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Abstract—This scoping review investigates operational of supporting sustainable and reliable energy transitions

strategies and methods for networked microgrids, focusing on
their applications for resilience. By analyzing identified 30
studies, the review highlights key strategies such as energy
management, dispatch and scheduling, demand response, and
advanced control methods. Resilience strategies focus on
managing uncertainties and extreme events, with technologies
like energy storage systems and artificial intelligence playing a
critical role. Despite these advancements, significant gaps remain
in post-event recovery planning, standardization, and
socioeconomic integration. The findings emphasize the
importance of addressing these gaps to optimize the performance
and adoption of networked microgrids.

Keywords—Networked Microgrids, Operational Strategies,
Resilience, Energy Management, Sustainable Energy Systems.

I. INTRODUCTION

The increasing prevalence of distributed energy resources
(DERs), along with the rising demand for resilient and
sustainable energy systems, has spotlighted the role of
networked microgrids in modern power systems. Networked
microgrids, defined as interconnected and coordinated
collections of individual microgrids, promise to enhance grid
resilience, energy efficiency, and the integration of renewable
energy sources [1]. These systems have garnered attention for
their potential to provide localized energy autonomy, reduce
reliance on centralized power systems, and enhance
adaptability during extreme weather events, cyberattacks, or
other disruptions [2].

Despite the growing recognition of their benefits, the
operation and management of networked microgrids pose
significant challenges. Current research highlights gaps in
understanding  effective operation strategies, including
optimization, control, and dispatch mechanisms tailored for
such systems [3]. Additionally, while resilience and
adaptability are key drivers for adopting networked microgrids,
the strategies to achieve these characteristics under various
operating conditions remain fragmented in the literature [4].
Addressing these challenges is critical for advancing the design
and implementation of networked microgrid systems capable

globally [5].

This scoping review aims to synthesize existing knowledge
on the operational strategies and methods for networked
microgrids, focusing particularly on their applications for
enhancing resilience. By mapping the current state of research,
the review identifies trends, highlights gaps, and proposes areas
for future investigation. This methodology enables a
comprehensive understanding of the topic, emphasizing its
interdisciplinary nature and the need for integrative approaches
to tackle the complexities of networked microgrid operations.

The paper is organized as follows: the methodology
outlines the scoping review process, including search strategies
and analysis methods; the results present key findings on
microgrid operations and performance; the discussion
examines practical implications, challenges, and gaps; and the
conclusion summarizes contributions and suggests future
research directions.

II. METHODOLOGY

This scoping review examines operational strategies for
networked microgrids with a focus on resilience using a
systematic approach. A comprehensive search was conducted
in IEEE Xplore, Web of Science, and Scopus using keywords
such as "Networked microgrid," "Multi-microgrid," and
"Microgrid cluster" combined with "Optimization," "Control,"
"Dispatch," "Flexibility," and "Demand response" to capture
relevant studies on design, operation, and performance. The
search, covering literature up to September 2023, was limited
to English-language journal articles, conference papers, and
book chapters on networked microgrids, operational strategies,
and resilience. After duplicate removal, 33 articles were
identified and then rigorously narrowed to 30 for full-text
analysis to ensure inclusion of only the most relevant and
robust studies.

Data extraction involved compiling publication details,
methodologies, operational focus, and performance metrics
into a structured spreadsheet for thematic analysis, with key
dimensions including microgrid configurations, operational



conditions, energy management strategies, and performance
indicators like resilience and efficiency. Iterative refinements
to the search strategy ensured that the review reflects state-of-
the-art research. While more studies exist, our systematic
screening guarantees a concentrated and in-depth examination
of the most pertinent research, providing a solid foundation for
identifying key trends and challenges.

III. RESULTS

The analysis of networked microgrids focuses on
configurations, components, strategies, metrics, and methods to
enhance resilience, efficiency, and sustainability.

A. Types and Configurations of Networked Microgrids

The literature explores configurations and terminologies
associated with interconnected microgrids, commonly termed
networked microgrids or microgrid clusters, which emphasize
distinct operational and structural characteristics.

1) Networked Microgrids

Networked microgrids consist of multiple microgrids
operating in a connected, coordinated manner. These systems
support both AC (Alternating Current) and DC (Direct Current)
interconnections [4], operate independently when needed
(isolation mode) [6], integrate multiple energy sources [2, 7],
and form part of broader, interconnected networks [8]. Studies
[1, 5, 9-15] broadly describe these configurations without
further distinctions. Key types include:

e AC/DC Hybrid Systems: Seamlessly manage both AC
and DC power flows [4].

e Isolated Networked Microgrids (NMGs): Operate
independently from the main grid, enhancing resilience in
remote or disaster-affected areas [6].

e  Multi-Energy Microgrids (MEMGs): Optimize resource
utilization by integrating energy sources such as solar,
wind, and thermal [7].

e Interconnected Systems: Enable large-scale energy
sharing and management across distributed networks [8].

2) Microgrid Clusters
Microgrid clusters are groups of interconnected microgrids
with diverse characteristics, emphasizing localized autonomy
while enabling resource sharing. Frequently referred to in
studies [3, 16-20], their key features include:

e Islanded Clusters: Operate autonomously,
resilience and energy independence [21].

e  Off-Grid Clusters: Designed for areas without access to
centralized power systems [22].

e Low-Voltage Microgrid Clusters (LV-MGCs): Operate at
low voltage levels, focusing on localized applications
[23].

e Large-Scale Clusters: Serve expansive regions or
industrial demands with advanced coordination strategies
[24].

Additional specialized configurations include:

offering

e Clusters with Shared Energy Storage Systems (SESS):
Use collaborative storage solutions to balance supply and
demand [25].

e  Multi-Energy Microgrid Clusters: Integrate diverse
energy sources to improve flexibility and efficiency [26].

e Heterogeneous Microgrid Clusters: Feature varied
technologies and energy sources for diverse operational
needs [27].

e DC Microgrid Clusters: Highlight interconnected systems
operating on direct current, including autonomous DC
microgrid clusters [28, 29].

e  Multi-Microgrid Clusters: Focus on interconnected
systems using direct current, including autonomous DC
clusters [30].

B. Key Components of Networked Microgrids

The performance of networked microgrids depends on
integrating energy storage, distributed resources, generation
sources, and load management. These components collectively
optimize energy use, enhance resilience, and support renewable
integration for efficient and sustainable operations.

1) Energy Storage Systems
Energy storage is essential for balancing energy, supporting
flexibility, and enhancing resilience. Key types include:

e Energy Storage Units (ESUs): Manage energy surpluses
and deficits, ensuring system reliability [19, 23].

e Battery Energy Storage Systems (BESS): Widely adopted
for scalability and efficiency [4, 5, 21, 24].

e Flywheel Energy Storage Systems (FESS): Provide rapid
response for grid stabilization [21, 30].

e Shared Energy Storage Systems (SESS): Enable
collaborative energy storage, improving resource
utilization [25, 27].

Additionally, = Advancements in  energy  storage

technologies, including integration with electric vehicles
(EVs), enhance system flexibility and sustainability [1, 15, 16,
27], making these systems a cornerstone of efficient and
resilient networked microgrid operations.

2) Distributed Energy Resources (DERs) and Distributed
Generation (DG)

DERs and DG flexibility, reliability, and sustainability by
integrating renewable and non-renewable sources:

e Solar Photovoltaics (PV): A widely deployed renewable
energy source in microgrids [7, 9, 22].
e Wind Turbines: Complement PV during low solar
periods, enhancing resilience [12, 17].
e Fuel Cells: Deliver clean and efficient energy, supporting
hybrid configurations [21, 27].
e  Gas Turbines: Provide reliable backup power during peak
demand or disruptions [27].
3) Generation Sources
Networked microgrids incorporate a diverse range of
traditional and modern generation sources to ensure reliability,
flexibility, and efficiency in energy production:



e Diesel and Conventional Generators: Serve as backup
during outages or high demand [4, 7-10, 19-21].

e  Gas Turbines: Offer quick, reliable backup power [27].

e Photovoltaics (PV): A key renewable component for
sustainability and scalability [2-5, 7-10, 12, 13, 16, 17,
20-22, 25, 27, 28, 30].

e Wind Energy: Contributes to diversification and
environmental goals [2-5, 7, 12, 16, 17, 20, 21, 25, 27,
30].

e Fuel Cells: Provide clean energy, complementing hybrid
systems [4, 21, 27].

e  Multi-Energy Systems: Integrate solar, wind, and thermal
energy for optimal resource use [7, 18].

e Distributed Energy Resources (DERs): Decentralize
production with small-scale solar and wind installations
[1,6, 11,14, 15,18, 19, 23, 24, 29].

These diverse generation sources collectively enhance the
adaptability, resilience, and economic efficiency of networked
microgrids, enabling them to meet modern energy demands
effectively.

4) Load Management Systems

Effective load management is crucial for optimizing energy
distribution and ensuring the stability of networked microgrids.
These systems manage diverse load types to meet varying
energy demands and enhance system resilience:

e Controllable Loads: Dynamically managed to balance
supply and demand [5, 11, 23].

e Uncontrollable Loads: Fixed demands ensure continuity
of essential services [4, 7, 17].

e  Critical Loads: Prioritized during emergencies to maintain
vital operations [8, 25, 27].

e FElectric Vehicles (EVs): Function as mobile storage units,
enhancing flexibility and resilience [15, 16, 26].

By combining these strategies with advanced load
management technologies, networked microgrids can
effectively balance energy supply and demand, ensuring
stability and efficient resource utilization [9, 22].

C. Operational Strategies and Conditions for Networked

Microgrids

Networked microgrids adapt to various conditions—
including normal operations, disturbances, extreme events, and
post-event recovery—through advanced strategies that enhance
performance, resilience, and reliability. The detailed
breakdown of these conditions and strategies is also
summarized in TABLE I and TABLE II.

1) Operating Conditions of Networked Microgrids

Under normal operations, microgrids manage routine
activities such as energy dispatch, load balancing, and EV
charging using optimized parameters [16, 25]. In contrast,
during periods characterized by uncertainties and
disturbances—arising from renewable energy variability,
severe uncertainties, or external grid instabilities—robust
control measures and flexible energy management strategies
are applied to maintain stability [6, 18, 23]. When extreme
events occur, including natural disasters, outages, extreme

weather, or cyberattacks, microgrids shift to resilience-focused
strategies designed to sustain energy supply. Finally, post-event
recovery focuses on restoring operations and ensuring the
continuity of energy delivery [15, 20].

2) Key Operational Strategies
The literature highlights a range of strategies used to
address these varied conditions. System stability and control
are enhanced through techniques such as frequency control and
load shedding [8-10, 23]. Grid configuration and interaction are
optimized by allowing microgrids to operate in either islanded
or grid-connected modes, with coordinated power sharing
among multiple microgrids [1, 13, 21][14, 29]. Additionally,
energy management practices—including demand response,
energy storage operations, and dispatch scheduling—play a
critical role in mitigating renewable energy uncertainties and in

optimizing load profiles [4, 24, 25].

3) Strategies for Extreme Conditions

To cope with extreme events, networked microgrids
employ both proactive and reactive strategies. Proactive
measures such as pre-event planning, demand-side
adjustments, and energy storage optimization prepare the
system for potential disruptions [2, 13]. Reactive responses,
including dynamic reconfiguration, deployment of mobile
emergency resources (MERs), and implementation of power
restoration protocols, are then activated to mitigate the impact
of such events [15, 20]. The combined use of strategies such as
shared energy storage systems and coordinated demand
response further enhances both cost efficiency and resilience
during periods of high demand [25, 26].

TABLE 1. OPERATING CONDITIONS OF NETWORKED MICROGRIDS
Condition Reference and details
Normal Normal microgrid operation conditions [3-5,7,9, 12,
14, 16, 17, 19, 21, 22, 24, 26, 28, 30]
Day-to-day microgrid operation [25]
Uncertainties/ | Disturbances [3, 23, 27, 29]
Disturbances | Uncertainties [23]
Severe uncertainties [6]
Under the uncertainty output of renewable energy
[18]
During Extreme conditions [10, 11, 13, 16, 21, 30]
extreme During outages [1, 4, 19]
events During natural disaster [2, 8, 12]
During extreme weather [4]
During cyberattacks [2, 8, 28]
During technical failures [2, 8, 29]
After extreme | Post natural disasters [15, 20]
events After grid outages [20]
TABLE II. KEY OPERATIONAL STRATEGIES FOR NETWORKED
MICROGRIDS
Strategies References
System Frequency control [8, 23]
Stability and | Load shedding [9, 10]
Control
Grid Grid mode (islanded or grid connected) [1, 12, 13,
Configuration | 21]
and Multiple microgrid coordination [2, 6, 7, 11, 14, 18,
Interaction 27-30]
Energy Energy storage operations[16, 19, 22, 25]
Management Dispatch and scheduling[3, 5, 15, 20, 24]




| | Demand response [4, 9, 10, 17, 24, 26]

D. Performance Metrics for Networked Microgrids

The performance of networked microgrids is evaluated
through technological and economic dimensions, defining their
efficiency, reliability, and sustainability. These metrics offer
insights into optimizing energy demands, enhancing resilience,
and delivering economic value.

1) Technological Dimensions
The technological performance of networked microgrids
focuses on improving key parameters such as reliability,
stability, flexibility, efficiency, resilience, security, and safety:

e Reliability: Ensures continuous energy supply across
configurations  like  critical load regions and
interconnected microgrids [6, 9, 26, 30].

e  Stability: Addresses voltage control, power distribution,
and grid stability for smooth renewable energy integration
[3,8,22].

e Flexibility: Highlights adaptability to varying energy
demands and conditions [17, 24].

e Efficiency: Optimizes energy resources, improves battery
life, and enhances system operations [7, 16, 18, 24].

e Resilience: Focuses on robustness against outages,
disasters, and disturbances, with adaptive recovery
strategies [1, 5, 8, 13, 15].

e Security and Safety: Protects against cyberattacks and
operational risks to safeguard systems [7, 23, 28, 29].

2) Economic and Financial Dimensions
The economic performance of networked microgrids is
measured by their ability to reduce costs and deliver economic
benefits, supported by various strategies and outcomes.

e Cost Reduction: Reducing operational expenses,
improving cost-efficiency, and enhancing feasibility are
key strategies. This includes cutting operating costs [4, 5,
16, 25], achieving cost savings [26], and optimizing
resource allocation [1, 18].

e Economic Benefits: Microgrids improve outcomes
through efficient resource use, optimized energy
management, and increased profitability, enhancing
performance in clusters [3, 17, 26], economic efficiency
within clusters [19, 28] and isolated microgrids [6].

e Economic Efficiency: Balancing operational and financial
goals involves integrating economic models to improve
system-wide economy [7] and ensure cost-effective
energy management across diverse setups [6, 28].

The literature shows that improving the technological and
economic performance of networked microgrids is key to their
adoption and practical use. Key findings include:

e Reliability and Stability: Crucial for energy management
under varying conditions [6, 27, 29].

e Efficiency and Flexibility: Critical for
renewable integration [7, 16, 24].

e  Cost-Effectiveness: Highlights potential cost savings
through optimized operations [25, 26].

optimizing

e Resilience and Security: Vital for addressing extreme
events and cyber threats [1, 28].

Therefore, balancing technological and economic factors is
essential for enhancing microgrid performance. Future research
should address resilience metrics, economic modeling, and
scalability to maximize their potential.

E. Analytical and Control Methods for Networked Microgrids

This section outlines key methods for designing, analyzing,
and operating networked microgrids, focusing on simulation,
optimization, control, and scheduling to address energy
management, resilience, and resource optimization.

1) Simulation and Analysis Methods

Simulation is a pivotal tool for evaluating microgrid
behavior and robustness under various conditions. For
example, the Runge—Kutta method is employed to analyze the
dynamic behavior of interconnected microgrid clusters [29],
while MATLAB/Simulink is widely used to test system
viability and control strategies [5, 12]. Additionally,
Stackelberg Game Theory models economic interactions within
microgrid clusters [17]. These simulation methods are
frequently integrated with optimization and control approaches
to validate strategies in energy management and resilience
[SI[13]15][30].

2) Optimization and Decision-Making Methods

Optimization enhances microgrid operations by improving
resource allocation, cost efficiency, and resilience. Mixed-
Integer Linear Programming (MILP) optimizes energy
management and scheduling [1, 5], while robust optimization
addresses uncertainties in generation and demand through
worst-case analysis and sensitivity testing [4, 25]. Multi-
objective optimization balances robustness and profitability
using risk-averse and opportunity-seeker models [6], and
distributed algorithms support decentralized energy dispatch
and coordination in microgrid clusters [3, 24]. Applications
include economic dispatch for cost efficiency [24] and two-
stage stochastic models for post-disaster recovery [15].

3) Control Methods

Control strategies are critical for stable and reliable
microgrid operations under dynamic and uncertain conditions.
Adaptive and non-linear control enhances resilience in hybrid
systems [2, 30], while distributed control uses OPENFMB and
GFA controllers for frequency response and decentralized
management [9]. Cyber-physical systems apply virtual inertia
and robust frequency control to improve stability and
renewable energy integration [21, 28]. Economic and
consensus-based controls balance efficiency and reliability
through distributed protocols [19, 27]. Notable examples
include gradient-descent algorithms for transient stability [8]
and fuzzy logic-based controls for off-grid energy storage [22].

4) Scheduling and Dispatch Methods
Scheduling and dispatch efficiently allocate resources in
real-time and day-ahead scenarios. Load shedding algorithms
prioritize critical loads during shortages to maintain stability
[10], while proportional power sharing with R-L droop control
and adaptive impedance loops ensures balanced distribution
[14]. Decentralized scheduling, supported by case studies,



demonstrates effective self-organization of microgrids [20].
Dynamic scheduling adapts to changing grid conditions and
renewable outputs, ensuring continuous operations. The
literature  highlights ~ widespread use of simulation,
optimization, control, and scheduling methods tailored to
specific operational goals and challenges. TABLE III and
TABLE IV summarize these methods and their references.

TABLE III. OPTIMIZATION METHODS FOR NETWORKED MICROGRIDS
Method References
Linear and Non-Linear Programming [1,5,11,13, 18, 26]
Robust and Stochastic Optimization [4,7, 11, 16, 25]
Artificial Intelligence and Heuristic Methods | [12]
Multi-Objective and Risk Management [6]
Simulation-Based and Hybrid Methods [1,3,13,15,24]

TABLE IV. CONTROL METHODS FOR NETWORKED MICROGRIDS

Method
Adaptive and Non-Linear Control [
Distributed Control Strategies [
Advanced Techniques and Cyber-Physical Systems | [
Robust and Event-Triggered Control [23]
[
[
[

References

Genetic and Fuzzy Logic-Based Control
Economic and Consensus-Based Control
Gradient-Descent and Real-Time Control

IV. DISCUSSION

The literature underscores the critical role of operational
strategies in optimizing networked microgrid performance.
Key approaches include energy management via dispatch,
scheduling, demand response integration, and advanced control
methods such as adaptive and distributed controls. Notably,
resilience remains a central focus, with strategies addressing
uncertainties, disturbances, and extreme events (e.g., natural
disasters, outages, cyberattacks) [8, 9, 28]. In parallel,
sustainability is manifested through the integration of
renewable energy sources and energy storage systems,
including shared storage and vehicle-to-grid technologies,
which not only support energy efficiency but also contribute to
long-term environmental and socioeconomic goals [1, 16, 25].

Our review deliberately examines resilience and
sustainability as intertwined dimensions of networked
microgrids. While resilience strategies focus on rapid recovery
and system stability, sustainability is addressed through the
lens of environmental impact, economic feasibility, and social
acceptance. The interplay between these two aspects reveals
that resilient designs often promote sustainable outcomes by
minimizing resource waste and ensuring continuous energy
supply even under adverse conditions.

Despite progress, challenges persist. The review identifies
key gaps and future directions:

Post-Event Recovery Strategies: Research is needed to
develop systematic frameworks for long-term restoration
beyond immediate crisis response, including innovative control
schemes and predictive analytics [15, 20].

Integrated Socioeconomic Assessments: Future studies
should examine how to balance technical efficiency with

community engagement and economic equity, using cross-
disciplinary approaches [7, 17].

Scalability and Interoperability: Standardized protocols and
flexible architectures are essential for integrating larger,
interconnected clusters [24, 30].

Resilience  Metrics and  Sustainability  Indicators:
Establishing standardized metrics will enable better
benchmarking and support decision-makers in evaluating both
immediate and long-term benefits.

It is important to highlight that while several reviews in the
field address operational strategies in microgrids, our work
distinguishes itself by its dual focus on resilience and
sustainability, and by the systematic selection of studies that
provide in-depth insights into these areas. Unlike other reviews
that may focus solely on technical aspects, our approach
explicitly integrates economic and social dimensions, thereby
offering a more holistic view. This paper not only synthesizes
current practices but also proposes a roadmap for future
research, making it a valuable resource for both researchers and
practitioners aiming to develop robust, sustainable microgrid
solutions. By integrating these perspectives, our discussion
provides a comprehensive understanding of the current state of
networked microgrids and outlines a clear path for addressing
the multifaceted challenges that lie ahead.

V. CONCLUSION

This scoping review examined operational strategies for
networked microgrids, emphasizing resilience. Synthesizing
findings from 30 studies, it highlights key trends, gaps, and
opportunities for advancing research and practice. Strategies
such as dispatch, scheduling, demand response, and advanced
control methods are critical for optimizing performance, while
resilience-focused  approaches address  uncertainties,
disturbances, and extreme events. Integrating energy storage
systems, renewable sources, and optimization techniques
enhances sustainability, efficiency, and adaptability. Advanced
technologies, including artificial intelligence, robust
optimization, and cyber-physical systems, further improve
stability, flexibility, and autonomy, solidifying networked
microgrids as vital to modern power systems.

However, the review’s focus on peer-reviewed English
articles and the heterogeneity of microgrid configurations limit
generalizability. Future research should explore post-event
recovery strategies, framework standardization, socioeconomic
impacts, resilience metrics, and scalability for larger systems.
Addressing these gaps and leveraging technological
advancements can optimize operations and promote global
adoption. This review offers a foundation for refining strategies
and advancing resilient energy infrastructures.
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