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Abstract—Rising global electricity demand and 
increasing concerns regarding environmental 
pollution and carbon emissions have accelerated 
the adoption of distributed generation and 
microgrid technologies. Microgrids integrate 
distributed energy resources, energy storage 
systems, electrical loads, and control 
infrastructure to provide reliable, efficient, and 
clean power. A key feature of modern microgrids 
is their ability to operate in both grid-connected 
and islanded modes, enhancing operational 
flexibility and system resilience. Energy storage 
systems are essential for enabling this dual-mode 
operation by balancing supply and demand, 
mitigating the intermittency of renewable energy 
sources, and supporting voltage and frequency 
stability. This review examines recent advances in 
microgrid energy storage systems, with particular 
emphasis on grid connection capability. Key 
energy storage technologies, including battery-
based and hybrid systems, are analyzed alongside 
control and energy management strategies that 
facilitate stable operation and seamless mode 
transitions. Addressed are the current challenges 
related to cost, integration, and sustainability, and 
the direction of future research. Lastly, the review 
highlights the pivotal role of energy storage 
systems in enhancing microgrid performance and 
advancing the transition to resilient, 
environmentally sustainable power systems. 

Keywords—Microgrid, Distributed Generation, 
Energy Storage Systems, Grid-Connected 
Operation, Islanded Mode, Control Strategies 

I.  INTRODUCTION  

The rapid increase in global electricity consumption 
and heightened awareness of environmental pollution 
have driven a fundamental transformation in electric 
power systems. Traditional centralized generation is 
increasingly supplemented by distributed generation 
technologies, such as photovoltaic systems, wind 
turbines, and combined heat and power units. 
Although distributed generation provides significant 
environmental and economic benefits, it also 
introduces operational challenges related to 

intermittency, reliability, and system coordination. 
Microgrids have emerged as an effective solution to 
these challenges by integrating distributed generation, 
energy storage systems (ESS), local loads, and 
advanced control mechanisms within a defined 
electrical boundary [1].  

Microgrids are designed to operate either in grid-
connected mode, where power is exchanged with the 
main utility grid, or in islanded mode, where the 
microgrid supplies local loads independently during 
grid disturbances or outages. The capability to 
transition seamlessly between these operating modes 
is essential for ensuring system reliability and power 
quality. Energy storage systems play a pivotal role in 
enabling this capability by providing fast-response 
power support, energy balancing, and reserve capacity 
[1, 2]. Without sufficient storage, microgrids with high 
penetration of renewable energy sources may 
experience voltage instability, frequency deviations, 
and reduced reliability. ￼ 

Recent advances in energy storage technologies, 
control algorithms, and energy management strategies 
have substantially improved the feasibility and 
performance of microgrids [2, 3]. Enhanced battery 
performance, reduced system costs, and the 
development of hybrid storage configurations have 
accelerated microgrid deployment in both grid-
connected and remote settings. This review focuses 
on recent developments in microgrid energy storage 
systems, emphasizing their role in enabling grid-
connection capability and reliable dual-mode 
operation. 

II. BACKGROUND AND LITERATURE REVIEW 

Microgrids are commonly classified by electrical 
architecture as alternating current (AC), direct current 
(DC), or hybrid AC/DC systems. AC microgrids benefit 
from compatibility with existing power infrastructure, 
whereas DC microgrids can reduce power conversion 
losses for renewable sources and electronic loads. 
Hybrid AC/DC microgrids combine the advantages of 
both architectures by interconnecting AC and DC 
subsystems through power electronic converters. ￼ 

Energy storage systems are widely regarded as 
fundamental to microgrid functionality, as they 
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enhance power quality, improve reliability, and enable 
greater integration of renewable energy sources [1, 2]. 
Early microgrid implementations primarily utilized lead-
acid batteries; however, limitations in lifespan and 
energy density prompted the adoption of more 
advanced storage technologies. Recent literature 
identifies the increasing prevalence of lithium-ion 
batteries, flow batteries, and hybrid storage systems, 
attributing to their superior performance 
characteristics. Extensive research has examined 
energy management strategies for microgrids, with a 
focus on optimal power dispatch, economic operation, 
and resilience enhancement [2, 5]. These studies 
consistently highlight the necessity of coordinated 
control between distributed generators and energy 
storage systems to maintain stable operation under 
variable load and generation conditions. Despite 
significant progress, persistent challenges related to 
cost and system complexity continue to drive further 
research in microgrid energy storage integration. 

III. MICROGRID ENERGY STORAGE TECHNOLOGIES 

Energy storage technologies in microgrids are 
generally classified as electrochemical, mechanical, 
electrical, or thermal storage systems. Among these, 
electrochemical storage, particularly battery-based 
systems, is the most widely deployed due to its rapid 
response time and decreasing cost. ￼ 

Lithium-ion batteries have emerged as the 
dominant energy storage technology for microgrid 
applications, offering high energy density, high round-
trip efficiency, and relatively long cycle life [1, 4]. These 
characteristics make lithium-ion systems suitable for 
both short-term power support and longer-duration 
energy shifting. Flow batteries, such as vanadium 
redox batteries, offer advantages in independent 
scaling of power and energy capacity and extended 
operational life, making them attractive for larger and 
longer-duration microgrid installations. ￼ 

Hybrid energy storage systems integrate multiple 
storage technologies to leverage their complementary 
characteristics [1, 4]. For instance, batteries can be 
paired with supercapacitors to provide both high 
energy capacity and rapid power response. Hybrid 
configurations reduce battery degradation, enhance 
system reliability, and improve overall operational 
efficiency. Recent advances in materials science, such 
as solid-state electrolytes and novel electrode 
materials, are anticipated to further enhance the 
safety, performance, and sustainability of future energy 
storage systems. 

 

Fig. 1 A comparison of common energy storage technologies used in 

microgrids, highlighting key differences in their characteristics [6] 

 

 

IV. GRID-CONNECTED AND ISLANDED OPERATION 

In grid-connected mode, a microgrid operates in 
coordination with the main utility grid, importing or 
exporting power as needed to satisfy local demand 
and economic objectives [1, 5]. Energy storage 
systems facilitate grid-connected operation by 
smoothing power fluctuations, enabling peak shaving, 
and providing ancillary services such as frequency 
regulation and voltage support. The point of common 
coupling functions as the interface between the 
microgrid and the utility grid, with energy storage 
contributing to stable power flow at this interface. 

During islanded operation, the microgrid must 
independently balance generation and load while 
maintaining voltage and frequency within acceptable 
limits [1, 5]. Energy storage systems are critical in this 
mode, as they provide immediate power support 
following islanding events and compensate for 
fluctuations in renewable generation. Fast-acting 
storage devices ensure transient stability, while longer-
duration storage supports sustained autonomous 
operation during extended grid outages. 

Achieving seamless transitions between grid-
connected and islanded modes remains a significant 
technical challenge. Advanced control strategies are 
necessary to synchronize voltage magnitude, 
frequency, and phase during reconnection to the main 
grid. Energy storage systems offer the flexibility and 
control authority required to facilitate these transitions 
and maintain system stability. 

 

Fig. 2.  This shows a conceptual diagram of microgrid operation in grid-

connected mode, with the dashed line representing the ability to disconnect 

and operate in islanded mode. This illustrates the role of energy storage 

systems in each case. [7] 
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V. CONTROL AND ENERGY MANAGEMENT 

STRATEGIES 

Effective control and energy management are 
essential for maximizing the benefits of energy 
storage in microgrids [2, 5]. Control architectures are 
typically hierarchical, consisting of primary, 
secondary, and tertiary control layers. Primary control 
ensures immediate voltage and frequency stability 
through local control actions, often implemented via 
droop control methods. Secondary control 
compensates for steady-state deviations introduced 
by primary control, while tertiary control optimizes 
power exchange with the utility grid and minimizes 
operational costs. ￼ 

Energy management systems utilize forecasting 
techniques, optimization algorithms, and real-time 
monitoring to schedule the operation of distributed 
generators and energy storage systems. Recent 
advancements include model predictive control and 
artificial intelligence-based approaches, which 
improve adaptability and resilience under uncertain 
operating conditions. These advanced strategies 
enable microgrids to respond dynamically to variations 
in load demand, renewable generation, and grid 
conditions while maintaining economic and 
environmental performance. 

VI. CHALLENGES AND FUTURE RESEARCH DIRECTIONS 

Despite significant technological progress, several 
challenges continue to restrict the widespread 
deployment of advanced microgrid energy storage 
systems [3, 4]. High initial investment costs remain a 
primary barrier, especially for large-scale storage 
installations. Although costs have declined in recent 
years, economic feasibility frequently depends on 
supportive regulatory frameworks and market 
incentives. Technical challenges include system 
integration, control complexity, and cybersecurity risks 
arising from increased digitalization and 
communication requirements. Furthermore, concerns 
regarding the environmental impact and end-of-life 
management of energy storage technologies highlight 
the need for sustainable design and recycling 
strategies. Future research will likely focus on 
improving storage materials, extending system 
lifespans, and developing standardized, interoperable 

control frameworks. Progress in communication 
technologies and grid codes is anticipated to further 
enhance the scalability and reliability of microgrid 
systems. 

VII. CONCLUSION 

Energy storage systems are fundamental to modern 
microgrids, supporting reliable operation in both grid-
connected and islanded modes. Advances in storage 
technologies, hybrid system configurations, and 
control strategies have substantially improved 
microgrid performance, flexibility, and resilience. 
Although challenges related to cost, integration, and 
sustainability persist, ongoing research and 
technological innovation are driving rapid progress. As 
electricity demand increases and environmental 
concerns intensify, microgrid energy storage systems 
will play a critical role in the transition to clean, 
resilient, and decentralized power systems. 
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