
Citation: Shahzad, S.; Abbasi, M.A.;

Ali, H.; Iqbal, M.; Munir, R.; Kilic, H.

Possibilities, Challenges, and Future

Opportunities of Microgrids: A

Review. Sustainability 2023, 15, 6366.

https://doi.org/10.3390/su15086366

Academic Editor: George

Kyriakarakos

Received: 25 February 2023

Revised: 23 March 2023

Accepted: 4 April 2023

Published: 7 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Review

Possibilities, Challenges, and Future Opportunities of
Microgrids: A Review
Sulman Shahzad 1 , Muhammad Abbas Abbasi 1,* , Hassan Ali 2, Muhammad Iqbal 2, Rania Munir 1

and Heybet Kilic 3,*

1 Department of Electrical Engineering, Islamia University of Bahawalpur, Bahawalpur 63100, Pakistan
2 National Transmission and Desptach Company Limited, Lahore 54000, Pakistan
3 Department of Electric Power and Energy Systems, Dicle University, Diyarbakır 21280, Turkey
* Correspondence: abbas.abbasi@iub.edu.pk (M.A.A.); heybet.kilic@dicle.edu.tr (H.K.)

Abstract: Microgrids are an emerging technology that offers many benefits compared with traditional
power grids, including increased reliability, reduced energy costs, improved energy security, environ-
mental benefits, and increased flexibility. However, several challenges are associated with microgrid
technology, including high capital costs, technical complexity, regulatory challenges, interconnection
issues, maintenance, and operation requirements. Through an in-depth analysis of various research
areas and technical aspects of microgrid development, this study aims to provide valuable insights
into the strategies and technologies required to overcome these challenges. By assessing the current
state of microgrid development in Pakistan and drawing lessons from international best practices,
our research highlights the unique opportunities microgrids present for tackling energy poverty,
reducing greenhouse gas emissions, and promoting sustainable economic growth. Ultimately, this re-
search article contributes to the growing knowledge of microgrids and their role in addressing global
sustainability issues. It offers practical recommendations for policymakers, industry stakeholders,
and local communities in Pakistan and beyond.

Keywords: microgrids; renewable energy; energy mix; solar energy; cost of electricity; energy sector
policies; power quality; harmonics; power filter; energy storage; grid integration; microgrid control;
load management; power management; islanding detection

1. Introduction

Microgrids are autonomous electrical systems that generate, store, and distribute
electricity to meet the needs of localized communities. They are an alternative to traditional
power grids in unreliable or expensive electricity supply areas. They can supplement the
main grid during peak demand. Microgrids are an emerging technology that is becoming
increasingly popular in developed and developing countries. The microgrid can operate in
grid-connected, islanded, and hybrid modes [1]. In grid-connected mode, the microgrid is
connected to the main power grid and can either import or export electricity as needed.
In islanded mode, the microgrid operates independently of the main grid, using the
distributed energy resources—DERs—to generate, store, and distribute electricity locally [2].
In hybrid mode, the microgrid operates in grid-connected and islanded modes, depending
on the availability and reliability of the main grid. In this article, we will explore the concept
of microgrids, their benefits and challenges, and the current state of the technology. Section 2
provides a literature review of microgrid technology, Section 3 lists the challenges faced in
microgrid implementation, Section 4 lists the technical aspects of microgrid implementation,
Section 5 is a case study of microgrids in Pakistan, Section 6 is the discussion, and Section 7
concludes the paper.
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2. Literature Review

Microgrids can be particularly useful in remote areas where the main power grid
may be non-existent or unreliable. In developing countries, microgrids can provide an
affordable and sustainable source of electricity to communities that may not have had
access to electricity before. In addition, microgrids can provide energy independence
and resilience, which is particularly important in areas prone to natural disasters such
as hurricanes or earthquakes. Microgrids are an emerging technology still in the early
stages of development. However, there are several examples of successful microgrid
implementations around the world. For example, the Brooklyn Microgrid project in New
York City is a community-based microgrid that uses solar panels, battery storage, and
backup generators to provide reliable and affordable electricity to residents [3]. Similarly,
the Alamosa Solar Generating Project in Colorado is a hybrid microgrid that combines
a large-scale solar power plant with battery storage and natural gas backup generators
to provide reliable and cost-effective electricity to the local grid [4]. In addition to these
examples, many ongoing research and development efforts aim to improve microgrids’
performance and cost-effectiveness. For example, researchers are exploring new battery
chemistries and storage technologies that could improve microgrid batteries’ energy density
and longevity. They are also developing new control and monitoring systems that can
improve the reliability and efficiency of microgrids, as well as exploring the potential of
new renewable energy sources such as wave energy and geothermal power. The structure
of a microgrid reproduced from [5] is shown in Figure 1.
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Figure 1. Structure of a microgrid.

Implementing microgrids can disrupt the traditional centralized energy system and
shift power to local communities. In a microgrid, local actors own and control power
generation and distribution rather than large, centralized utilities [6]. Microgrids can
create opportunities for new business models and community-based ownership structures
that economically benefit local communities. For example, in some microgrid projects,
local communities are allowed to own and operate the microgrid, which can provide
a source of income and employment for residents. In addition, microgrids’ increased
energy independence and security can help reduce local communities’ vulnerability to
energy-related disruptions, providing a foundation for broader economic development [7].

2.1. Microgrids’ Potential Benefits

Microgrids offer several benefits compared with traditional power grids, as shown in
Figure 2 [8].
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1. Increased reliability: Microgrids operate independently, so they can continue to
provide power even if the main grid fails.

2. Reduced energy costs: Microgrids can combine renewable energy sources and energy
storage to reduce energy costs and improve energy efficiency.

3. Improved energy security: Microgrids can provide a secure power source in areas
where the main grid is unreliable or expensive.

4. Environmental benefits: Microgrids can reduce carbon emissions by using renewable
energy sources, which can help to mitigate climate change.

5. Increased flexibility: Microgrids can be configured to meet the specific needs of the
local community and expanded or reconfigured as needed.

2.2. Microgrids’ Potential Areas for Growth and Research

The potential microgrid areas for research and growth are in Figure 3. One possible
area of growth for microgrids is the transportation sector. With the rise of electric vehicles,
there is a growing need for reliable and efficient charging infrastructure. Microgrids can
provide a local power source for EV charging stations, reducing the strain on the main
power grid and providing a more resilient and flexible energy system [9]. Another potential
application of microgrids is in the military sector. Microgrids can provide a secure and
reliable power source for military bases and other critical infrastructure, reducing the
vulnerability of these facilities to energy-related disruptions. In addition, microgrids can
help to reduce the military’s dependence on fossil fuels, providing a more sustainable and
resilient energy system [10].

One exciting area of research in microgrids is the development of community-based
microgrids. These microgrids are owned and operated by local communities rather than
large utilities or private companies. By giving local communities control over their energy
systems, community-based microgrids can promote more significant social equity and
empower communities to actively manage their energy needs [10]. It is essential to develop
new financing mechanisms and business models to provide the necessary funding to
get these projects off the ground. Local financing may involve community ownership
models, where local communities pool resources to finance microgrid development [11].
By involving community members in the development process, it is possible to create
microgrid systems tailored to the community’s specific needs. Promoting the development
of community-based microgrids may create a more decentralized and democratized energy
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system. A decentralized microgrid can promote greater energy security and reduce the risk
of power outages or other disruptions in centralized energy systems.
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One crucial development area for microgrids is disaster response and recovery. The
primary power grid is often severely impacted during natural disasters such as hurricanes,
earthquakes, and floods. These disturbances lead to prolonged power outages and sig-
nificant damage to critical infrastructure. In these situations, microgrids can provide a
reliable and flexible source of power that can help to support disaster response efforts and
facilitate recovery [11]. For example, microgrids can power critical infrastructure such as
hospitals, emergency shelters, and communication systems, ensuring these services can
operate even after a disaster. In addition, microgrids can power temporary housing units
or other infrastructure necessary for recovery efforts. Standardized designs may involve
using pre-fabricated microgrid systems that can be quickly transported and installed in
disaster-impacted areas. Another potential growth area for microgrids is in the context of
sustainable urban development. As urban populations continue to grow, there is a growing
need for sustainable and resilient energy systems that can meet the energy needs of these
communities [12]. Microgrids can provide a localized and community-based approach to
energy management that is well-suited to urban environments. For example, microgrids
can power individual buildings or neighborhoods, reducing the strain on the main power
grid and improving the overall resilience of the energy system. In addition, microgrids can
integrate renewable energy sources such as solar or wind power into the overall energy
system. Renewable integration reduces carbon emissions and promotes a more sustainable
energy system. Developing standards and best practices for microgrid design for urban
communities’ unique needs is essential. This procedure includes the development of new
financing mechanisms and business models that can make microgrid development more
accessible and affordable.

2.2.1. Blockchain Technology, Artificial Intelligence, and Machine Learning in Microgrids

One exciting development in the field of microgrids is the integration of blockchain
technology. Blockchain is a decentralized digital ledger that provides a secure and transpar-
ent means of recording transactions. In the context of microgrids, blockchain technology
can create a decentralized energy marketplace that allows for peer-to-peer energy trading
between microgrid participants. Using blockchain technology, microgrid participants can
sell excess energy to one another in real time, creating a more efficient and flexible energy
market. In addition, blockchain can provide a more secure and transparent means of track-



Sustainability 2023, 15, 6366 5 of 28

ing energy transactions, reducing the risk of fraud and improving the overall efficiency of
the energy market [13].

Another potential benefit of blockchain technology in the context of microgrids is
the ability to provide incentives for using renewable energy. Microgrid participants can
use blockchain-based tokens or tokens backed by renewable energy certificates to use
renewable energy sources such as solar and wind power. These tokens can help promote
the transition to a more sustainable and decentralized energy system while providing
economic benefits for microgrid participants [14].

Despite the potential benefits of blockchain technology for microgrids, many chal-
lenges are present with its implementation. For example, blockchain technology’s scalability
and energy efficiency can be challenging, particularly in microgrids with limited computing
resources. In addition, the regulatory framework for blockchain-based energy markets is
still evolving, creating uncertainty for microgrid developers and participants [15]. Ongoing
research and development efforts focus on improving blockchain technology’s scalability
and energy efficiency and developing more robust regulatory frameworks for blockchain-
based energy markets [16]. By overcoming these challenges, it may be possible to harness
the power of blockchain technology to create more efficient, transparent, and sustainable
energy markets for microgrids.

Another critical area of microgrid development research is using artificial intelligence
(AI) and machine learning (ML) techniques to optimize the operation of microgrid systems.
AI and ML can analyze large amounts of energy consumption and production data and
identify patterns and trends that can help optimize microgrid systems’ operation. De-
veloping new technologies and protocols to support the use of AI and ML in microgrid
development is crucial to enable effective data collection and analysis [17]. This develop-
ment may involve using advanced sensors and data analytics tools and developing new
algorithms to process and analyze large amounts of data in real time. In addition, it is
essential to ensure that the use of AI and ML in microgrid development is transparent and
accountable [18]. This process may involve the development of new standards and best
practices for using AI and ML in microgrid development.

2.2.2. Microgrids and EV Integration

One of the potential benefits of microgrids is their ability to support the integration
of electric vehicles (EVs) into the energy system. As the number of EVs on the road
continues to grow, there is a growing need for reliable and efficient charging infrastructure
to support the increased demand for electricity. Microgrids can provide a localized and
flexible power source for EV charging stations, reducing the strain on the main power grid
and improving the overall efficiency of the charging process [19]. In addition, microgrids
can help to manage the variable nature of EV charging demand, which can be challenging
to predict and manage using traditional grid infrastructure. Developing standardized
protocols and technologies for EV charging in microgrid systems is necessary. This process
involves developing advanced control systems to manage and coordinate EV charging
across multiple charging stations and integrating energy storage systems to help manage
peak demand periods.

2.3. Global Sustainability Issues and Microgrid Development

Global sustainability issues refer to the complex and interrelated challenges that
threaten the long-term well-being of the planet, its ecosystems, and its inhabitants. Climate
change, driven by the accumulation of greenhouse gases in the atmosphere, is one of the
most pressing global sustainability issues. It leads to extreme weather events, sea-level
rise, ocean acidification, and significant disruptions to ecosystems and agriculture [20]. The
consequences of climate change disproportionately affect vulnerable populations and can
exacerbate existing socio-economic inequalities. The overconsumption of natural resources,
such as fossil fuels, minerals, water, and arable land, poses a significant threat to global
sustainability. Unsustainable resource extraction and usage can lead to resource scarcity,
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environmental degradation, and socio-economic tensions. Transitioning to renewable
resources and promoting resource efficiency is essential for long-term sustainability [21].
Environmental degradation encompasses various forms of ecosystem damage, including
deforestation, loss of biodiversity, air and water pollution, soil degradation, and the de-
pletion of fish stocks. These issues threaten the planet’s ability to support life and can
lead to declining ecosystem services, such as water filtration, carbon sequestration, and
pollination [22].

As decentralized energy systems, microgrids can play a significant role in addressing
various global sustainability issues. Microgrids enable the integration of renewable energy
sources such as solar-, wind-, and hydropower into the energy mix. They facilitate the
management of distributed energy resources and provide a flexible platform to balance
the intermittent nature of renewables [23]. By incorporating energy storage systems,
microgrids can store excess renewable energy for later use, reducing reliance on fossil
fuels and promoting a low-carbon future. Microgrids improve energy efficiency and
conservation by optimizing electricity generation, distribution, and consumption. They
utilize advanced energy management systems, demand response programs, and smart grid
technologies to monitor and control energy usage in real time [24]. These features lead to
reduced transmission and distribution losses, increased system efficiency, and decreased
peak demand, all of which contribute to better resource management and conservation.
Microgrids empower local communities by enabling them to generate, distribute, and
consume their energy. They offer an opportunity for remote and rural areas, particularly
those lacking access to the main grid, to achieve energy independence and security [25].
Microgrids can reduce energy poverty by providing affordable and reliable electricity to
underserved populations, fostering socio-economic development, and improving quality
of life.

2.4. Critical Aspects in Microgrid Development

The critical aspects of microgrid development are presented in Figure 4. One crucial
factor to consider in microgrid development is the need for robust monitoring and control
systems. Microgrids can be complex systems with a range of distributed energy resources
(DERs) that require proper management and coordination to ensure the system’s reliable
and efficient operation. This process requires advanced monitoring and control systems
that can gather real-time data on energy supply and demand, identify potential issues or
anomalies, and adjust the operation of the DERs as needed [26]. Researchers are explor-
ing the use of advanced sensors and data analytics tools to improve the performance of
microgrids. These tools can provide real-time data on the performance of the DERs and the
overall microgrid system, allowing operators to make informed decisions about optimizing
energy supply and demand. In addition, machine learning algorithms can identify patterns
and trends in the data, allowing for more accurate forecasting and improved operational
efficiency [27].

Another essential aspect of microgrid development is the need for effective intercon-
nection with the main power grid. While microgrids operate independently, there are
times when it is necessary to connect to the main grid, such as during periods of high
demand or when the DERs cannot meet the energy needs of the local community. It is
important to have well-defined interconnection standards and protocols that allow for the
seamless integration of microgrids into the main power grid. In addition to these technical
considerations, there is also a need to consider the broader policy and regulatory frame-
work for microgrid development [28]. These policies include developing a clear regulatory
framework for microgrids and allocating funding and incentives to support microgrid
development. By addressing these technical, policy, and regulatory considerations, it may
be possible to realize the full potential of microgrids and create a more sustainable and
resilient energy system. With their ability to improve energy access and security, reduce
carbon emissions, and promote community ownership and collaboration, microgrids offer
a promising technology that can transform the energy landscape for years.
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3. Challenges of Microgrid Implementation

The challenges of microgrid implementation are presented in Figure 5.

Sustainability 2023, 15, x FOR PEER REVIEW  8  of  30 
 

 

 

Figure 5. Challenges of microgrid development. 

3.1. Cybersecurity Issues 

One of the potential challenges for microgrid development is the issue of cybersecu-

rity. As microgrids become more common, they are increasingly vulnerable to cyber-at-

tacks [29]. There is a growing need for cybersecurity solutions designed explicitly for mi-

crogrids [30]. These solutions may include advanced encryption techniques, intrusion de-

tection and prevention systems, sophisticated authentication, and access control mecha-

nisms. In addition, microgrid developers must take a proactive approach to cybersecurity, 

incorporating security considerations  into  the design and  implementation of microgrid 

systems. 

3.2. Energy Storage Issues 

Another challenge for microgrid development is the issue of energy storage. While 

battery storage is becoming more cost-effective and reliable, it still represents a significant 

upfront cost for many microgrid projects [31]. In addition, using batteries can create envi-

ronmental concerns. To address these challenges, researchers are exploring new energy 

storage technologies such as flow batteries and thermal energy storage [32]. These tech-

nologies offer the potential for improved energy density, longevity, and reduced environ-

mental impact. In addition, researchers are exploring new business models and financing 

mechanisms that can make energy storage more accessible and affordable for microgrid 

developers. 

3.3. Social Equity Concerns 

As the use of microgrids becomes more widespread, there is a growing need for col-

laboration and information-sharing between stakeholders. The stakeholders are utilities, 

regulators, researchers, and local communities. These stakeholders can help develop com-

mon standards and best practices for microgrid development [33]. Another important con-

sideration for the implementation of microgrids is the issue of social equity. Access to re-

liable and affordable energy  is critical  in many communities. Microgrids can solve  this 

problem by providing a more localized and community-based approach to energy access. 

However, there is a risk that microgrids may exacerbate existing social inequalities if they 

are not presented equitably and inclusively. For example, suppose only specific commu-

nity segments can afford  the upfront costs of microgrid development. In that case,  this 

could lead to a situation where the benefits of the technology are not uniform. It is crucial 

to involve local communities in developing and implementing microgrids and to priori-

tize equity and inclusion in the design and operation of these systems [34]. This method 

contains community ownership models, and is developing financing mechanisms acces-

sible  to  low-income  households.  Implementing  targeted  outreach  and  education 

Figure 5. Challenges of microgrid development.

3.1. Cybersecurity Issues

One of the potential challenges for microgrid development is the issue of cybersecurity.
As microgrids become more common, they are increasingly vulnerable to cyber-attacks [29].
There is a growing need for cybersecurity solutions designed explicitly for microgrids [30].
These solutions may include advanced encryption techniques, intrusion detection and
prevention systems, sophisticated authentication, and access control mechanisms. In addi-
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tion, microgrid developers must take a proactive approach to cybersecurity, incorporating
security considerations into the design and implementation of microgrid systems.

3.2. Energy Storage Issues

Another challenge for microgrid development is the issue of energy storage. While
battery storage is becoming more cost-effective and reliable, it still represents a signifi-
cant upfront cost for many microgrid projects [31]. In addition, using batteries can create
environmental concerns. To address these challenges, researchers are exploring new en-
ergy storage technologies such as flow batteries and thermal energy storage [32]. These
technologies offer the potential for improved energy density, longevity, and reduced en-
vironmental impact. In addition, researchers are exploring new business models and
financing mechanisms that can make energy storage more accessible and affordable for
microgrid developers.

3.3. Social Equity Concerns

As the use of microgrids becomes more widespread, there is a growing need for
collaboration and information-sharing between stakeholders. The stakeholders are utilities,
regulators, researchers, and local communities. These stakeholders can help develop
common standards and best practices for microgrid development [33]. Another important
consideration for the implementation of microgrids is the issue of social equity. Access
to reliable and affordable energy is critical in many communities. Microgrids can solve
this problem by providing a more localized and community-based approach to energy
access. However, there is a risk that microgrids may exacerbate existing social inequalities
if they are not presented equitably and inclusively. For example, suppose only specific
community segments can afford the upfront costs of microgrid development. In that case,
this could lead to a situation where the benefits of the technology are not uniform. It is
crucial to involve local communities in developing and implementing microgrids and to
prioritize equity and inclusion in the design and operation of these systems [34]. This
method contains community ownership models, and is developing financing mechanisms
accessible to low-income households. Implementing targeted outreach and education
campaigns ensures that all community members know the benefits of microgrids and how
to access them.

3.4. Financial Concerns

One additional challenge for microgrid development is the financing issue. Microgrid
development often requires a significant upfront investment. There are limited financing
options for developers, particularly in developing countries. In addition, microgrid devel-
opers may face challenges in attracting investment due to the perceived risks associated
with the technology and the lack of a well-defined business case [35]. Researchers and
policymakers are exploring new business models and financing mechanisms to address
these financing challenges. For example, some microgrid projects explore pay-as-you-go
models, where users pay for energy services per use. This method can reduce the upfront
costs of microgrid development and make it more accessible to low-income households. In
addition, governments and international organizations are exploring the use of grants, sub-
sidies, and other financial incentives to support microgrid development. These incentives
can provide the necessary funding to get microgrid projects off the ground and make them
financially viable over the long term. Another potential financing mechanism for microgrid
development is using carbon credits [36]. Microgrids that use renewable energy sources
such as solar or wind power can generate carbon credits sold on carbon markets. This
selling can provide a source of revenue for microgrid developers and create an economic
incentive to use renewable energy sources [37,38].
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3.5. Environmental Concerns

Another critical consideration for microgrid development is the need to address envi-
ronmental concerns. While microgrids have the potential to reduce carbon emissions and
promote a more sustainable energy system, there is a risk that they may also have negative
environmental impacts, such as the degradation of local ecosystems or the depletion of
natural resources [39]. Developing standards and best practices for microgrid design and
operation that prioritize sustainability and environmental responsibility is essential to
address environmental concerns. These measures may involve the use of renewable energy
sources, the implementation of energy efficiency measures, and the development of new
technologies and materials that are environmentally responsible.

4. Technical Aspects of MGs Implementation

Microgrids are critical in maintaining energy supply and stability during major black-
outs, offering numerous benefits that enhance the power system’s resiliency. When a
major blackout occurs, microgrids can automatically disconnect from the main grid and
operate in islanded mode [40]. This isolation allows them to continue providing electricity
to their local loads, ensuring that critical facilities, such as hospitals, data centers, and
emergency response centers, remain operational. Some of the technical aspects of microgrid
implementation are the following.

4.1. Harmonics and Power Quality

Harmonics are high-frequency voltage and current distortions that can occur in an
electrical system. They result from non-linear loads, such as electronic devices and power
electronic converters, which can introduce harmonic currents and voltages into the system.
These harmonic disturbances can cause several problems, including power loss, increased
heating in equipment, and decreased power factor [41]. Harmonics can be particularly
challenging in microgrids because of distributed energy resources (DERs) such as solar
PV systems, wind turbines, and battery storage systems. These DERs often include power
electronic converters that can introduce harmonic distortion into the system. Microgrids
often have a high penetration of non-linear loads, such as lighting and heating systems,
which can also contribute to harmonic distortion [42].

Figure 6 shows three main harmonics mitigation strategies in microgrids: harmonic
filters, advanced control algorithms, and droop control strategies. One approach is to use
harmonic filters, devices designed to remove harmonic currents from the system. These
filters are present at the point of common coupling (PCC) between the microgrid and the
larger grid or individual DERs and loads within the microgrid [43]. Another approach is
to use active power filter (APF) systems, which can actively manage harmonic distortion
by injecting harmonic currents into the system. APF systems have harmonic filters for
additional harmonic mitigation [44]. Another method is to use advanced control algorithms
to manage the operation of DERs and loads within the microgrid. These algorithms can
control the microgrid’s power flow and voltage levels to minimize harmonic distortion [45].
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Microgrids also use power electronic interfaces as inverters, which can also introduce
harmonics in the grid. Advanced control strategies, such as direct power control (DPC) and
droop control, use the inverters to regulate their active and reactive power based on the
grid conditions [46]. Power quality is a critical aspect of microgrids, as it directly impacts
the performance and reliability of the system. Due to the distributed nature of microgrids
and the integration of different energy sources, power quality issues can arise, significantly
impacting the system [47]. One of the main power quality issues facing microgrids is
voltage sag and swell. These are temporary reductions or increases in voltage levels caused
by changes in the load or the power generated by the microgrid. Voltage sag and swell can
cause various problems, including equipment damage, decreased system efficiency, and
power outages [48–50].

4.2. Microgrid Stability

Stability in a microgrid is the ability of the system to return to regular operation
after a disturbance. A microgrid has two types of stability: steady-state stability and
dynamic stability. Steady-state stability is the capability of the microgrid to maintain a
constant voltage and frequency within specified limits, even under normal and abnormal
conditions [51]. Dynamic stability, on the other hand, is the ability of the system to return
to steady-state conditions after a disturbance, such as a change in load or generation.

Figure 7 shows three main harmonics mitigation strategies in microgrids: energy
storage systems, advanced protection systems, and improved system monitoring. One
approach is to use energy storage systems, such as batteries, to store excess energy generated
by the microgrid. These systems can provide backup power during power outages and
help to smooth out voltage and frequency fluctuations. Energy storage systems can also
provide ancillary services, such as frequency regulation, improving overall stability.
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Another method is to use advanced protection systems; these systems detect and
isolate disturbances in the grid, such as faults, and clear them quickly, thus preventing the
disruptions from spreading and causing more damage to the grid.

4.3. Microgrid Energy Storage

Energy storage systems are an essential component of microgrids, as they play a
critical role in ensuring the stability and reliability of the system. Energy storage systems
store excess energy generated by the microgrid, which provides backup power during
power outages [52]. A microgrid can have several energy storage devices, each with unique
advantages and disadvantages. One of the most common types of energy storage devices
is batteries. Batteries can store energy in various forms, including lead–acid, lithium–ion,
and flow batteries. They are inexpensive, have a long lifespan, and can easily integrate into
microgrids. However, batteries have a relatively low energy density, require a significant
physical footprint, and are heavy [53].

Another type of energy storage device in microgrids is flywheels. Flywheels are
mechanical devices that store energy in the form of kinetic energy. They are inexpensive,
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have a long lifespan, and can easily integrate into microgrids. However, flywheels have
a relatively low energy density and are somewhat bulky [54]. A third type of energy
storage device in microgrids is compressed air energy storage (CAES). CAES systems store
energy in compressed air, generating electricity when needed. CAES systems are relatively
inexpensive, have a long lifespan, and can easily integrate into microgrids [55]. However,
CAES systems have a relatively low energy density and are bulky. Hydrogen fuel cells are
the fourth type of energy storage device in microgrids. Hydrogen fuel cells convert the
chemical energy of hydrogen into electricity [56]. They are relatively expensive, have a
long lifespan, and are easy to integrate into microgrids. However, hydrogen fuel cells have
a relatively low energy density and are bulky.

4.4. Microgrid Control Strategies

Effective microgrid control ensures robust and economical operation and coupling of
renewable energy sources into the grid. There are several critical components of microgrid
control, shown in Figure 8 and explained below [57]:
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State estimation is performed using sensor data and other information to determine
the current state of the microgrid, including the status of different components and the
amount of power being generated and consumed.

Power management includes controlling the flow of power within the microgrid to
ensure that it is balanced and that the different components operate within safe limits.

Energy storage management involves managing the charge and discharge of energy
storage systems, including batteries, to ensure efficient utilization.

Load management includes managing the demand for electricity within the microgrid,
such as by shifting loads to times when renewable energy sources produce more power.
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Islanding detection is the ability of the microgrid to detect when it is disconnected
from the larger grid and to switch to islanded operation.

Grid integration involves coordinating the operation of the microgrid with the larger
grid, such as by allowing excess power to be exported to the grid or importing power
when needed.

Three main approaches to microgrid control, shown in Figure 9, are centralized,
decentralized, and hybrid control. Centralized control involves having a single controller
that manages all the components of the microgrid. Decentralized control involves having
multiple controllers containing a subset of the features. Hybrid control consists of a
combination of centralized and decentralized control [58].
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Centralized control is the traditional microgrid control approach. However, it has
some limitations, such as the need for a high-bandwidth communication network and
the potential for a single point of failure. The decentralized control is more robust, but
coordinating multiple controllers’ actions can be more challenging [59]. Hybrid control can
be a good compromise, as it allows for the benefits of both centralized and decentralized
control. One of the critical challenges of microgrid control is to ensure that the microgrid
operates stably and efficiently, even in the presence of uncertainty and disturbances. This
operation uses advanced control algorithms, such as model predictive control (MPC) and
robust control [60].

MPC is a control algorithm that uses a microgrid model to predict its future behavior,
and then uses this information to determine the optimal control actions. MPC can handle
a wide range of uncertainties and disturbances and can be used to optimize various
performance metrics, such as power balance and energy efficiency. Robust control is another
approach to ensure microgrids’ stability and efficiency in the presence of uncertainty and
disturbances. Robust control algorithms are insensitive to slight variations in system
parameters and are able to cope with unexpected disruptions [60]. Another critical aspect
of microgrid control is the integration of renewable energy sources, such as solar and
wind power, into the microgrid. Renewable energy sources are characterized by their
high variability and uncertainty, making it difficult to predict their power output. This
issue is resolved using advanced techniques, such as statistical forecasting and machine
learning [61].

4.5. Microgrid Protection Strategies

Protection is a critical aspect of microgrids, as it ensures the safe and reliable operation
of the system. Due to the distributed nature of microgrids and the integration of different
energy sources, protection issues can arise, significantly impacting the system [62]. One
of the principal protection issues facing microgrids is the occurrence of faults, such as
short circuits, which can cause damage to equipment and disrupt the system’s operation.
Figure 10 shows three main microgrid protection strategies: circuit breakers, power slow
controllers, and regular system monitoring. Protection devices, such as circuit breakers,
detect apparent faults quickly to prevent the defects from spreading and causing more
damage to the grid [63].
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Another protection device is the power flow controller (PFC), which helps to maintain
the balance between the power generated and consumed by the microgrid. A PFC controls
the power flow between different energy sources, energy storage systems, and loads [63].
Additionally, the microgrid’s inverters may use advanced protection strategies. These
devices control the power flow between the microgrid and the primary grid. Protection
strategies protect the inverters from overvoltage, overcurrent, and over/under frequency
conditions [64]. Furthermore, regular monitoring and testing of the system are essential
to identify and address potential protection issues. This strategy can include using power
quality analyzers to measure voltage and frequency levels and identify the sources of
faults within the system [65]. Table 1 summarizes the contributions and limitations of
various papers.

Table 1. Contribution and Limitations of various strategies.

Ref Contributions Limitations

[41]
This paper defines various stability parameters in
microgrids and analyzes the various stability
improvement strategies

A case study of microgrid stability analysis
is missing

[42] This paper explains various energy management strategies
for developing a resilient microgrid

It lacks the review of machine learning techniques in
microgrid energy management

[43] This paper explains different energy management strategies
with flexible energy sources

This paper does not present a review of super
capacitors in microgrid energy management

[44] This paper is a review of microgrids’ robust optimization
with load uncertainty

It does not include the utilization of model
predictive control strategies

[45] This paper explains a number of energy management
strategies at small-scale microgrids

It does not present the utilization of demand side
management strategies

[46] This paper is a review of microgrid architecture, control,
and reliability

This paper lacks the implementation of microgrids at
a nano scale

[47] This paper is a review of microgrid cluster and operation It lacks the information of grid level energy
exchange

[48] This paper performs reliability, economic, and
environmental analysis of microgrid systems

It does not suggest a method to make a resilient
microgrid system

[49] In this work, various data-mining-based fault detection and
classification strategies are studied

Information about the harmonic mitigation strategy
is missing

[50] In this paper, the implementation framework of a microgrid
is studied

The strategies to mitigate the practical hurdles
are missing

5. Microgrids in Pakistan: A Case Study

Microgrids are a promising solution to address the challenges of power generation and
distribution in Pakistan. They can provide a reliable and sustainable source of electricity,
particularly in rural and remote areas where grid infrastructure is inadequate or non-
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existent. Implementing microgrids encourages the utilization of renewable energy resources
and lowers Pakistan’s reliance on fossil fuels.

One of the main advantages of microgrids in Pakistan is their ability to improve energy
access and reliability. Microgrids can provide a reliable power source to remote and rural
communities not connected to the primary power grid. These communities often suffer
from frequent blackouts and brownouts due to the poor condition of the primary power
grid. Microgrids can provide a stable source of power that is not dependent on the primary
grid [66]. Another advantage of microgrids in Pakistan is their ability to promote the use of
renewable energy. Various renewable energy sources such as solar, wind, and hydroelectric
power can power microgrids. Microgrids can also incorporate energy storage systems,
which can help to smooth out the unpredictable nature of renewable energy sources.

Microgrids also have the potential to promote economic development and create
jobs in Pakistan. The development and operation of microgrids can create jobs in the
systems’ construction, installation, and maintenance. Microgrids can also provide a stable
power source to small businesses and industries, promoting economic development and
creating jobs in the local community [67]. Furthermore, microgrids can also improve energy
efficiency and reduce energy costs. Microgrids can optimize the use of energy resources
and reduce waste, leading to lower energy costs. Microgrids can also incorporate demand
response mechanisms, which can help reduce peak demand and lower energy costs [68].

Microgrids can improve energy security in Pakistan. The country heavily depends on
imported oil and natural gas to meet its energy needs. Microgrids can reduce dependence
on fossil fuels and increase domestic energy resources, improving energy security in the
country [69]. Microgrids can significantly improve energy access and reliability in Pakistan,
where only about 70% of households have access to electricity [70].

5.1. Pakistan’s Energy Mix

Pakistan’s energy mix is diverse, with various conventional and renewable energy
sources to meet the country’s energy needs. Pakistan’s primary energy sources are oil,
natural gas, coal, hydroelectricity, and nuclear power. Figure 11 shows the energy mix
of Pakistan. Pakistan’s primary energy source is oil, accounting for about 40% of the
total energy mix. Due to its small local oil reserves, the nation severely depends on
imports to meet its oil demands. Pakistan uses most of its oil for power production and
transportation [71]. Natural gas is Pakistan’s second-largest energy source, accounting
for about 30% of the total energy mix. Pakistan’s natural gas sector is primarily state-
controlled and has faced challenges such as low investment and declining production in
recent years [72].
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Coal is another significant energy source in Pakistan, accounting for about 15% of the
total energy mix. Pakistan has large coal reserves, mainly in the Thar desert, which have
been under development in recent years. Hydroelectricity is also an essential energy source
in Pakistan, accounting for about 8% of the total energy mix. The country has significant
potential for hydroelectric power, with large rivers such as the Indus and the Jhelum
providing potential sites for hydroelectric power plants. However, poor management,
lack of maintenance, and poor water management have affected hydroelectric power
generation [73]. Nuclear power is a small but growing energy source in Pakistan, accounting
for about 2% of the total energy mix. Pakistan has two nuclear power plants in operation,
with plans to add several more [74]. The country has also developed a domestic nuclear fuel
cycle and can produce low-enriched uranium for use in nuclear power plants. Renewable
energy generation accounts for 5% of the energy mix. The graph in Figure 12 is based on
the data collected from the IEA website; it shows the total energy supply in the country
from 1990 to 2020 [75]. The graph in Figure 13, made from the IGCEP report approved by
NEPRA, shows the peak demand forecast up to 2030 [76]. The pie chart in Figure 14, made
from the IGCEP report approved by NEPRA, shows the sector-wise sale of electricity in
Pakistan [64]. Figure 15 is the load curve of 23 June 2021 in Pakistan, analyzing the energy
mix for each hour [77].
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Despite having a diverse energy mix, Pakistan still faces several challenges in meeting
its energy needs. One of the main challenges is the lack of investment in the energy sector.
The country is experiencing a chronic energy dilemma due to insufficient power generation
and transmission infrastructure investment. Furthermore, the government faces issues such
as power theft, poor management, and lack of maintenance, resulting in poor operational
efficiencies in the energy sector [78]. Another challenge faced by Pakistan is the high cost of
energy. The country has a high energy subsidy bill, which has led to a high level of circular
debt in the energy sector. This high energy cost has also resulted in high energy poverty,
with many households unable to afford electricity.

Pakistan has significant renewable energy potential, particularly solar and wind power.
The country’s geographic location, abundant resources, and growing energy demand make
it an attractive market for renewable energy development. Solar energy is Pakistan’s most
promising renewable energy source, with significant potential for solar power generation.
Pakistan receives an average of 5–7 kWh/m2/day of solar radiation, among the highest in
the world. The country has a total solar energy potential of over 105 GW, with a significant
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portion of this potential located in the remote and underdeveloped regions of the country.
Higher sun irradiance makes solar energy an attractive option for providing energy access
to remote and rural communities [79].
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The government of Pakistan has been promoting the development of solar power
projects through policies such as net metering and feed-in tariffs. Net metering allows
consumers to generate electricity using solar panels and sell any surplus back to the grid.
Feed-in tariffs are a policy mechanism that guarantees a fixed price for the electricity gener-
ated by renewable energy projects. These policies have helped attract private investment in
the solar power sector and have led to the development of several large-scale solar power
projects in the country [80]. In Pakistan, wind energy is also a potential renewable energy
source. The country has a total wind energy potential of over 50 GW, with most of this po-
tential located in the country’s coastal areas [81]. Through programs such as feed-in tariffs
and tax breaks, the government has been pushing the development of wind-generating
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installations. The potential for wind power generation is anticipated to increase because of
these measures, leading to many large-scale wind power projects nationwide. In addition
to solar and wind energy, Pakistan has the potential for other forms of renewable energy,
such as hydropower and biogas [82]. The country has significant potential for hydropower
generation, with large rivers such as the Indus and the Jhelum providing potential sites for
hydroelectric power plants. Biogas, which is an organic waste, has the potential to provide
a source of clean energy for rural households and small-scale industries [83].
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Figure 15. Load curve of 23 June 2021 in Pakistan.

5.2. Energy Sector of Pakistan

Pakistan’s power system is a complex mix of power generation, transmission and
distribution networks, and regulatory frameworks. The power system provides electricity
to over 220 million people [84]. However, the country has faced a chronic energy deficit,
which has led to widespread power outages, particularly in rural areas. Figure 16 shows
the organizational structure of the power sector of Pakistan. National Transmission and
Despatch Company (NTDC) manages Pakistan’s transmission and distribution networks.
The NTDC moves electricity from power facilities to distribution companies, which then
distribute the electricity to end consumers [85]. The transmission and distribution networks
in Pakistan are inadequate and need improvement. The government has been investing
in expanding and upgrading the transmission and distribution networks to improve the
reliability and efficiency of the power system. One of the prominent roles of the NTDC in
implementing microgrids is providing transmission and distribution services. The NTDC
is responsible for connecting microgrids to the primary power grid, which allows them
to sell surplus power back to the grid and provides a reliable energy source during grid
outages. The NTDC also provides metering services to microgrids, which is crucial for
billing and revenue collection [86].

Another critical role of the NTDC in implementing microgrids is providing technical
assistance and capacity building. The NTDC has a team of experts in transmission and
distribution who can provide technical assistance to microgrid developers and operators.
This assistance includes providing training on grid connection procedures and standards
and guidance on the design and operation of microgrids. The NTDC also plays a vital role in
regulating and monitoring microgrids in Pakistan. The National Electric Power Regulatory
Authority (NEPRA) Microgrid Regulations, issued in 2016, grant the NTDC the authority
to control and monitor microgrids in the country. This regulating power includes enforcing
technical standards, ensuring compliance with grid connection procedures, and monitoring
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the performance of microgrids. In addition, the NTDC also plays a role in developing
microgrids in Pakistan through its partnerships with private sector companies. The NTDC
has signed Memorandums of Understanding (MOUs) with several private sector companies
to build microgrids in the country. These partnerships allow the NTDC to leverage the
expertise and resources of the private sector to improve energy access and reliability in
underserved communities. The regulatory framework for the power sector in Pakistan is
the responsibility of the National Electric Power Regulatory Authority (NEPRA). NEPRA
is responsible for regulating the generation, transmission, and distribution of electricity, as
well as the protection of the rights of consumers [87]. The regulatory framework in Pakistan
is generally considered weak, and there have been calls for strengthening the regulatory
framework to improve the efficiency and effectiveness of the power system.
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The Alternative Energy Development Board (AEDB) is a government organization in
Pakistan established in 2007 to promote and develop renewable energy. The organization
is responsible for creating a supportive environment for investment in renewable energy
projects, providing technical assistance to developers, and issuing licenses and permits for
renewable energy projects. Additionally, AEDB offers various incentives for investors to
encourage renewable energy development in Pakistan. One of the central policies of AEDB
is to increase the use of renewable energy sources in the country. Pakistan heavily depends
on fossil fuels, contributing to high greenhouse gas emissions and import bills. AEDB is
working to reduce this dependence by promoting clean energy sources such as solar, wind,
and biogas [88].

One of the critical initiatives of AEDB is the development of large-scale solar power
projects. The organization is working to increase the installed capacity of solar power in the
country by developing solar power parks and implementing net metering policies. AEDB
is also working to improve the use of solar energy in rural areas by providing subsidies and
technical assistance to farmers and rural communities. In addition to solar power, AEDB is
also working to develop wind energy in Pakistan. The organization is working to increase
the installed capacity of wind power in the country by developing wind power parks and
implementing net metering policies. AEDB is also working to improve the use of wind
energy in rural areas by providing subsidies and technical assistance to farmers and rural
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communities [89]. Another key initiative of AEDB is the development of biogas projects.
Biogas is a clean and renewable energy source produced from the decomposition of organic
matter. AEDB is working to increase the use of biogas in Pakistan by developing large-scale
biogas plants and implementing policies that promote biogas in rural areas. AEDB is also
working to create a supportive environment for investment in renewable energy projects.
The organization provides various incentives to investors to encourage renewable energy
development in Pakistan. These incentives include tax exemptions, low-interest loans,
and subsidies. Additionally, AEDB offers technical assistance to developers to help them
navigate the regulatory and administrative processes involved in developing renewable
energy projects [90,91].

5.3. Net Metering

A system known as net metering enables people and businesses to produce their
electricity using renewable energy sources, such as solar or wind power, and then send
any excess energy back to the grid for credits on their utility bill. This system is becoming
increasingly popular in Pakistan to promote clean energy and reduce dependence on fossil
fuels [92]. The National Electric Power Regulatory Authority (NEPRA) regulates the net
metering system in Pakistan. Under NEPRA’s rules, customers who want to participate in
the net metering program must first obtain approval from their local distribution company
(LDC). The LDC then installs a special meter to measure the electricity the customer uses
from the grid and the electricity they send back to the grid [93].

Once the net metering system is in place, customers receive credits on their utility
bill for any excess electricity they send back to the grid. These credits can offset the cost
of electricity that the customer uses from the grid later. For example, suppose customers
generate more electricity than they use during the day (when the sun is shining or the wind
is blowing). In that case, they can send that excess energy back to the grid and receive
credits they can use at night when they need electricity from the grid [94]. Net metering
has many advantages, one of which is that it encourages using renewable energy. Allowing
individuals and businesses to generate electricity encourages them to invest in solar panels,
wind turbines, and other renewable energy technologies. This technology helps reduce
Pakistan’s dependence on fossil fuels, significantly contributing to climate change and air
pollution [95].

Another benefit of net metering is that it can help to stabilize the electricity grid. When
many people and businesses generate electricity, it reduces the demand for electricity from
traditional power plants. This strategy can help reduce the need for expensive and polluting
Peaker plants, typically only used during high demand [95]. However, some challenges are
associated with the net metering system in Pakistan. One of the main challenges is that the
system is not yet widely available throughout the country. Currently, net metering is only
available in a few select areas. Many customers may be unable to participate in the program
due to a lack of access to the necessary infrastructure [96]. Another challenge is that the
system can be complex and require significant equipment investment and installation. For
example, customers who want to participate in the net metering program may need to
purchase expensive solar panels or wind turbines and may also need to pay to install a
particular meter [97].

Despite these obstacles, net metering can significantly contribute to Pakistan’s promo-
tion of renewable energy. Allowing individuals and businesses to generate their electricity
and receive credits for any excess energy they send back to the grid provides a financial
incentive for people to invest in renewable energy technologies. This strategy, in turn,
can help to reduce dependence on fossil fuels, stabilize the electricity grid, and promote
sustainable development.

5.4. Economical Impacts of Microgrid Projects in Pakistan

The increasing energy demand in Pakistan and the challenges of supplying reliable and
affordable electricity to remote and underserved areas have led to an interest in implement-
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ing microgrids. Microgrids can enhance energy efficiency by optimizing energy generation
and consumption, minimizing transmission and distribution losses, and utilizing advanced
demand-side management strategies [98]. By incorporating renewable energy sources,
microgrids can reduce the need for imported fossil fuels, resulting in lower energy costs and
reduced exposure to volatile global energy prices. Microgrids can be critical in promoting
rural electrification in Pakistan, where a significant portion of the population lacks access to
reliable electricity. Microgrids’ design, construction, operation, and maintenance can create
employment opportunities in various fields, such as engineering, project management, and
technical services. One of the examples is the Gomal Zam Dam Solar Microgrid project in
South Waziristan, which provides electricity to approximately 30,000 residents [99]. The
1.9 MW solar PV system has reduced the need for diesel-powered generators, lowering
fuel costs and emissions. This project demonstrates the potential for microgrids to improve
energy security and provide clean electricity in remote areas [100]. Another one is the Thar
Desert Wind–Solar Hybrid microgrid project, which combines wind and solar energy to
provide electricity to remote communities in the Thar Desert [101]. This project reduces
dependency on expensive diesel fuel and supports the local economy by providing job
opportunities in renewable energy installation and maintenance. Another is the Punjab
Biomass Microgrid project, which utilizes agricultural waste to generate electricity in rural
areas [102]. By converting biomass waste into energy, this project addresses waste disposal
challenges and provides a sustainable and reliable energy source for local communities.

5.5. Environmental Aspects of Microgrid Projects in Pakistan

Pakistan’s energy sector is currently dominated by fossil fuel-based power genera-
tion, leading to significant environmental concerns such as greenhouse gas emissions, air
pollution, and resource depletion. Microgrids offer an alternative, sustainable solution to
address these challenges by integrating renewable energy sources and improving overall
energy efficiency. The proportion of renewable energy within a microgrid directly impacts
its potential to reduce GHG emissions [103]. Higher penetration of renewable energy
sources, such as solar PV, wind, and biomass, reduces emissions. Integrating demand-side
management (DSM) strategies, such as demand response, energy efficiency, and load shift-
ing, can help optimize energy consumption and reduce the need for power generation from
fossil fuels, thereby reducing GHG emissions. Renewable energy sources, such as solar and
wind power, produce negligible air pollutants, resulting in cleaner air and reduced health
risks associated with poor air quality. In urban areas, where air pollution is particularly
severe, microgrids can significantly alleviate this environmental burden [104]. Microgrids
can contribute to preserving and enhancing ecosystem services by minimizing land use
change, habitat loss, and other environmental impacts associated with large-scale power
plants and transmission infrastructure. By generating electricity close to the point of con-
sumption, microgrids can reduce the need for large-scale infrastructure projects that can
fragment habitats and disrupt ecosystems [105]. In addition, microgrids can support the
development of sustainable agriculture and forestry practices by providing clean, reliable
energy for irrigation, processing, and other activities.

5.6. Limitations in Pakistan
5.6.1. Cost

One major limitation of microgrids is their cost. Building and maintaining a microgrid
can require substantial upfront expenditure, and ongoing maintenance and repair costs can
also be high. The high price can make it difficult for many communities, particularly those
in developing countries, to afford the necessary infrastructure [106]. Microgrid projects
require a significant initial investment, and many local investors are unwilling to invest in
such projects. The government of Pakistan has implemented several policies and programs
to encourage private investment in the power sector, such as establishing a Power Sector
Restructuring Program (PRF) and creating a Power Policy Framework (PPF) [107]. The
high cost of components is also a significant impediment to Pakistan’s microgrid industry’s
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expansion. The cost of solar panels, batteries, and other parts needed to build and operate
a microgrid can be prohibitively high, particularly in rural and remote areas [108,109].
Microgrids also rely heavily on renewable energy sources such as solar and wind power.
Although these energy sources are becoming increasingly cost-effective, they can still be
more expensive than traditional fossil fuels. Additionally, the availability of renewable
energy sources can be affected by weather conditions, making it challenging to ensure a
steady power supply [110].

5.6.2. Scalability

Another limitation of microgrids is their scalability. Microgrids meet the energy needs
of a specific community or region. They may be unable to quickly expand to meet a growing
population’s needs [111]. Expansion issues can make it difficult for microgrids to keep pace
with population growth and changing energy demands [112].

5.6.3. Sophisticated Electronic Devices

Microgrids depend on advanced electronic devices to control and monitor electricity
distribution, vulnerability to cyber-attacks, and physical damage [113,114]. Furthermore,
microgrids rely on the quality and reliability of the equipment, such as inverters, genera-
tors, and energy storage systems. The failure of any of these components can result in a
disruption of the power supply. As technology and policy evolve, microgrids will become
increasingly viable and cost-effective for meeting energy needs.

5.6.4. Lack of Technical Skills

One of the significant challenges is the lack of technical expertise and capacity in the
country. Many local companies lack the knowledge and resources to develop and operate
microgrid projects. Another challenge is the shortage of trained workers in the microgrid
industry. The lack of engineers and technicians with the necessary skills and experience
to work in the microgrid sector has made it difficult for the country to develop microgrid
projects. Lack of expertise has led to delays and inefficiencies in implementing microgrid
projects, as well as increased costs [115]. To address this problem, the government of
Pakistan has established several training and capacity-building programs, such as the Na-
tional Power Training Institute (NPTI), which aims to train local technicians and engineers
in the operation and maintenance of power generation, transmission, and distribution
infrastructure [116].

5.6.5. Regulatory Challenges

Additionally, microgrids also face regulatory challenges in Pakistan. Many policies
and regulations governing the generation and distribution of electricity in Pakistan do not
accommodate microgrids. These policies can make it difficult for microgrid developers to
navigate the legal and regulatory landscape, and can also make it difficult for microgrids to
connect to the larger grid. One of the main challenges is the absence of a clear and stable
policy structure. The National Electric Power Regulatory Authority (NEPRA) Microgrid
Regulations were issued in 2016, providing a framework for developing and operating
microgrids in the country. However, the lack of a clear and stable policy framework has
made it difficult for investors to invest in microgrid projects. The situation is made worse
by the absence of regulatory supervision and enforcement, which has caused investors to
lose faith in the system.

5.6.6. Government Policies

The government of Pakistan has recognized the potential of microgrids and has
implemented several policies to promote their development. One key policy is the National
Electric Power Regulatory Authority (NEPRA) Microgrid Regulations, issued in 2016.
These regulations provide a framework for developing and operating microgrids in the
country. They cover issues such as licensing, tariffs, and technical standards. Another
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important policy is the National Energy Efficiency and Conservation Strategy (NEECS),
launched in 2015 [117]. The strategy includes several measures to improve energy efficiency
and promote renewable energy sources, such as solar and wind power. Microgrids are an
essential component of the NEECS, as they can help increase the penetration of renewable
energy in the country.

The government of Pakistan has also launched several initiatives to support the
development of microgrids in the country. One such initiative is the “Access to Clean
Energy” program, which aims to provide access to clean and affordable energy to off-grid
communities [118]. The program includes the installation of microgrids in remote and rural
areas, as well as the provision of technical assistance and capacity building. In addition,
the government has also announced plans to establish a Microgrid Development Fund
(MDF) to provide financial support for developing microgrids in the country [119]. The
fund will provide grants and loans to microgrid developers and cover the costs of technical
assistance and capacity building.

The government of Pakistan has also been actively promoting using microgrids to
solve the energy crisis. The Alternative Energy Development Board (AEDB) has set a
target of installing 2500 MW of renewable energy by 2025, with a significant portion of this
coming from microgrids. Furthermore, the National Electric Power Regulatory Authority
(NEPRA) has also issued regulations to facilitate the development of microgrids [120,121].
The Rural Electrification Corporation (REC) has implemented several microgrid projects
in rural areas, providing electricity to remote communities without previous access to the
grid. The Aga Khan Rural Support Program (AKRSP) has also implemented microgrid
projects in the northern areas of Pakistan, providing clean energy to remote communities
in the Gilgit-Baltistan and Chitral regions [122]. In addition, the government of Pakistan
has launched several initiatives to promote renewable energy development, including
the National Renewable Energy Policy (NRE) and the National Electric Power Regulatory
Authority (NEPRA) Renewable Energy Policy. These policies try to enhance the proportion
of renewable energy in the nation’s power generation mix and provide a framework for
developing microgrids.

5.6.7. Microgrids’ Future Scope in Pakistan

In recent years, Pakistan has faced an energy crisis due to increasing demand, insuffi-
cient supply, and a lack of investment in new power generation projects. Microgrids can
help to address these challenges by providing reliable and sustainable power to remote
and off-grid communities. One of the main advantages of microgrids in Pakistan is their
ability to provide power to remote and off-grid communities. Many rural communities
in Pakistan lack access to the national grid and depend on expensive and polluting diesel
generators for their electricity needs. Microgrids, powered by renewable energy sources
such as solar and wind power, can provide a cleaner and more affordable alternative to
these generators. In addition, microgrids can also help to improve the resilience of the grid
during power outages. Pakistan’s power grid is prone to frequent outages, often caused by
technical issues, theft, and sabotage. Microgrids can provide a reliable power source during
these outages, helping keep essential services such as hospitals and water treatment plants
operational. The cost of microgrids is decreasing in Pakistan as well. The price of solar
panels and other components has reduced significantly in recent years, making microgrids
more affordable.

Furthermore, the government has also introduced various incentives and subsidies for
renewable energy projects, which can help lower the microgrid projects’ costs. Moreover,
microgrids have the potential to provide employment opportunities to locals. Microgrids’
installation, operation, and maintenance can create jobs for local people, significantly
boosting the local economy.
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6. Discussion

In this research article, we have explored the potential of microgrid development as a
solution to address global sustainability issues while considering the specific context of
Pakistan. Our analysis has highlighted the numerous advantages of microgrids, including
enhanced energy resilience, increased renewable energy integration, improved energy effi-
ciency, and the empowerment of local communities. However, we have also acknowledged
the challenges associated with microgrid implementation, such as technical difficulties,
economic constraints, regulatory barriers, and social acceptance. We have gained valuable
insights into the strategies and technologies needed to overcome these challenges by ex-
amining various research areas and technical aspects of microgrid development. In the
case of Pakistan, microgrid development presents a unique opportunity to tackle energy
poverty, reduce greenhouse gas emissions, and promote sustainable economic growth. By
learning from international best practices and adapting them to the local context, Pakistan
can leverage the benefits of microgrids to address its pressing sustainability issues and
contribute to global efforts towards a more sustainable future.

7. Conclusions

In conclusion, microgrids represent a promising technology with the potential to
transform the energy system and provide numerous benefits. By addressing the many
technical, policy, and regulatory challenges associated with microgrid development, it
may be possible to realize the full potential of microgrids and create a more sustainable,
equitable, and resilient energy system. With their ability to promote cybersecurity, social
equity, environmental responsibility, interoperability, regulatory clarity, resilience, financial
sustainability, and the integration of renewable energy sources, microgrids represent an
important area of focus for researchers, policymakers, and energy industry professionals.
Microgrids have the potential to play a significant role in addressing Pakistan’s energy
crisis by providing reliable and sustainable power to remote and off-grid communities. The
government of Pakistan is also actively promoting the use of microgrids as a solution to
the energy crisis. However, several challenges, such as a lack of technical expertise and
capacity, regulatory challenges, and financing, must be addressed for microgrids to reach
their full potential in Pakistan. As these challenges are addressed, microgrids can become
an increasingly viable and cost-effective option for meeting energy needs in the country.

Author Contributions: Conceptualization, S.S. and M.A.A.; methodology, H.A.; writing—original
draft preparation, S.S.; writing—review and editing, M.I. and R.M.; supervision and project adminis-
tration, H.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work received funding from the Department of Electric Power and Energy System,
Dicle University, 21280, Diyarbakır, Turkey.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ekanayake, U.N.; Navaratne, U.S. A Survey on Microgrid Control Techniques in Islanded Mode. J. Electr. Comput. Eng. 2020,

2020, 6275460. [CrossRef]
2. Kumar, G.V.B.; Palanisamy, K. A Review of Energy Storage Participation for Ancillary Services in a Microgrid Environment.

Inventions 2020, 5, 63. [CrossRef]
3. Debouza, M.; Al-Durra, A.; El-Fouly, T.H.; Zeineldin, H.H. Survey on microgrids with flexible boundaries: Strategies, applications,

and future trends. Electr. Power Syst. Res. 2022, 205, 107765. [CrossRef]
4. López-Prado, J.L.; Vélez, J.I.; Garcia-Llinás, G.A. Reliability Evaluation in Distribution Networks with Microgrids: Review and

Classification of the Literature. Energies 2020, 13, 6189. [CrossRef]
5. Amrutha Raju, B.; Vuddanti, S.; Salkuti, S.R. Review of Energy Management System Approaches in Microgrids. Energies 2021,

14, 5459. [CrossRef]
6. Ansari, S.; Chandel, A.; Tariq, M. A Comprehensive Review on Power Converters Control and Control Strategies of AC/DC

Microgrid. IEEE Access 2020, 9, 17998–18015. [CrossRef]

http://doi.org/10.1155/2020/6275460
http://doi.org/10.3390/inventions5040063
http://doi.org/10.1016/j.epsr.2021.107765
http://doi.org/10.3390/en13236189
http://doi.org/10.3390/en14175459
http://doi.org/10.1109/ACCESS.2020.3020035


Sustainability 2023, 15, 6366 24 of 28

7. Rebollal, D.; Carpintero-Rentería, M.; Santos-Martín, D.; Chinchilla, M. Microgrid and Distributed Energy Resources Standards
and Guidelines Review: Grid Connection and Operation Technical Requirements. Energies 2021, 14, 523. [CrossRef]

8. Gao, K.; Wang, T.; Han, C.; Xie, J.; Ma, Y.; Peng, R. A Review of Optimization of Microgrid Operation. Energies 2021, 14, 2842.
[CrossRef]

9. Roslan, M.; Hannan, M.; Ker, P.J.; Mannan, M.; Muttaqi, K.; Mahlia, T.I. Microgrid control methods toward achieving sustainable
energy management: A bibliometric analysis for future directions. J. Clean. Prod. 2022, 348, 131340. [CrossRef]

10. Shahgholian, G. A brief review on microgrids: Operation, applications, modeling, and control. Int. Trans. Electr. Energy Syst. 2021,
31, e12885. [CrossRef]

11. Wei, C.; Shen, Z.; Xiao, D.; Wang, L.; Bai, X.; Chen, H. An optimal scheduling strategy for peer-to-peer trading in interconnected
microgrids based on RO and Nash bargaining. Appl. Energy 2021, 295, 117024. [CrossRef]

12. Arcos-Aviles, D.; Guinjoan, F.; Pascual, J.; Marroyo, L.; Sanchis, P.; Gordillo, R.; Ayala, P.; Marietta, M.P. A Review of Fuzzy-Based
Residential Grid-Connected Microgrid Energy Management Strategies for Grid Power Profile Smoothing. In Energy Sustainability
in Built and Urban Environments; Springer: Berlin/Heidelberg, Germany, 2018; pp. 165–199. [CrossRef]

13. Cagnano, A.; De Tuglie, E.; Mancarella, P. Microgrids: Overview and guidelines for practical implementations and operation.
Appl. Energy 2019, 258, 114039. [CrossRef]

14. Choudhury, S. A comprehensive review on issues, investigations, control and protection trends, technical challenges and future
directions for Microgrid technology. Int. Trans. Electr. Energy Syst. 2020, 30, e12446. [CrossRef]

15. Ali, S.; Zheng, Z.; Aillerie, M.; Sawicki, J.-P.; Péra, M.-C.; Hissel, D. A Review of DC Microgrid Energy Management Systems
Dedicated to Residential Applications. Energies 2021, 14, 4308. [CrossRef]

16. Fontenot, H.; Dong, B. Modeling and control of building-integrated microgrids for optimal energy management—A review. Appl.
Energy 2019, 254, 113689. [CrossRef]

17. Lopez-Garcia, T.B.; Coronado-Mendoza, A.; Domínguez-Navarro, J.A. Artificial neural networks in microgrids: A review. Eng.
Appl. Artif. Intell. 2020, 95, 103894. [CrossRef]

18. Wang, Y.; Rousis, A.O.; Strbac, G. On microgrids and resilience: A comprehensive review on modeling and operational strategies.
Renew. Sustain. Energy Rev. 2020, 134, 110313. [CrossRef]

19. Mishra, M.; Chandak, S.; Rout, P.K. Taxonomy of Islanding detection techniques for distributed generation in microgrid. Renew.
Energy Focus 2019, 31, 9–30. [CrossRef]

20. Derks, M.; Romijn, H. Sustainable performance challenges of rural microgrids: Analysis of incentives and policy framework in
Indonesia. Energy Sustain. Dev. 2019, 53, 57–70. [CrossRef]

21. Kirchhoff, H.; Strunz, K. Key drivers for successful development of peer-to-peer microgrids for swarm electrification. Appl.
Energy 2019, 244, 46–62. [CrossRef]

22. Dawood, F.; Shafiullah, G.; Anda, M. Stand-Alone Microgrid with 100% Renewable Energy: A Case Study with Hybrid Solar
PV-Battery-Hydrogen. Sustainability 2020, 12, 2047. [CrossRef]

23. Adefarati, T.; Obikoya, G. Assessment of Renewable Energy Technologies in a Standalone Microgrid System. Int. J. Eng. Res. Afr.
2020, 46, 146–167. [CrossRef]

24. Kumar, A.; Sah, B.; Singh, A.R.; Deng, Y.; He, X.; Kumar, P.; Bansal, R. Multicriteria decision-making methodologies and their
applications in sustainable energy system/microgrids. In Decision Making Applications in Modern Power Systems; Academic Press:
Cambridge, MA, USA, 2019; pp. 1–40. [CrossRef]

25. Barik, A.K.; Das, D.C. Integrated resource planning in sustainable energy-based distributed microgrids. Sustain. Energy Technol.
Assessments 2021, 48, 101622. [CrossRef]

26. Arfeen, Z.A.; Khairuddin, A.B.; Larik, R.M.; Saeed, M.S. Control of distributed generation systems for microgrid applications: A
technological review. Int. Trans. Electr. Energy Syst. 2019, 29, e12072. [CrossRef]

27. Hannan, M.; Faisal, M.; Ker, P.J.; Begum, R.; Dong, Z.; Zhang, C. Review of optimal methods and algorithms for sizing energy
storage systems to achieve decarbonization in microgrid applications. Renew. Sustain. Energy Rev. 2020, 131, 110022. [CrossRef]

28. Sahoo, B.; Routray, S.K.; Rout, P.K. AC, DC, and hybrid control strategies for smart microgrid application: A review. Int. Trans.
Electr. Energy Syst. 2020, 31, e12683. [CrossRef]

29. Tomin, N.; Shakirov, V.; Kozlov, A.; Sidorov, D.; Kurbatsky, V.; Rehtanz, C.; Lora, E.E.S. Design and optimal energy management
of community microgrids with flexible renewable energy sources. Renew. Energy 2022, 183, 903–921. [CrossRef]

30. Nejabatkhah, F.; Li, Y.W.; Liang, H.; Ahrabi, R.R. Cyber-Security of Smart Microgrids: A Survey. Energies 2020, 14, 27. [CrossRef]
31. Rasool, M.; Khan, M.A.; Tahir, S. Optimal On-Grid Hybrid AC/DC Microgrid for a Small Village in Muzaffargarh District,

Pakistan. In Proceedings of the 2021 International Conference on Emerging Power Technologies (ICEPT), Topi, Pakistan, 10–11
April 2021; pp. 1–8. [CrossRef]

32. Batiyah, S.; Sharma, R.; Abdelwahed, S.; Alhosaini, W.; Aldosari, O. Predictive Control of PV/Battery System under Load and
Environmental Uncertainty. Energies 2022, 15, 4100. [CrossRef]

33. Peddakapu, K.; Mohamed, M.; Srinivasarao, P.; Arya, Y.; Leung, P.; Kishore, D. A state-of-the-art review on modern and future
developments of AGC/LFC of conventional and renewable energy-based power systems. Renew. Energy Focus 2022, 43, 146–171.
[CrossRef]

34. Barik, A.K.; Jaiswal, S.; Das, D.C. Recent trends and development in hybrid microgrid: A review on energy resource planning
and control. Int. J. Sustain. Energy 2021, 41, 308–322. [CrossRef]

http://doi.org/10.3390/en14030523
http://doi.org/10.3390/en14102842
http://doi.org/10.1016/j.jclepro.2022.131340
http://doi.org/10.1002/2050-7038.12885
http://doi.org/10.1016/j.apenergy.2021.117024
http://doi.org/10.1007/978-981-13-3284-5_8
http://doi.org/10.1016/j.apenergy.2019.114039
http://doi.org/10.1002/2050-7038.12446
http://doi.org/10.3390/en14144308
http://doi.org/10.1016/j.apenergy.2019.113689
http://doi.org/10.1016/j.engappai.2020.103894
http://doi.org/10.1016/j.rser.2020.110313
http://doi.org/10.1016/j.ref.2019.09.001
http://doi.org/10.1016/j.esd.2019.08.003
http://doi.org/10.1016/j.apenergy.2019.03.016
http://doi.org/10.3390/su12052047
http://doi.org/10.4028/www.scientific.net/JERA.46.146
http://doi.org/10.1016/b978-0-12-816445-7.00001-3
http://doi.org/10.1016/j.seta.2021.101622
http://doi.org/10.1002/2050-7038.12072
http://doi.org/10.1016/j.rser.2020.110022
http://doi.org/10.1002/2050-7038.12683
http://doi.org/10.1016/j.renene.2021.11.024
http://doi.org/10.3390/en14010027
http://doi.org/10.1109/icept51706.2021.9435501
http://doi.org/10.3390/en15114100
http://doi.org/10.1016/j.ref.2022.09.006
http://doi.org/10.1080/14786451.2021.1910698


Sustainability 2023, 15, 6366 25 of 28

35. Alzahrani, A.; Sajjad, K.; Hafeez, G.; Murawwat, S.; Khan, S.; Khan, F.A. Real-time energy optimization and scheduling of
buildings integrated with renewable microgrid. Appl. Energy 2023, 335, 120640. [CrossRef]

36. Xu, J.; Yi, Y. Multi-microgrid low-carbon economy operation strategy considering both source and load uncertainty: A Nash
bargaining approach. Energy 2023, 263, 125712. [CrossRef]

37. Lei, B.; Ren, Y.; Luan, H.; Dong, R.; Wang, X.; Liao, J.; Fang, S.; Gao, K. A Review of Optimization for System Reliability of
Microgrid. Mathematics 2023, 11, 822. [CrossRef]

38. Alam, S.; Al-Ismail, F.S.; Al-Sulaiman, F.A.; Abido, M.A. Energy management in DC microgrid with an efficient voltage
compensation mechanism. Electr. Power Syst. Res. 2023, 214, 108842. [CrossRef]

39. Fazal, S.; Haque, E.; Arif, M.T.; Gargoom, A.; Oo, A.M.T. Grid integration impacts and control strategies for renewable based
microgrid. Sustain. Energy Technol. Assess. 2023, 56, 103069. [CrossRef]

40. Vita, V.; Fotis, G.; Pavlatos, C.; Mladenov, V. A New Restoration Strategy in Microgrids after a Blackout with Priority in Critical
Loads. Sustainability 2023, 15, 1974. [CrossRef]

41. Farrokhabadi, M.; Canizares, C.A.; Simpson-Porco, J.W.; Nasr, E.; Fan, L.; Mendoza-Araya, P.A.; Tonkoski, R.; Tamrakar, U.;
Hatziargyriou, N.D.; Lagos, D.; et al. Microgrid Stability Definitions, Analysis, and Examples. IEEE Trans. Power Syst. 2019, 35,
13–29. [CrossRef]

42. Yang, F.; Feng, X.; Li, Z. Advanced Microgrid Energy Management System for Future Sustainable and Resilient Power Grid. IEEE
Trans. Ind. Appl. 2019, 55, 7251–7260. [CrossRef]

43. Shayeghi, H.; Shahryari, E.; Moradzadeh, M.; Siano, P. A Survey on Microgrid Energy Management Considering Flexible Energy
Sources. Energies 2019, 12, 2156. [CrossRef]

44. Yang, J.; Su, C. Robust optimization of microgrid based on renewable distributed power generation and load demand uncertainty.
Energy 2021, 223, 120043. [CrossRef]

45. Kumar, P.S.; Chandrasena, R.P.S.; Ramu, V.; Srinivas, G.N.; Babu, K.V.S.M. Energy Management System for Small Scale Hybrid
Wind Solar Battery Based Microgrid. IEEE Access 2020, 8, 8336–8345. [CrossRef]

46. Muhtadi, A.; Pandit, D.; Nguyen, N.; Mitra, J. Distributed Energy Resources Based Microgrid: Review of Architecture, Control,
and Reliability. IEEE Trans. Ind. Appl. 2021, 57, 2223–2235. [CrossRef]

47. Bandeiras, F.; Pinheiro, E.; Gomes, M.; Coelho, P.; Fernandes, J. Review of the cooperation and operation of microgrid clusters.
Renew. Sustain. Energy Rev. 2020, 133, 110311. [CrossRef]

48. Adefarati, T.; Bansal, R. Reliability, economic and environmental analysis of a microgrid system in the presence of renewable
energy resources. Appl. Energy 2018, 236, 1089–1114. [CrossRef]

49. Baloch, S.; Muhammad, M.S. An Intelligent Data Mining-Based Fault Detection and Classification Strategy for Microgrid. IEEE
Access 2021, 9, 22470–22479. [CrossRef]

50. Chandak, S.; Rout, P.K. The implementation framework of a microgrid: A review. Int. J. Energy Res. 2020, 45, 3523–3547.
[CrossRef]

51. Gulzar, M.M.; Iqbal, M.; Shahzad, S.; Muqeet, H.A.; Shahzad, M.; Hussain, M.M. Load Frequency Control (LFC) Strategies in
Renewable Energy-Based Hybrid Power Systems: A Review. Energies 2022, 15, 3488. [CrossRef]

52. Tobajas, J.; Garcia-Torres, F.; Roncero-Sánchez, P.; Vázquez, J.; Bellatreche, L.; Nieto, E. Resilience-oriented schedule of microgrids
with hybrid energy storage system using model predictive control. Appl. Energy 2021, 306, 118092. [CrossRef]

53. Sinha, S.; Bajpai, P. Power management of hybrid energy storage system in a standalone DC microgrid. J. Energy Storage 2020, 30,
101523. [CrossRef]

54. Tooryan, F.; HassanzadehFard, H.; Collins, E.R.; Jin, S.; Ramezani, B. Smart integration of renewable energy resources, electrical,
and thermal energy storage in microgrid applications. Energy 2020, 212, 118716. [CrossRef]

55. Lagrange, A.; de Simón-Martín, M.; González-Martínez, A.; Bracco, S.; Rosales-Asensio, E. Sustainable microgrids with energy
storage as a means to increase power resilience in critical facilities: An application to a hospital. Int. J. Electr. Power Energy Syst.
2020, 119, 105865. [CrossRef]

56. Daneshvar, M.; Mohammadi-Ivatloo, B.; Zare, K.; Asadi, S. Transactive energy management for optimal scheduling of intercon-
nected microgrids with hydrogen energy storage. Int. J. Hydrogen Energy 2020, 46, 16267–16278. [CrossRef]

57. Ahmed, M.; Meegahapola, L.; Vahidnia, A.; Datta, M. Stability and Control Aspects of Microgrid Architectures–A Comprehensive
Review. IEEE Access 2020, 8, 144730–144766. [CrossRef]

58. Al-Ismail, F.S. DC Microgrid Planning, Operation, and Control: A Comprehensive Review. IEEE Access 2021, 9, 36154–36172.
[CrossRef]

59. Saxena, V.; Kumar, N.; Singh, B.; Panigrahi, B.K. An MPC Based Algorithm for a Multipurpose Grid Integrated Solar PV System
With Enhanced Power Quality and PCC Voltage Assist. IEEE Trans. Energy Convers. 2021, 36, 1469–1478. [CrossRef]

60. Shahzad, S.; Abbasi, M.A.; Chaudhry, M.A.; Hussain, M.M. Model Predictive Control Strategies in Microgrids: A Concise Revisit.
IEEE Access 2022, 10, 122211–122225. [CrossRef]

61. Yang, W.; Kang, X.; Wang, X.; Wang, M. MPC-based three-phase unbalanced power coordination control method for microgrid
clusters. Energy Rep. 2023, 9, 1830–1841. [CrossRef]

62. Dagar, A.; Gupta, P.; Niranjan, V. Microgrid protection: A comprehensive review. Renew. Sustain. Energy Rev. 2021, 149, 111401.
[CrossRef]

http://doi.org/10.1016/j.apenergy.2023.120640
http://doi.org/10.1016/j.energy.2022.125712
http://doi.org/10.3390/math11040822
http://doi.org/10.1016/j.epsr.2022.108842
http://doi.org/10.1016/j.seta.2023.103069
http://doi.org/10.3390/su15031974
http://doi.org/10.1109/TPWRS.2019.2925703
http://doi.org/10.1109/TIA.2019.2912133
http://doi.org/10.3390/en12112156
http://doi.org/10.1016/j.energy.2021.120043
http://doi.org/10.1109/ACCESS.2020.2964052
http://doi.org/10.1109/TIA.2021.3065329
http://doi.org/10.1016/j.rser.2020.110311
http://doi.org/10.1016/j.apenergy.2018.12.050
http://doi.org/10.1109/ACCESS.2021.3056534
http://doi.org/10.1002/er.6064
http://doi.org/10.3390/en15103488
http://doi.org/10.1016/j.apenergy.2021.118092
http://doi.org/10.1016/j.est.2020.101523
http://doi.org/10.1016/j.energy.2020.118716
http://doi.org/10.1016/j.ijepes.2020.105865
http://doi.org/10.1016/j.ijhydene.2020.09.064
http://doi.org/10.1109/ACCESS.2020.3014977
http://doi.org/10.1109/ACCESS.2021.3062840
http://doi.org/10.1109/TEC.2021.3059754
http://doi.org/10.1109/ACCESS.2022.3223298
http://doi.org/10.1016/j.egyr.2022.12.079
http://doi.org/10.1016/j.rser.2021.111401


Sustainability 2023, 15, 6366 26 of 28

63. Beheshtaein, S.; Cuzner, R.M.; Forouzesh, M.; Savaghebi, M.; Guerrero, J.M. DC Microgrid Protection: A Comprehensive Review.
IEEE J. Emerg. Sel. Top. Power Electron. 2019, 1, 2904588. [CrossRef]

64. Chandra, A.; Singh, G.K.; Pant, V. Protection techniques for DC microgrid- A review. Electr. Power Syst. Res. 2020, 187, 106439.
[CrossRef]

65. Patnaik, B.; Mishra, M.; Bansal, R.C.; Jena, R.K. AC microgrid protection—A review: Current and future prospective. Appl. Energy
2020, 271, 115210. [CrossRef]

66. Khan, R.; Khan, A. Cost Optimization of Hybrid Microgrid across China-Pakistan Economic Corridor (CPEC) Eastern Route for
Rural Electrification in Pakistan. In Proceedings of the 2019 3rd International Conference on Energy Conservation and Efficiency
(ICECE), Lahore, Pakistan, 23–24 October 2019. [CrossRef]

67. Baig, M.J.A.; Iqbal, M.T.; Jamil, M.; Khan, J. Design and Analysis of an Isolated DC-Microgrid for a Remote Community in
Pakistan. In Proceedings of the 2021 IEEE 12th Annual Ubiquitous Computing, Electronics & Mobile Communication Conference
(UEMCON), New York, NY, USA, 1–4 December 2021; pp. 712–716. [CrossRef]

68. Khan, S.N.; Kazmi, S.A.A. Integrative decision-making framework for techno-economic planning and sustainability assessment
of renewable dominated standalone hybrid microgrids infrastructure at provincial scale of Pakistan. Energy Convers. Manag. 2022,
270, 116168. [CrossRef]

69. Khan, M.A.; Aziz, M.S.; Khan, A.; Zeb, K.; Uddin, W.; Ishfaq, M. An Optimized Off-gird Renewable AC/DC Microgrid for Remote
Communities of Pakistan. In Proceedings of the 2019 International Conference on Electrical, Communication, and Computer
Engineering (ICECCE), Swat, Pakistan, 24–25 July 2019. [CrossRef]

70. Sattar, M.; Azeem, F.; Memon, Z.; Zidan, H.; Baig, S. Feasibility Assessment of Rural Hybrid Microgrid Using Canal-Based
Microhydel Resources: A Case Study of Renala Khurd Pakistan. Sustainability 2022, 14, 15417. [CrossRef]

71. Shah, S.A.A.; Solangi, Y.A. A sustainable solution for electricity crisis in Pakistan: Opportunities, barriers, and policy implications
for 100% renewable energy. Environ. Sci. Pollut. Res. 2019, 26, 29687–29703. [CrossRef]

72. Shahid, M.; Ullah, K.; Imran, K.; Mahmood, I.; Mahmood, A. Electricity supply pathways based on renewable resources: A
sustainable energy future for Pakistan. J. Clean. Prod. 2020, 263, 121511. [CrossRef]

73. Shabbir, N.; Usman, M.; Jawad, M.; Zafar, M.H.; Iqbal, M.N.; Kütt, L. Economic analysis and impact on national grid by domestic
photovoltaic system installations in Pakistan. Renew. Energy 2020, 153, 509–521. [CrossRef]

74. Yousuf, M.U.; Abbasi, M.A.; Kashif, M.; Umair, M. Energy, exergy, economic, environmental, energoeconomic, exergoeconomic,
and enviroeconomic (7E) analyses of wind farms: A case study of Pakistan. Environ. Sci. Pollut. Res. 2022, 29, 67301–67324.
[CrossRef]

75. Pakistan-Countries & Region-IEA. Available online: https://www.iea.org/countries/pakistan (accessed on 18 January 2023).
76. NEPRA | Home. Available online: https://www.nepra.org.pk/ (accessed on 18 January 2023).
77. National Transmission & Despatch Company Limited (Ntdc) Pakistan. Available online: https://ntdc.gov.pk/merit-order

(accessed on 19 March 2023).
78. Saeed, M.K.; Salam, A.; Rehman, A.U. Comparison of six different methods of Weibull distribution for wind power assessment: A

case study for a site in the Northern region of Pakistan. Sustain. Energy Technol. Assess. 2019, 36, 100541. [CrossRef]
79. Mengal, A.; Mirjat, N.H.; Das Walasai, G.; Khatri, S.A.; Harijan, K.; Uqaili, M.A. Modeling of Future Electricity Generation and

Emissions Assessment for Pakistan. Processes 2019, 7, 212. [CrossRef]
80. Salam, R.A.; Amber, K.P.; Ratyal, N.I.; Alam, M.; Akram, N.; Muñoz, C.Q.G.; Márquez, F.P.G. An Overview on Energy and

Development of Energy Integration in Major South Asian Countries: The Building Sector. Energies 2020, 13, 5776. [CrossRef]
81. Raza, M.Y.; Wasim, M.; Sarwar, M.S. Development of Renewable Energy Technologies in rural areas of Pakistan. Energy Sources,

Part A: Recover. Util. Environ. Eff. 2019, 42, 740–760. [CrossRef]
82. Ullah, K.; Raza, M.S.; Mirza, F.M. Barriers to hydro-power resource utilization in Pakistan: A mixed approach. Energy Policy 2019,

132, 723–735. [CrossRef]
83. Malik, S.; Qasim, M.; Saeed, H.; Chang, Y.; Taghizadeh-Hesary, F. Energy security in Pakistan: Perspectives and policy implications

from a quantitative analysis. Energy Policy 2020, 144, 111552. [CrossRef]
84. Irfan, M.; Zhao, Z.-Y.; Rehman, A.; Ozturk, I.; Li, H. Consumers’ intention-based influence factors of renewable energy adoption

in Pakistan: A structural equation modeling approach. Environ. Sci. Pollut. Res. 2020, 28, 432–445. [CrossRef]
85. Menhas, R.; Mahmood, S.; Tanchangya, P.; Safdar, M.N.; Hussain, S. Sustainable Development under Belt and Road Initiative: A

Case Study of China-Pakistan Economic Corridor’s Socio-Economic Impact on Pakistan. Sustainability 2019, 11, 6143. [CrossRef]
86. Uddin, R.; Shaikh, A.; Khan, H.; Shirazi, M.; Rashid, A.; Qazi, S. Renewable Energy Perspectives of Pakistan and Turkey: Current

Analysis and Policy Recommendations. Sustainability 2021, 13, 3349. [CrossRef]
87. Iqbal, W.; Yumei, H.; Abbas, Q.; Hafeez, M.; Mohsin, M.; Fatima, A.; Jamali, M.A.; Jamali, M.; Siyal, A.; Sohail, N. Assessment of

Wind Energy Potential for the Production of Renewable Hydrogen in Sindh Province of Pakistan. Processes 2019, 7, 196. [CrossRef]
88. Mahmood, A.; Wang, X.; Shahzad, A.; Fiaz, S.; Ali, H.; Naqve, M.; Javaid, M.; Mumtaz, S.; Naseer, M.; Dong, R. Perspectives on

Bioenergy Feedstock Development in Pakistan: Challenges and Opportunities. Sustainability 2021, 13, 8438. [CrossRef]
89. Malik, M.Z.; Baloch, M.H.; Ali, B.; Khahro, S.H.; Soomro, A.M.; Abbas, G.; Zhang, S. Power Supply to Local Communities

Through Wind Energy Integration: An Opportunity Through China-Pakistan Economic Corridor (CPEC). IEEE Access 2021, 9,
66751–66768. [CrossRef]

http://doi.org/10.1109/JESTPE.2019.2904588
http://doi.org/10.1016/j.epsr.2020.106439
http://doi.org/10.1016/j.apenergy.2020.115210
http://doi.org/10.1109/ece.2019.8920948
http://doi.org/10.1109/uemcon53757.2021.9666665
http://doi.org/10.1016/j.enconman.2022.116168
http://doi.org/10.1109/icecce47252.2019.8940636
http://doi.org/10.3390/su142215417
http://doi.org/10.1007/s11356-019-06102-0
http://doi.org/10.1016/j.jclepro.2020.121511
http://doi.org/10.1016/j.renene.2020.01.114
http://doi.org/10.1007/s11356-022-20576-5
https://www.iea.org/countries/pakistan
https://www.nepra.org.pk/
https://ntdc.gov.pk/merit-order
http://doi.org/10.1016/j.seta.2019.100541
http://doi.org/10.3390/pr7040212
http://doi.org/10.3390/en13215776
http://doi.org/10.1080/15567036.2019.1588428
http://doi.org/10.1016/j.enpol.2019.06.030
http://doi.org/10.1016/j.enpol.2020.111552
http://doi.org/10.1007/s11356-020-10504-w
http://doi.org/10.3390/su11216143
http://doi.org/10.3390/su13063349
http://doi.org/10.3390/pr7040196
http://doi.org/10.3390/su13158438
http://doi.org/10.1109/ACCESS.2021.3076181


Sustainability 2023, 15, 6366 27 of 28

90. Ahmad, U.S.; Usman, M.; Hussain, S.; Jahanger, A.; Abrar, M. Determinants of renewable energy sources in Pakistan: An
overview. Environ. Sci. Pollut. Res. 2022, 29, 29183–29201. [CrossRef] [PubMed]

91. Qasim, M.; Ahmad, S.; Shoukat, A. World Adoption of Renewable Energy and the Role of Pakistan in Green Energy Production.
In Proceedings of the 2022 International Conference on Technology and Policy in Energy and Electric Power (ICT-PEP), Jakarta,
Indonesia, 18–20 October 2022; pp. 139–144. [CrossRef]

92. Hassan, M.; Afridi, M.K.; Khan, M.I. Energy policies and environmental security: A multi-criteria analysis of energy policies of
Pakistan. Int. J. Green Energy 2019, 16, 510–519. [CrossRef]

93. Raza, M.A.; Aman, M.M.; Abro, A.G.; Tunio, M.A.; Khatri, K.L.; Shahid, M. Challenges and potentials of implementing a smart
grid for Pakistan’s electric network. Energy Strat. Rev. 2022, 43, 100941. [CrossRef]

94. Ahmed, T.; Yaqoob, M.A.; Sultan, W.; Latif, M.H.; Khlaid, W.; Shah, I.A. Financial Impact of Energy Efficient Retrofits on Design
of Grid Tied Solar Systems in Pakistan. In Proceedings of the 2019 International Conference on Electrical, Communication, and
Computer Engineering (ICECCE), Swat, Pakistan, 24–25 July 2019. [CrossRef]

95. Rauf, A.; Al-Awami, A.T.; Kassas, M.; Khalid, M. Optimal Sizing and Cost Minimization of Solar Photovoltaic Power System
Considering Economical Perspectives and Net Metering Schemes. Electronics 2021, 10, 2713. [CrossRef]

96. Qazi, U.; Iqbal, S.; Zaheer, H.; Ur, R.T. Prepaid metering: A way forward for sustainable power sector in Pakistan. Energy Strat.
Rev. 2020, 31, 100546. [CrossRef]

97. Jamal, H.; Butt, Y.; Basit, A.; Ramay, M.B.Z.; Rafay, A.; Tariq, M.Z.; Zia, Z.; Ahmed, H.I. Designing of Smart Net Energy Meter
with Multi-Mode Tariff Computations for the Diverse Energy Prosumers in Pakistan. In Proceedings of the 2020 IEEE 23rd
International Multitopic Conference (INMIC), Bahawalpur, Pakistan, 5–7 November 2020; pp. 1–6. [CrossRef]

98. Danish, M.S.S.; Matayoshi, H.; Howlader, H.R.; Chakraborty, S.; Mandal, P.; Senjyu, T.; Danish, M.S.S. Microgrid Planning and
Design: Resilience to Sustainability. In Proceedings of the 2019 IEEE PES GTD Grand International Conference and Exposition
Asia (GTD Asia), Bangkok, Thailand, 19–23 March 2019; pp. 253–258.

99. Muhammad, S.; Ullah, I. Spatial and seasonal variation of water quality indices in Gomal Zam Dam and its tributaries of south
Waziristan District, Pakistan. Environ. Sci. Pollut. Res. 2022, 29, 29141–29151. [CrossRef]

100. Afzal, J.; Yihong, Z.; Qayum, M.; Afzal, U.; Aslam, M. Effects of dam on temperature, humidity and precipitation of surrounding
area: A case study of Gomal Zam Dam in Pakistan. Environ. Sci. Pollut. Res. 2022, 30, 14592–14603. [CrossRef]

101. Shaikh, A.; Shaikh, P.H.; Kumar, L.; Mirjat, N.H.; Memon, Z.A.; Assad, M.E.H.; Alayi, R. Design and Modeling of a Grid-
Connected PV–WT Hybrid Microgrid System Using Net Metering Facility. Iran. J. Sci. Technol. Trans. Electr. Eng. 2022, 46,
1189–1205. [CrossRef]

102. Habib, H.U.R.; Waqar, A.; Junejo, A.K.; Ismail, M.M.; Hossen, M.; Jahangiri, M.; Kabir, A.; Khan, S.; Kim, Y.-S. Optimal
Planning of Residential Microgrids Based on Multiple Demand Response Programs Using ABC Algorithm. IEEE Access 2022, 10,
116564–116626. [CrossRef]

103. Abbasi, A.; Sultan, K.; Aziz, M.A.; Khan, A.U.; Khalid, H.A.; Guerrero, J.M.; Zafar, B.A. A Novel Dynamic Appliance Clustering
Scheme in a Community Home Energy Management System for Improved Stability and Resiliency of Microgrids. IEEE Access
2021, 9, 142276–142288. [CrossRef]

104. Abbas, S.Z.; Ali, Z.; Mahmood, A.; Haider, S.Q.; Kousar, A.; Razzaq, S.; Hassan, T.U.; Su, C.-L. Review of Smart Grid and Nascent
Energy Policies: Pakistan as a Case Study. Energies 2022, 15, 7044. [CrossRef]

105. Tahir, S.; Khan, M.A.; Rasool, M.; Naseer, N. An Optimized Off-grid Renewable Micro-Grid Design and Feasibility Analysis for
Remote Industries of Gadoon Swabi (Pakistan). In Proceedings of the 2021 International Conference on Artificial Intelligence and
Mechatronics Systems (AIMS), Bandung, Indonesia, 28–30 April 2021; pp. 1–6. [CrossRef]

106. Memon, J.A.; Hussain, A. Consumer (Co-)ownership in renewables in Pakistan. In Energy Transition: Financing Consumer
Co-Ownership in Renewables; Springer: Berlin/Heidelberg, Germany, 2019; pp. 611–635. [CrossRef]

107. Hassan, Q. Evaluation and optimization of off-grid and on-grid photovoltaic power system for typical household electrification.
Renew. Energy 2020, 164, 375–390. [CrossRef]

108. Aziz, M.S.; Khan, M.A.; Khan, A.; Nawaz, F.; Imran, M.; Siddique, A. Rural Electrification through an Optimized Off-grid
Microgrid based on Biogas, Solar, and Hydro Power. In Proceedings of the 2020 International Conference on Engineering and
Emerging Technologies (ICEET), Lahore, Pakistan, 22–23 February 2020; pp. 1–5. [CrossRef]

109. Ahmad, M.; Khan, A.; Raza, M.A.; Khan, M.A.; Rehman, M.A. Study, Design and Analysis of an Optimized Off-gird Renewable
AC/DC microgrid for a Rural School in Swabi, Pakistan. In Proceedings of the2019 22nd International Multitopic Conference
(INMIC), Islamabad, Pakistan, 29–30 November 2019. [CrossRef]

110. Sarangi, S.; Sahu, B.K.; Rout, P.K. A comprehensive review of distribution generation integratedDCmicrogrid protection: Issues,
strategies, and future direction. Int. J. Energy Res. 2020, 45, 5006–5031. [CrossRef]

111. Fotis, G.; Dikeakos, C.; Zafeiropoulos, E.; Pappas, S.; Vita, V. Scalability and Replicability for Smart Grid Innovation Projects and
the Improvement of Renewable Energy Sources Exploitation: The FLEXITRANSTORE Case. Energies 2022, 15, 4519. [CrossRef]

112. Razmi, D.; Lu, T. A Literature Review of the Control Challenges of Distributed Energy Resources Based on Microgrids (MGs):
Past, Present and Future. Energies 2022, 15, 4676. [CrossRef]

113. Blesslin, S.T.; Wessley, G.J.J.; Kanagaraj, V.; Kamatchi, S.; Radhika, A.; Janeera, D. Microgrid Optimization and Integration of
Renewable Energy Resources: Innovation, Challenges and Prospects. In Integration of Renewable Energy Sources with Smart Grid;
Wiley: Hoboken, NJ, USA, 2021; pp. 239–262. [CrossRef]

http://doi.org/10.1007/s11356-022-18502-w
http://www.ncbi.nlm.nih.gov/pubmed/34997512
http://doi.org/10.1109/ict-pep57242.2022.9988934
http://doi.org/10.1080/15435075.2019.1593177
http://doi.org/10.1016/j.esr.2022.100941
http://doi.org/10.1109/icecce47252.2019.8940648
http://doi.org/10.3390/electronics10212713
http://doi.org/10.1016/j.esr.2020.100546
http://doi.org/10.1109/inmic50486.2020.9318125
http://doi.org/10.1007/s11356-022-18524-4
http://doi.org/10.1007/s11356-022-23112-7
http://doi.org/10.1007/s40998-022-00530-4
http://doi.org/10.1109/ACCESS.2022.3219070
http://doi.org/10.1109/ACCESS.2021.3119538
http://doi.org/10.3390/en15197044
http://doi.org/10.1109/aims52415.2021.9466023
http://doi.org/10.1007/978-3-319-93518-8_26
http://doi.org/10.1016/j.renene.2020.09.008
http://doi.org/10.1109/iceet48479.2020.9048222
http://doi.org/10.1109/inmic48123.2019.9022780
http://doi.org/10.1002/er.6245
http://doi.org/10.3390/en15134519
http://doi.org/10.3390/en15134676
http://doi.org/10.1002/9781119751908.ch11


Sustainability 2023, 15, 6366 28 of 28

114. Hossain, A.; Pota, H.R.; Hossain, J.; Blaabjerg, F. Evolution of microgrids with converter-interfaced generations: Challenges and
opportunities. Int. J. Electr. Power Energy Syst. 2019, 109, 160–186. [CrossRef]

115. Habib, H.U.R.; Wang, S.; Elmorshedy, M.F.; Waqar, A.; Imran, R.M.; Kotb, K.M. Performance Enhancement of Power Converters
for PV-Based Microgrid using Model Predictive Control. In Proceedings of the 2019 International Conference on Electrical,
Communication, and Computer Engineering (ICECCE), Swat, Pakistan, 24–25 July 2019. [CrossRef]

116. Latief, R.; Lefen, L. Foreign Direct Investment in the Power and Energy Sector, Energy Consumption, and Economic Growth:
Empirical Evidence from Pakistan. Sustainability 2019, 11, 192. [CrossRef]

117. Kashif, M.; Awan, M.; Nawaz, S.; Amjad, M.; Talib, B.; Farooq, M.; Nizami, A.; Rehan, M. Untapped renewable energy potential
of crop residues in Pakistan: Challenges and future directions. J. Environ. Manag. 2019, 256, 109924. [CrossRef]

118. Baloch, Z.A.; Tan, Q.; Kamran, H.W.; Nawaz, M.A.; Albashar, G.; Hameed, J. A multi-perspective assessment approach of
renewable energy production: Policy perspective analysis. Environ. Dev. Sustain. 2021, 24, 2164–2192. [CrossRef]

119. Guo, S.; He, Y.; Pei, H.; Wu, S. The multi-objective capacity optimization of wind-photovoltaic-thermal energy storage hybrid
power system with electric heater. Sol. Energy 2019, 195, 138–149. [CrossRef]

120. Aized, T.; Rehman, S.M.S.; Sumair, M. Pakistan energy situation, policy, and issues. In Recent Advances in Renewable Energy
Technologies; Academic Press: Cambridge, MA, USA, 2021; pp. 387–428. [CrossRef]

121. Irfan, M.; Zhao, Z.-Y.; Panjwani, M.K.; Mangi, F.H.; Li, H.; Jan, A.; Ahmad, M.; Rehman, A. Assessing the energy dynamics of
Pakistan: Prospects of biomass energy. Energy Rep. 2019, 6, 80–93. [CrossRef]

122. Yousaf, A.; Khan, B.A.; Bashir, U.; Ahmad, F. Overview of Implementing Microgrid, Its Policies, Incentives and Challenges in
Pakistan. In Proceedings of the 2019 6th International Conference on Electrical and Electronics Engineering (ICEEE), Istanbul,
Turkey, 12 August 2019. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.ijepes.2019.01.038
http://doi.org/10.1109/icecce47252.2019.8940753
http://doi.org/10.3390/su11010192
http://doi.org/10.1016/j.jenvman.2019.109924
http://doi.org/10.1007/s10668-021-01524-8
http://doi.org/10.1016/j.solener.2019.11.063
http://doi.org/10.1016/b978-0-323-91093-4.00011-1
http://doi.org/10.1016/j.egyr.2019.11.161
http://doi.org/10.1109/iceee2019.2019.00009

	Introduction 
	Literature Review 
	Microgrids’ Potential Benefits 
	Microgrids’ Potential Areas for Growth and Research 
	Blockchain Technology, Artificial Intelligence, and Machine Learning in Microgrids 
	Microgrids and EV Integration 

	Global Sustainability Issues and Microgrid Development 
	Critical Aspects in Microgrid Development 

	Challenges of Microgrid Implementation 
	Cybersecurity Issues 
	Energy Storage Issues 
	Social Equity Concerns 
	Financial Concerns 
	Environmental Concerns 

	Technical Aspects of MGs Implementation 
	Harmonics and Power Quality 
	Microgrid Stability 
	Microgrid Energy Storage 
	Microgrid Control Strategies 
	Microgrid Protection Strategies 

	Microgrids in Pakistan: A Case Study 
	Pakistan’s Energy Mix 
	Energy Sector of Pakistan 
	Net Metering 
	Economical Impacts of Microgrid Projects in Pakistan 
	Environmental Aspects of Microgrid Projects in Pakistan 
	Limitations in Pakistan 
	Cost 
	Scalability 
	Sophisticated Electronic Devices 
	Lack of Technical Skills 
	Regulatory Challenges 
	Government Policies 
	Microgrids’ Future Scope in Pakistan 


	Discussion 
	Conclusions 
	References

