rahimi-Kian [97] investigate the combination of different energy storage
solutions for microgrids serving large buildings while highlighting the importance of integrating
multiple power sources through coordinated energy management. Various storage systems
integrated into hybrid configurations improve overall system performance by covering individual
system weaknesses. The research establishes a strong foundation, yet it does not analyze the actual
implementation challenges that large buildings face when implementing such systems. The concept
of utilizing electric vehicles as mobile storage units shows considerable promise. The practicality and
economic viability of this concept require additional study to evaluate its potential in real-world
situations [98].

Cabrane, Kim [99] investigates the stability of islanded DC microgrids through HESS
performance evaluation of batteries and supercapacitors during major disturbances. The research
provides essential stability requirements, but remains theoretical. The lack of real-world validation
is essential because microgrids operate in different environments with different load profiles. The
control strategies need real-world testing to confirm their operational robustness in practical
operational conditions. Future research on large microgrids should conduct experimental testing to
validate HESS system scalability because their actual performance in real-world deployments
remains unknown [100]. Hybrid storage systems require additional real-world testing and
development to achieve readiness for implementation.

3.3. Load Demand Forecasting

Accurate load demand prediction serves as a critical operational requirement for achieving
maximum efficiency in hybrid microgrid systems. The prediction of future energy needs enables
better energy distribution systems, which in turn minimize unnecessary power usage.
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Thirunavukkarasu, Seyedmahmoudian [101] provide a detailed evaluation of microgrid energy
management systems and control methods, assessing optimization approaches and real-time control
mechanisms. The authors emphasize the necessity for an end-to-end energy management solution in
microgrid systems, as well as collaborative energy sharing functionality. The unpredictable nature of
renewable energy generation makes load forecasting tasks even more complicated. Shayeghi,
Shahryari [102] demonstrate that microgrid performance enhances when flexible energy sources,
including demand-side management (DSM) and ESS, are implemented. The evaluation of these
systems depends on three essential microgrid performance indices, which include system reliability,
as well as economic costs and emissions reduction. The indices enable assessment of DSM strategy
efficiency, which plays a crucial role in maintaining supply-demand equilibrium. The supply-
demand equilibrium becomes possible through DSM because it rewards consumers for modifying
their usage according to the available energy amounts. The implementation of flexible energy sources
into existing power grids creates separate operational difficulties. The need for advanced forecasting
methods arises because renewable generation rates, load demands, and storage systems with DSM
systems experience real-time changes.

3.4. Reliability and Scalability of Hybrid Systems

The ability of microgrids to scale up or connect with bigger power networks remains a
significant challenge despite their enhanced resilience from local energy solutions. Kenneth, Peter
[103] explain that decentralized microgrids present numerous benefits; however, their scalability
faces obstacles due to inconsistent local power generation and usage patterns. Hybrid systems must
handle fluctuations in renewable power generation and changes in demand to maintain system
stability. Research in the literature lacks methods for expanding hybrid systems across networks that
contain different energy sources. Additional empirical investigations need to establish methods for
system growth that will not compromise reliability. Bakar, Guerrero [104] describe microgrid designs
for seaports that combine renewable energy systems with storage elements and cold ironing
capabilities. The research demonstrates that hybrid systems provide cost-effective solutions,
according to their findings. The study does not explain how these systems would function under real
conditions with changing energy requirements. The unpredictable nature of seaport energy
consumption necessitates hybrid systems that can demonstrate reliable operation during periods of
fluctuating power demands. The development of adaptable hybrid systems that fulfill diverse and
evolving requirements of large industrial sites, including seaports and manufacturing facilities,
should be the focus of future research, according to [104].

3.5. Operational Constraints: Cost, Emissions, and Efficiency

Operational constraints, including cost, emissions, and efficiency, play a major role in deciding
the deployment of hybrid microgrids. Even though hybrid microgrids offer many environmental
benefits by reducing the use of fossil fuels, the system's cost and efficiency must be carefully
considered. Although integrating renewable energy sources, storage systems, and control
technologies can be a significant challenge due to high initial investment costs, especially for
developing countries or remote areas. Amupolo, Nambundunga [105] assess the techno-economic
viability of off-grid renewable energy systems in informal settlements in Namibia. The research fails
to demonstrate the sustainable operation of these systems within urban environments for an
extended period. The authors also emphasize that the study requires detailed assessments of system
costs and benefits, which include future costs and environmental impacts, as well as system
maintenance and fuel costs. Kharrich, Mohammed [106] developed a new hybrid optimization
algorithm that unites Invasive Weed Optimization (IWO) and the Backtracking Search Algorithm
(BSA) for hybrid renewable energy systems. The authors' optimization research does not address
real-world system deployment requirements. Optimization models need to incorporate real-world
factors, which include fuel price fluctuations, system maintenance expenses, and power grid
integration, to accurately assess the operational characteristics and expenses of hybrid systems.
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Emissions reduction serves as an essential component when designing hybrid microgrids. The use of
renewable energy components in hybrid systems, such as solar and wind power, reduces carbon
emissions, but the backup systems using diesel or natural gas continue to produce greenhouse gas
emissions. The development of future research must focus on building entirely renewable power
systems that do not use fossil fuels to meet global climate targets. The complete life cycle assessment
of hybrid systems for environmental impact evaluation requires evaluating carbon emissions and
resource usage. The development of hybrid microgrids faces three fundamental barriers that require
simultaneous solutions for cost reduction, emission reduction, and efficiency improvement.
According to Nayak, Pattanaik [107], the utilization of diesel generators produces a trade-off between
minimizing costs and environmental sustainability. According to Yakubu, Tedla [108], diesel
generators provide reliable power, but they compromise sustainability, so the system needs to strike
a balance between financial and ecological considerations. Hybrid microgrids demonstrate better
performance than renewable or diesel-based systems in terms of techno-economic evaluations of
these systems [109]. The real-time optimization methods discussed by Nufiez-Rodriguez, Unsihuay-
Vila [110] enable better cost and efficiency results through dynamic dispatch strategies that adapt to
predicted generation and demand forecasts. Technical constraints related to scalability and real-time
responsiveness become major issues when working with extensive hybrid AC/DC networks. Figure
5 illustrates various hybrid microgrid configurations. The different hybrid microgrid configurations
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@ i@

DC microgrid AC microgrid

are shown in Figure 5.
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Figure 5. [llustration of different hybrid microgrid configurations.

3.6. Operational Constraints: Cost, Emissions, and Efficiency

The worldwide energy sustainability problems can be addressed through hybrid microgrids, as
these systems provide reliable power at affordable prices and deliver environmental benefits. The
successful operation and deployment of these systems requires a complete assessment of vital design
parameters, including energy generation and storage sizing, load demand forecasting, scalability,
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and operational constraints. The research field of hybrid microgrid technology has made substantial
progress, but significant gaps remain, particularly regarding real-world testing, practical
applications, and cost-effectiveness assessments. Future research needs to address these gaps
through additional empirical studies, the exploration of advanced optimization algorithms, and the
development of scalable, flexible solutions for integration with existing power grids.

Multiple obstacles continue to affect the development and management of hybrid microgrids
even after extensive research:

1. Battery technologies have reached maturity, yet researchers require further investigation to
link hydrogen-based systems with second-life EV batteries [111].

2. A strong data infrastructure, together with secure cybersecurity systems, must be established
to implement Al and machine learning models for real-time optimization [112].

3. The successful implementation requires attention to address regulatory barriers while
obtaining community backing for new technologies, including nuclear-renewable hybrids
[113].

4.  Future microgrid designs must include provisions to handle climate-induced variability, which

provides for temperature extremes and natural disasters [114].

4. Optimization Techniques in Hybrid Microgrids

Hybrid microgrids need optimization methods to operate and manage them effectively. The
systems that combine renewable energy sources (RES), including wind and solar power, with energy
storage systems and conventional generators require efficient optimization to manage energy
generation and storage, as well as meet demand requirements. The following section examines three
essential optimization methods, which include multi-objective optimization, stochastic optimization,
and evolutionary algorithms (see Figure 6).

OPTIMIZATION TECHNIQUES
IN HYBRID MICROGRIDS

MULTI-
OBJECTIVE STOCHASTIC | | EVOLUTIONARY

OPTIMIZATION OPTIMIZATION ALGORITHMS

Figure 6. Optimization techniques in hybrid microgrids.

4.1. Multi-Objective Optimization

In microgrid operation, multi-objective optimization targets multiple conflicting objectives, such
as cost reduction, emission control, and renewable energy optimization. The optimization objective
aims to establish equilibrium between multiple objectives because improvements in one area may
create adverse effects on other targets. Optimizing operational costs results in greater emissions,
together with reduced system dependability. Multi-objective optimization can rely on evolutionary
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algorithms (EAs) and metaheuristics for its implementation. Optimization problems that have
complicated, conflicting objectives benefit from these methods because they demonstrate good
adaptability. Thirunavukkarasu, Seyedmahmoudian [101] analyze the combination of mixed-integer
programming along with metaheuristics and multi-agent systems. The optimization approaches
demonstrate excellent performance in solving scheduling and dispatching problems, according to
research, while advanced forecasting techniques have received limited development. The authors of
this paper acknowledge a research gap in demand management and forecasting methodologies that
they believe require further examination. The paper conducts a detailed optimization analysis of
microgrid problems through classification, emphasizing the necessity for sophisticated scheduling
algorithms.

The research paper by Uddin, Mo [4] investigates potential future directions for microgrid
optimization. The authors note that multi-objective methods show promise but need better execution
in genuine microgrid environments. The review conducted by Uddin provides detailed insights into
control methods that integrate theoretical principles with real-world implementations across various
microgrid systems. The study suffers from a weakness because it lacks concrete examples from real-
world deployments that would show how these approaches work. The research introduces control
strategies across multiple applications but demands extra experimental data to validate these
methods for real-world implementation in various microgrid types and geographical areas.

Hemeida, Hemeida [115] Study the potential integration of several microgrid models to establish
control systems. The study implements multi-objective multi-verse optimization (MOMVO) through
a detailed example of renewable energy-based hybrid microgrid systems in Egypt. The research
successfully resolves operational issues through cost and renewable energy optimization. The
research fails to provide a thorough analysis of MOMVO scalability for managing extensive systems,
which makes its complete capacity uncertain. The research results show MOMVO as an effective
method for optimizing renewable energy resources. The research fails to demonstrate the method's
ability to expand across various system dimensions and configurations. Shezan, Ishraque [116]
analyze optimization solutions for solar-wind hybrid microgrid systems. The study demonstrates
multi-objective optimization capabilities through HOMER and fuzzy logic optimization of net
present cost and levelized cost of energy (LCOE), which leads to reduced energy management costs.
The reviewed studies fail to provide an adequate analysis of long-term performance alongside
scalability assessments of hybrid systems beyond specific size limitations. Future studies should
investigate both the scalability of optimization systems and their long-term reliability in cases where
cost-saving advantages do not apply.

4.2. Stochastic Optimization

Optimization models based on stochastic methods exist to address uncertainties in renewable
energy production and customer demand patterns. Stochastic models are necessary to ensure
microgrid reliability, given the unpredictable nature of wind and solar power generation, as well as
volatile demand patterns. Several studies on stochastic energy management models for hybrid
microgrids have been published in the research literature. Firouzmakan, Hooshmand [117] created a
probabilistic energy management system that unites micro-CHP units with renewable energy sources
and storage systems operating in microgrids. The study demonstrates that probabilistic methods
enhance energy management by handling unpredictable market prices and uncertain demand
forecasts. System performance receives a significant improvement because of this method, despite
the natural variability found in renewable resources.

The implementation of these stochastic models in real-time systems faces multiple challenges
during deployment. The primary challenge of these models arises from their complex nature, which
hinders their practical application in large microgrids that require rapid decision-making capabilities.
The study from Hosseini, Carli [118] introduced an optimal energy management model that
demonstrated high computational requirements to show its limitations. The models remain essential
for handling unpredictable renewable energy generation alongside variable user demand. The

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0825.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 August 2025 d0i:10.20944/preprints202508.0825.v1

21 of 37

implementation of computational solutions to address weather changes and load variations has the
potential to transform how energy management works in microgrids .Budiman, Ramli [119]
developed stochastic mixed-integer linear programming (MILP) scheduling optimization for grid-
connected systems. The integration of multiple uncertainty factors with energy storage systems
produced enhanced scheduling while reducing costs. The fundamental challenge lies in applying
these models to real-world systems, as validation is the essential step to prove their effectiveness in
various environmental settings.

4.3. Evolutionary Algorithms

EAs function as strong optimization solutions for complex problems in hybrid microgrids.
Through iterative processes, the algorithms replicate natural selection to explore multiple potential
solutions until they discover the optimal solution. The Particle Swarm Optimization (PSO) algorithm
represents one of the most used evolutionary algorithms for microgrid optimization. The algorithm
demonstrates successful performance in multiple microgrid applications, especially when designing
power systems for distant locations. Jayachandran and Ravi [120] implemented PSO to optimize rural
electrification through hybrid microgrid systems. The authors demonstrate a functional solution;
however, they do not examine the environmental effects of diesel generator operation within their
system. The authors propose that future research should integrate diesel generators with renewable
energy systems by evaluating environmental costs against financial benefits.

While real-time data improves optimization outcomes, researchers must conduct additional
studies to scale these methods for larger systems. Ma, Mu [121] applied multi-objective optimization
through their improved Bird Swarm Algorithm (LF-BSA) for microgrid dispatching. Their
optimization approach achieved better convergence accuracy than competing algorithms. While the
study produced positive outcomes, real-world validation remains unverified. These models require
real-world validation to demonstrate their effectiveness in operating large, complex microgrid
systems. The authors acknowledge the need for implementing real-world case studies to support the
development of theoretical research. Pecenak, Stadler [122] developed a hybrid optimization method
that enhances microgrid resilience, particularly during macrogrid disruptions. The research presents
a dual minimum investment optimization strategy that decreases computational times and improves
system reliability. The results show promise for real-world microgrid design; however, a more
detailed examination of regional regulatory challenges is required to fully evaluate environmental
flexibility.

4.4. Challenges in Practical Applications

The practical application of these models faces difficulties because of scalability issues, the
requirement for real-time decision-making, and the complexity of large-scale optimization problems.

Shezan et al. (2023) assessed the optimization of solar-wind islanded hybrid microgrids by
implementing heuristic algorithms together with fuzzy logic control systems. The research shows
that these algorithms achieve the lowest possible net present value and levelized energy costs. The
research findings have restricted applicability to smaller systems because the study does not include
operational data from extended periods. The results require strengthening through the collection of
real-world system data. The authors emphasize that optimization techniques need operational testing
at the system level to achieve complete long-term performance metrics. The optimization models
encounter ongoing obstacles when validating their performance in real-world applications. Pecenak,
Stadler [122] established a hybrid optimization system to keep microgrid operations running during
macrogrid outages. The research falls short in providing a comprehensive evaluation of the method's
effectiveness in adapting to diverse regional regulations and varying resource availability. The study
results are not applicable for broad implementation because the research fails to account for these
essential factors. The successful deployment of microgrids requires testing them throughout different
geographic regions with their unique regulatory frameworks and resource availability. Hybrid
microgrids require optimization techniques, including multi-objective optimization, stochastic
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models, and evolutionary algorithms to achieve reliable and efficient operation. These methods
enable the integration of renewable energy systems and control uncertainties while minimizing
expenses. The wide-scale deployment of these methods requires additional research to resolve
existing implementation obstacles.

5. Demand Response Integration in Hybrid Microgrids

DR strategies play a vital role in enhancing hybrid microgrid systems by controlling renewable
energy fluctuations, stabilizing the grid, and reducing operational expenses. The research
investigates multiple DR methods through optimization methods to solve system integration
problems while accounting for consumer behavior and real-time adaptability. The analysis focuses
on Time-of-Use and Real-Time Pricing and Direct Load Control to determine their effects on system
flexibility, load balancing, and overall cost reduction. These strategies hold essential value for
improving both microgrid performance and sustainability.

5.1. Demand Response Strategies

Research on hybrid microgrids has extensively analyzed Time-of-Use (TOU) pricing strategies,
which modify energy prices according to the current time. The strategies offer substantial cost-saving
potential by matching energy rates with customer usage patterns. Tran, Muttaqi [123] and Zhao, Yang
[124] investigate the cost reduction potential of implementing TOU pricing with renewable energy
systems. The main obstacle emerges when attempting to implement pricing strategies that must
adapt to the unpredictable output of renewable power generation systems. Real-Time Pricing (RTP)
presents an immediate answer for hybrid microgrids to operate effectively. The real-time market
conditions trigger direct price adjustments through RTP, which proves beneficial for managing
unpredictable renewable energy supplies. The study by Nwulu and Xia [125] examines how RTP
facilitates a balance between wind and solar power generation and consumer power demands. The
researchers warn that RTP loses its effectiveness when renewable generation becomes unpredictable
unless control systems are correctly implemented. The implementation of Direct Load Control (DLC)
strategies presents a promising solution for managing load balance. The system motivates users to
decrease their power consumption during peak times, which helps both control demand levels and
integrate renewable power sources. The research conducted by Chatuanramtharnghaka, Deb [126]
and Ahmed [127] demonstrates that DLC maintains grid stability; so far, its success depends heavily
on how well consumers follow the program. The system faces problems when it expands in size.

5.2. System Flexibility and Load Balancing

The main advantage of integrating DR into hybrid microgrids is its ability to enhance system
flexibility [67]. DR systems help balance loads more effectively, especially when renewable resources
fluctuate. This improves the overall flexibility of the hybrid system. Mock, Bush [128] highlight that
DR systems can perform peak shaving by shifting and curtailing demand in real-time, thereby
reducing reliance on fossil-fuel backup generation. This is particularly effective in industrial settings.
While DR works well for small or isolated microgrids, large-scale hybrid systems require more
advanced optimization models to manage multiple energy sources and complex load patterns
[129,130].

5.3. Cost Savings and Economic Efficiency

The deployment of DR strategies in hybrid microgrids demonstrates promising potential to
decrease energy expenses. The research by Avordeh, Gyamfi [11] demonstrates that load shifting
combined with price-responsive behaviors produces substantial savings through reduced peak
energy procurement expenses. The cost-benefit analysis performed by Boateng, Liscio [131]
demonstrates that DR savings need to account for expenses related to smart meters, communication
infrastructure, and consumer incentives. The study suggests that a comprehensive economic
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assessment is necessary to comprehend the financial implications of DR, particularly in hybrid
microgrids equipped with advanced control and monitoring systems.

5.4. Challenges and Future Directions for Demand Response Strategies

The integration of DR into these complex systems requires advanced optimization models
capable of adapting to changing grid conditions, varying renewable energy availability, and
fluctuating load demands [132]. One of the most significant hurdles these models face is scalability,
especially when applied to large-scale systems. DR models studied by Almihat and Munda [133]
work well for small to medium-sized microgrids but struggle as the system grows. This is mainly
due to the increased data processing and computational complexity. Mohamed, Shaaban [134] argue
that new, more efficient algorithms must be developed to handle the growing complexity of larger
hybrid microgrids. Looking ahead, future studies should focus on enhancing the real-time
application of DR strategies while boosting consumer involvement. Developing advanced algorithms
to manage the integration of diverse energy sources better is also critical [135]. These approaches
should be further explored to create adaptable solutions that can scale with large hybrid microgrids.
Ultimately, hybrid microgrids stand to gain a lot from DR strategies, particularly in terms of
enhanced system flexibility, load balancing, and cost reduction [67]. Time-of-Use (TOU), Real-Time
Pricing (RTP), and Direct Load Control (DLC) strategies, as shown in the studies reviewed, enhance
the efficiency and reliability of hybrid systems, particularly in regions with substantial renewable
energy integration [136]. However, addressing the challenges of system complexity, consumer
participation, and model scalability will be key to fully realizing the potential of DR. Future research
should focus on developing more complex optimization algorithms, real-time control mechanisms,
and improving consumer behavior models, particularly through the integration of machine learning
and predictive analytics to enhance grid stability and efficiency.

5.5. Case Studies of DR Implementation in Microgrids

5.5.1. Demand Response and Microgrid Integration

Alirezaei, Dashti [137] demonstrate the economic benefits of DR through time-of-use (TOU)
pricing and energy storage systems (ESS). Their model shows a reduction in energy costs,
highlighting DR's potential to optimize hybrid renewable microgrids. While this approach works
well for small-scale systems, scalability could be an issue in larger, more complex setups, especially
where price signals might not be as effective. It’s a great solution, but it has its limitations.

5.5.2. Economic and Environmental Benefits of DR

The use of DR enhances grid flexibility and reduces environmental impact, particularly in
remote areas without access to the grid [138]. However, substantial investments in communication
technologies and consumer participation are necessary, which is a challenge in areas with limited
infrastructure.

5.5.3. Advanced Demand Side Management (DSM) in Microgrids

Zunnurain, Maruf [139] propose a Demand Side Management (DSM) framework that integrates
DR with a Home Energy Management System (HEMS) to optimize energy use. The study shows that
daily energy costs can be reduced by 3% by shifting consumption to off-peak periods. Although the
survey successfully applies its findings to residential applications, its limitations become apparent
when considering the challenges of using this model to larger-scale microgrids.

5.5.4. Agent-Based DR for Distributed Microgrids

Nunna and Doolla [140] use an agent-based model to control DR in distributed microgrids. The
system features an incentive mechanism designed to motivate customers to participate, thereby
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reducing peak demand and operational costs. The method demonstrates potential to improve both
grid stability and economic efficiency. However, when dynamic pricing signals are added, the system
faces challenges in expanding its capabilities to handle complex systems.

5.5.5. Optimal Dispatch with DR in Microgrids

Nwulu and Xia [125] investigate the best dispatch approach for microgrids that integrate DR
and renewable energy systems. The research demonstrates that Demand Response programs
successfully decrease grid pressure during peak usage periods. DR programs that combine renewable
energy sources decrease electricity expenses while enhancing power grid stability. The effectiveness
of this method for extensive microgrids with different energy resources needs further investigation.

5.5.6. Demand Response and Renewable Energy Integration

The research by Robert, Sisodia [141] examines how DR can stabilize renewable energy
microgrids through storage integration. The research identifies two significant issues with current
models: their oversimplified representation of storage behavior and their failure to account for
customer participation in DR programs despite DR's ability to stabilize renewable generation. The
paper advocates for better models to improve DR and storage integration.

5.5.7. Automated DR for Smart Microgrids

The research by Vanthournout, Dupont [142] examines automated DR systems that adjust
consumption patterns through real-time pricing during peak demand periods. The research
demonstrates that automated systems reduce operational expenses while enhancing system
reliability. Optimizing these systems for different customer types remains challenging because
customization is necessary to meet the specific needs of each consumer.

5.5.8. DR in Smart Distribution Systems with Multiple Microgrids

Nunna and Doolla [143] describe a multi-agent system that controls DR across microgrids by
optimizing power trading to decrease peak demand. The system achieves substantial improvements
in grid efficiency but faces challenges when scaling up to larger systems. The system functions
effectively for smaller interconnected systems, yet requires additional development to manage the
complexities of large-scale operations effectively.

5.5.9. Optimal Dispatch for Microgrids Incorporating Renewables and DR

Nwulu and Xia [125] propose a method for microgrid energy distribution that integrates DR
with renewable energy systems. Their research shows that it helps optimize renewable energy use
and manage costs by reducing peak demand. The case studies yield promising results, but I believe
further research is necessary to evaluate how these strategies perform when renewable energy
availability fluctuates in real-time.

5.5.10. Utilization of Storage and Demand Response for Renewable Energy Microgrids

The research by Robert, Sisodia [141] investigates the reliability of renewable energy microgrids
through the combination of distributed resources and storage systems. The authors contend that
distributed resources help mitigate fluctuations in renewable energy; however, existing models fail
to represent storage system behavior accurately and heavily depend on financial incentives to engage
customers. The research suggests that advanced models need to be developed to comprehend the
dynamic characteristics of these systems while promoting real-time DR program participation.

5.5.11. Microgrid System Energy Management with DR Program for Clean and Economical
Operation
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The research by Dey, Misra [144] evaluates a microgrid energy management system that
includes DR programs. The research demonstrates that DR and TOU pricing systems effectively
decrease operational expenses. The promising findings of the study have a limitation because TOU
pricing may not function effectively in volatile energy markets, which affects regions with unstable
pricing structures.

5.5.12. Implementation of Advanced Demand Side Management for Microgrid Incorporating DR
and HEMS

Zunnurain, Maruf [139] extends their DSM framework by integrating DR with HEMS to
optimize household energy use and reduce peak demand. The method demonstrates effectiveness
for residential systems, yet faces challenges when applied to extensive microgrids with multiple
energy sources. The model requires additional modifications to achieve wider implementation.

5.5.13. Impact of DR Programs on the Optimal Operation of Multi-Microgrid Systems

Nguyen, Bui [145] analyze how DR programs such as RTP and emergency demand response
(EDRP) affect multi-microgrid systems. The research demonstrates that DR programs decrease
operational expenses and enhance the trading efficiency of energy systems. The study fails to examine
how DR programs interact with real-time system variations and renewable energy production, which
could impact their performance under changing conditions. Future research should investigate this
topic.

5.5.14. Computational Intelligence-Based DR Management in Microgrids

Herath, Fusco [146] apply computational intelligence methods, including PSO and Artificial
Immune Systems (AIS), to control distributed resources in microgrids. The research demonstrates
that these methods optimize load scheduling while decreasing costs and preserving customer
comfort. The study would gain more practical value if it analyzed customer behavior patterns and
their influence on DR participation in detail.

5.5.15. Impact of Customer Participation and Incentive Values in EDRP for Microgrid Operation

Al-Kharsan, Zahid [147] investigates the effects of customer participation levels and incentive
value on Emergency Demand Response Programs (EDRP). The study demonstrates that proper
incentive systems enhance system performance while decreasing costs and improving reliability. The
study has a limitation because it uses only one microgrid test system, which reduces the
generalizability of its findings to bigger systems.

The case studies demonstrate how DR functions in microgrids optimizes energy consumption
while reducing costs and enhancing system reliability. The implementation of DR faces ongoing
challenges due to scalability issues, real-time adaptability, and consumer engagement. Future
research needs to concentrate on enhancing DR integration between various microgrid
configurations, including large systems, while creating advanced incentive plans and real-time
optimization techniques. The systems require extensive development to achieve scalability and
effectiveness.

6. Research Gaps and Future Directions

Research on DR integration in HRMGs has gained momentum in recent years, aiming to
optimize performance, reduce costs, and enhance system flexibility. However, the current body of
work remains insufficient. The full potential of DR strategies is limited by scalability, real-time
adaptability, and stochastic optimization techniques, particularly in enhancing operational efficiency.
These gaps need to be addressed to develop more responsive, resilient, and sustainable systems,
especially as grids become larger and more complex.
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6.1. Gaps in DR Integration in Hybrid Microgrids

Research gaps in demand response integration are described in Figure 7 and also explicated in
the following paragraphs.

Scalability and System Complexity

Research studies demonstrate a significant lack of investigation regarding the expansion of DR
models for larger microgrid systems. The research conducted by Anand and Ramasubbu [148] proves
that TOU and RTP approaches work effectively in small isolated systems, yet these models fail when
implemented in complex large-scale grids. The models demonstrate limited effectiveness because
small microgrids maintain basic structures with a manageable few variables. The complexity of these
models grows substantially when researchers try to expand them for use in larger systems that
incorporate multiple energy sources together with diverse demand patterns.

The main difficulty arises from merging DR with various renewable energy systems and storage
and backup infrastructure. The current systems that operate through TOU pricing maintain daily
consumption equilibrium but lack the ability to handle rapid changes in renewable power output
and market price fluctuations. The research conducted by Nwulu and Xia [125] and Robert, Sisodia
[141] shows that real-time pricing improves grid flexibility, but the system faces challenges in fast
enough response times, especially when dealing with unpredictable renewable resources. Future
research must focus on creating DR models that can adjust dynamically to real-time changes across
large hybrid microgrids.

Scalability Real-Time

and System Adaptability
Complexity

Gaps in DR

Integration
in Hybrid
Microgrids

Consumer Data and
Behavior Computational
and Requirements
Engagement

Figure 7. Gaps in DR Integration in the hybrid microgrids source.
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The current research lacks real-time adaptation capabilities, which DR systems require to
function effectively. Most existing models rely on established pricing rules, along with
predetermined load-shifting approaches. The systems function effectively under steady demand
conditions, yet fail to perform well when renewable energy output changes or customers modify their
usage patterns suddenly. The research by Xiong, Ye [149] has explored adaptive pricing, yet real-time
adaptive microgrid operation remains an active area of development. Real-time adaptability extends
beyond adjusting pricing strategies, as it represents a broader concept. The research conducted by
Shezan, Ishraque [116] demonstrates that real-time demand management proves challenging,
particularly during power shortages and sudden power surges. DR systems require immediate
responses to both grid instability and real-time system alerts. Future research should investigate how
predictive analytics and machine learning technologies can enhance the dynamic response
capabilities of DR systems.

Consumer Behavior and Engagement

The process of understanding consumer participation in DR programs requires more than
enrollment because it involves developing methods to modify their behavior. The research conducted
by [150] demonstrates that incentives serve as essential factors for consumer enrollment but actual
participation remains uncertain. The success of direct load control strategies in DR programs depends
on guaranteed engagement from consumers because these programs operate through voluntary
participation, especially in large urban areas [151]. The primary challenge arises from the differing
energy consumption behaviors between residential and commercial consumer groups. Mohanty,
Panda [152] emphasize that DR programs need customized incentive systems to engage different
user segments effectively. Future research should investigate methods to incorporate behavioral
economics principles into DR models to improve prediction and encourage consumer behavior.
Research needs to determine which factors most impact DR program participation by studying how
income levels, energy usage patterns, and socio-economic conditions affect consumer engagement.

Data and Computational Requirements

The implementation complexity of DR strategies grows more sophisticated when analyzing
microgrids, which leads to increased data and computational needs. The optimization models used
by [116,125], Mohanty, Panda [152] along with other studies, need substantial computational power.
Real-time large microgrid decision-making becomes impractical because these models have such
high computational complexity that they cannot handle extensive applications. A sophisticated data
infrastructure must be established to combine weather forecast information with energy production
statistics and user behavior patterns. The analysis of hybrid microgrid data requires efficient
algorithms to handle the massive amount of information on time. Current systems do not optimize
their ability to handle extensive computational needs, especially when renewable energy integration
reaches substantial levels. Future research needs to develop real-time optimization techniques that
require minimal computational resources to connect to the power grid.

6.2. Future Research Directions

Stochastic Optimization Integration into Real-Time DR System:s.

Stochastic optimization techniques show great promise for future development in DR systems.
The management of uncertainties in renewable generation and demand patterns has been extensively
studied through stochastic optimization. The research conducted by Firouzmakan, Hooshmand [117]
demonstrates how stochastic models can enhance energy management systems. Real-time DR
systems have not yet adopted these models as standard practice.

The optimization of DR systems requires real-time data integration with sophisticated
optimization algorithms. The systems would predict and respond to changes in energy demand and
renewable generation, thereby enhancing grid stability and reducing backup generator usage. Future
research should investigate methods to expand these algorithms for bigger interconnected systems,
particularly those with multiple microgrids, as proposed by [146].

Al and Machine Learning for Consumer Behavior and Real-Time Optimization
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The implementation of AI and machine learning technology has the potential to transform DR
systems [153]. The technology enables better demand forecasting and facilitates real-time decision-
making, while enhancing consumer participation. The evaluation of machine learning models should
focus on their ability to improve load shifting operations and enhance the accuracy of consumer
behavior prediction. The implementation of Al in hybrid microgrid systems enables DR programs to
respond more effectively to changes in renewable generation and consumer demand [154]. The
development of predictive models that adapt to changing grid conditions should be the primary
focus of future research. Al technology enables better consumer participation through personalized
incentive programs that adapt to individual usage patterns.

DR Models that are Scalable for Large-Scale Microgrids

DR models face their primary challenge in achieving effective scalability when operating within
larger systems. The solution requires optimization algorithms that can process multiple
interconnected microgrids with different energy sources. The achievement of scalability depends on
both improved system design and enhanced computational capabilities for running large-scale
optimization. Future research should investigate the combination of decentralized control methods
with scalable DR models, as Cioara, Antal [155] suggested to enhance the flexibility and efficiency of
large hybrid microgrids.

Sustainability Assessments and Life-Cycle Analysis

The increasing adoption of hybrid renewable microgrids requires evaluation of their
environmental sustainability together with their economic performance [1]. Future studies need to
develop LCA optimization models for hybrid microgrids that include DR strategies [156]. The
sustainability of these systems depends on reducing environmental impacts, including carbon
emissions and resource consumption, throughout their entire lifecycle.

Sustainability assessments should evaluate DR system performance over extended periods
while analyzing both initial costs and ongoing maintenance expenses, as well as system upgrade
requirements. Effective decision-making in the design and optimization of energy systems requires
a holistic assessment of all contributing attributes. Although these attributes may present conflicting
objectives, their integrated analysis supports the formulation of robust and sustainable energy
solutions [157]. Advanced predictive models should be examined to identify areas for sustainability
improvement that will keep hybrid microgrids both environmentally friendly and economically
viable in the long term. Hybrid microgrids can optimize their energy systems through demand
response (DR) to achieve sustainability targets. The literature review revealed three significant gaps
in scalability, real-time adaptability, and consumer engagement that need resolution. Future research
should develop improved optimization models that incorporate Al and ML for real-time decision-
making and conduct life cycle sustainability assessments[158,159]. Hybrid microgrids will become
essential to the future energy system, as they address current gaps to create sustainable, resilient, and
effective energy infrastructure.

Table 1. Identified research gaps in HRMG optimization.

Research Description Example Proposed Future
Gap Studies Research Directions
Scalability of | Current DR strategies | Huang, Develop scalable DR
DR Models are effective in small | Kidanemariam | models that handle
systems  but  face | [98,138] multiple energy sources
challenges in larger, and  complex  load
more complex HRMGs. profiles in large HRMGs.
Real-Time DR models lack real- | Nwuluand Xia | Explore real-time DR
Adaptability | time adaptability to | [125,141] models that dynamically
handle fluctuations in adjust based on
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renewable  generation renewable  generation
and demand. and market price

fluctuations
Consumer DR effectiveness is Integrate behavioral
Behavior and | hampered by Alvina, Bai economics to better
Engagement | inconsistent consumer [151] predict and motivate
participation and | Mohanty, consumer participation
varying demand Panda [152] in DR programs.
behaviors.
Data and | Optimization [116], Nwulu Develop efficient
Computation | techniques require and Xia [125] optimization algorithms

al Demands

substantial
computational power,

limiting real-time

that can process large
amounts of data in real-
with

time minimal

applicability in large computational resources.
systems.
Integration of | Stochastic models for Integrate stochastic
Stochastic managing uncertainties Firouzmakan, optimization models
Optimization | are not well integrated Hooshmand with  real-time DR
with DR systems for [117] systems for  more

real-time operation.

Nwulu and Xia

accurate predictions and

djust ts.

[125,141] adjustments
Large-Scale Current models have | Nwulu and Xia | Focus on large-scale,
System not been fully validated | [125,141] real-world applications
Implementati | in large, interconnected to validate optimization
on microgrid systems models in diverse and

complex systems.

Lack of Life- | Environmental impacts | [16], Amupolo, | Integrate life-cycle
Cycle and long-term costs of | Nambundunga | assessments (LCA) in
Sustainability | HRMGs  are  often | [105] optimization models to
Assessments | overlooked in evaluate environmental
optimization models and economic

sustainability.
Advanced Optimization strategies | [54], Azeem, Ali | Develop advanced
Optimization | for hybrid AC/DC | [67] optimization algorithms
for ~ Hybrid | microgrids are still in that address the
Architectures | early stages, especially complexities of hybrid
with multiple energy AC/DC microgrid

sources. architectures.
Real-Time Inaccurate or delayed | Ahmad, Improve forecasting
Consumer demand forecasts | Hassan [80,102] | models that can account
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Demand undermine DR and grid for real-time changes in
Forecasting stability. consumer behavior and
renewable generation.
Coordination | Coordination of | [125], Cioara, | Explore  decentralized
Among multiple  distributed | Antal [155] and multi-agent systems
Distributed microgrids in a larger for better coordination
Microgrids network remains an among distributed
unsolved challenge. microgrids and
improved overall system
reliability.

7. Conclusions

The research reviews indicate that integrating advanced optimization frameworks to address
the energy challenges associated with growing renewable energy adoption is critical for HRMGs. The
results show that stochastic optimization and DR are significant for the management of hybrid
microgrid systems, especially under uncertainty and variability.

The results showed that HRMGs can significantly improve energy resilience, especially for
remote or off-grid communities. Several renewable energy resources, such as solar, wind, and energy
storage, can be integrated to form a hybrid system that addresses the intermittency issues associated
with individual renewable energy sources. However, to realize the potential of HRMGs, it is
necessary to address the problems of system flexibility, optimization, and real-time control.

Thus, the review concludes that hybrid optimization techniques, combined with stochastic
modeling and demand response, are necessary. Such optimization models can improve system
flexibility, balance the load, and save costs. Time-of-use tariffs, real-time pricing, and load shifting
can significantly increase system efficiency, especially when the output from renewable energy
generation is not constant. Additionally, the review emphasizes the importance of energy storage
systems in integrating intermittent renewable energy sources to provide a stable and reliable power
supply.

However, the literature review also reveals gaps in the existing research, particularly in the areas
of real-time demand response and stochastic optimization of HRMGs. While some promising
theoretical models have been proposed, their implementation and scalability remain poorly
addressed. Real-time DR strategies require further development to operate in sync with large
microgrid systems that incorporate diverse energy resources and load patterns. However, the
computational complexity of stochastic optimization models remains a challenge, especially for large
systems where fast decision-making is necessary.

Future studies should therefore focus on developing more dependable models that can utilize
real-time data, such as weather forecasts and energy consumption profiles, during the optimization
process. The dependable models serve as essential tools for HRMGs to enhance their performance by
allowing them to handle unexpected changes in renewable power generation and demand
effectively. This will improve the performance of HRMG in responding to sudden changes in
renewable power generation and demand. Furthermore, it is essential to evaluate the applicability of
these models in diverse operational contexts, such as urban microgrids and industrial applications,
to ensure their practical relevance. The necessity for advanced optimization techniques that manage
multiple uncertainties in renewable power generation and customer demand is evident. The
algorithms must operate in real-time while providing accurate predictions to enhance system
performance. Real-time demand response integration with optimization frameworks reduces
operational costs, decreases reliance on fossil fuel-based backup generation, and improves hybrid
microgrid efficiency. Hybrid microgrids that utilize demand response and stochastic optimization
methods will foster more efficient and resilient energy systems. The review results indicate that

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0825.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 August 2025 d0i:10.20944/preprints202508.0825.v1

31 of 37

further research is needed to advance this field. The full potential of hybrid renewable microgrids
requires a greater emphasis on real-time optimization, alongside advanced energy management
systems and improved demand response strategies. Future research must focus on addressing
existing gaps, particularly in large systems, to establish HRMGs as a viable option for future energy
systems.
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