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and wind, aligning with Pakistan's 2030 goal of 30% renewable energy in its electricity
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Energy Systems Engineering, Thermal Energy Engineering, and Electrical Power
Engineering—to drive our mission forward. We are united by a shared vision of creating a
sustainable and resilient future for Pakistan, where cleaner energy sources play a pivotal
role in reducing the nation's vulnerability to climate-related challenges.
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stakeholders to ensure effective policy implementation. Our methodology involves a
critical examination of current energy policies to pinpoint areas of improvement and
formulate strategies for the widespread adoption of renewable energy sources across
various levels.

In line with our commitment to fostering sustainable practices, we have established a
fellowship program as part of our broader initiatives that aims to facilitate evidence-based
research for promoting energy transition in Pakistan. Through research studies, surveys,
and forecasting, we plan to assess various aspects of energy transition, including the
adoption of renewable energy technologies and their impact on climate change. Our
approach involves active engagement with stakeholders to address their concerns and
facilitate the effective implementation of policies, fostering the growth of renewable energy
manufacturing and marketing facilities.
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Executive Summary

This study focuses on the major issues of the
energy sector of Pakistan such as the over
reliance on fossil fuel-based power, increasing
cost of electricity, and environmental concerns.
Thus, the integration of RES including solar and
wind power into microgrids and the use of
energy storage system to enhance the
generation, consumption, and trading of
electricity to improve the reliability and
sustainability of the power system. The study
presents the comprehensive approach to
address these issues by leveraging multi-agent
system for optimized system operations
through demand side management approach
and optimized energy storage scheduling to
decrease the reliance on fossil fuel-based
power generation during peak tariff period,
which in turn will help to reduce the electricity
grid expenses for consumers within the
microgrids and Pakistan's environmental
sustainability goals. Furthermore, the study
focuses on the importance of fostering the
deregulated energy market, where microgrids
can purchase and sell renewable energy in the
most efficient manner and at the lowest cost
possible. This shift not only improves the local
energy trading but also promotes the
development of Pakistan's power sector and
supports the country’s overall economic and
environmental objectives.
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Besides, the study contributes to improve
energy efficiency and self-sufficiency and has
a positive impact on the environment by
minimizing carbon emissions. This align with
Pakistan's commitments to global climate goals
and Sustainable Development Goals (SDGs),
including the SDG 7, SDG 9, and SDG 11, by
encouraging innovation in energy systems,
enhancing sustainable community development,
and minimizing the environmental impact of
power generation.

The study provides a roadmap for Pakistan to
shift towards a sustainable, reliable and low-
cost energy system through the integration of
renewable energy, demand side management,
energy storage system, and deregulated
energy market structure. This approach greatly
helps in decreasing the dependency on the
fossil fuels and promoting the sustainable
development of Pakistan.

Renewable Energy Integration and Sustainable Development
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Abstract

This study provides a detailed framework for the improvement of microgrid performance and
energy management in the context of Pakistan's electricity sector. The study employs MATLAB
Simulink to create dynamic models of microgrid components including renewable energy
sources like solar panels and wind turbines, battery energy storage systems and load profiles.
The study incorporates a multi-agent system to manage energy production, consumption and
storage efficiently, with a focus on utilizing locally produced renewable energy to minimize
dependence on the main grid and lower electricity costs. The adoption of a deregulated market
system enables competitive energy trading, which is vital in addressing key problems in the
Pakistan power sector including generation capacity, fossil fuel dependency, and circular debt.
This framework allows microgrids to participate in bilateral contracts and trade energy based
on market clearing prices, thus promoting the integration of renewable energy projects and
decreasing reliance on conventional, carbon-intensive power generation. The study also shows
how microgrids can achieve the highest level of profitability by selling excess energy at the
market clearing price to adjacent microgrid and buying energy from renewable sources
cheaper than from the utility grid. The results indicate that the proposed approach results in a
reduction of the power import from the main grid and CO, emissions in all the scenarios. In
off-peak hours, Case 2 is able to attain a 42.73% reduction in energy imports, Case 3 achieves
38.69%, and Case 4 achieves 38.92%. During peak hours, Case 4 has minimized the importation
of power by 70.3%. It significantly lowers carbon emissions by 70.3% during peak periods,
contributing to reduce the impact on the environment. These findings demonstrate how
optimized energy management can help decrease the use of fossil fuels and decrease carbon
emissions, thus supporting SDG 7 on affordable, reliable, sustainable, and clean energy in
Pakistan's power sector. This study also plays a major role in the achievement of SDG 9 and
SDG 11 by encouraging innovation in microgrid technology and sustainable development. The
findings of this study are useful in understanding the prospects of transforming the Pakistan's
energy landscape through proper energy management and enabling competitive energy
market structure, microgrids present a viable solution to enhance the reliability and efficiency
of the power sector in Pakistan.



1.Introduction

1.1 Background and research motivation

Energy accessibility contributes to improving
living quality and relates to growing GDP. In
the meantime, Pakistan is experiencing a
serious energy crisis because of its inability to
fulfil the rising demand brought on by its
expanding population, developing businesses,
and expanding agricultural sector [1].
According to world bank in Pakistan 54%
people still have no access to electricity [2].
Despite  tremendous  progress,  tackling
decentralized electrification remains a critical
issue in  Pakistan, particularly given the
country’'s fast economic and demographic
expansion. Traditional top-down electrification
methods must be supplemented with more
localized, bottom-up ones. While technology
advancement has been rapid, potentially
allowing every town and people to attain
electricity self-sufficiency, persistent hurdles
remain [3]. The addition of renewable energy
(PVs, Wind) as distributed generations (DCs) to
power distribution networks given birth to
new market model seling and buying
electricity from DGs, where consumers are
connected to a micro-grid that can supply
extra electricity to other nearby consumers,
and export to public utility grid [4]. Electricity
prices are defined as available generation
(Thermal, Hydel Nuclear, PVs, Wind etc.) end-
user power price is more complex and consists
of cost of generation, transmission and
distribution other factors that are taxes, fuel
prices adjustment and agreed upon capacity
charges. In, Pakistan power sector is the only
monopolized supplier of electricity all across
the country, with an annual growth rate of 8%,
total number of consumers are 31.5 million,
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where 48% consumers are domestic followed
by the industrial consumers 28% other
including argi-commercial are 24% total
demand is 27303MWs. To cover the demand
total current installed power capacity is around
43728 MWs. Figure 1.2 depicts the total
power sources and their share in nation power.
According to system operator NTDC (National
Transmission and dispatch company), the major
generation source is thermal power (coal olil
and gas) contributes 61%, hydel power is 24%
followed by nuclear 8% the only input of
renewable energy to national grid is 6% which
is very small.

Imported Coal,
4,020, 9%

2024

N
/‘

Nuclear, 3,530, 8%

Local Coal, 3,300,
8%

Wind, 1,842, 4%

0%
HPP, 10,690, 2a%
RLNG, 10,596, 24%

Solar, 750, 2%

Baggase, 368 ,1% Gas, 3,359,8%

Figure 1.1. The total power sources and their share in

nation power [5].

In recent years, energy generation planning has
prioritized costly and imported fossil fuels.
Importing energy puts a load on the economy
and has long-term adverse effects on the
environment. Despite ranking eighth on the
long-term global climate risk index, Pakistan's

government remains uncertain about the
country’s clean and green future, relying on
thermal  fuels for inexpensive  energy
generation.
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1.2 Meeting demand and ensuring
reliability

The main objective of microgrids is to meet
three essential criteria: providing the necessary
amount of electricity precisely when needed,
while also guaranteeing a reliable and
consistent supply of power and facilitating
efficient interaction between energy supplier
and consumers. For meeting the diverse
energy demand from residential and industrial
sector, microgrid system is crucial in ensuring
stability in  the global economy and
sustainability of the environment.

1.3 Challenges and Factors that

Contribute to Energy Crises

The energy crises witnessed in multiple nations
arise from several sources, with the primary
cause being the lack of strong government
policies that can effectively respond to
increasing energy needs and alleviate
electricity shortages. The situation becomes
worse by factors such as Creenhouse Gas
(GHG) emissions, widespread power theft, and
transmission line losses caused by over
dependence on traditional energy sources.
Furthermore, the traditional system in which all
power generating facilities are centralised and
remotely controlled by a grid which is far away
from the consumption centre adversely
enhances these challenges because of the
limitation of the efficient power distribution
and transmission networks.

1.4 Enhancing Energy Solutions by
Utilising Multi-Microgrid system

An  optimal  approach  would involve
implementing a cluster arrangement  of
microgrids, comprising of renewable energy
sources such as wind and solar along with

battery energy storage system.

This design does not necessitate a transmission
network, such as those used in main grid
network. While it remains challenging to adapt
usage patterns to the optimal period of time
considering possible fluctuations in grid energy
supply, it has been demonstrated that real-time
monitoring of consumption patterns and
efficient load management may be successfully
implemented. Besides, making the grid stable by
optimizing the output from all the available
sources is a difficult task in the conventional
energy management system.

1.5 Problems in the integration of
Renewable Energy Sources

The application of Renewable Energy Sources
(RESs) together with distributed generation
(DC) in the process of electrical system
modernisation presents numerous challenges.
The use of Renewable Energy Sources (RESs)
by utilities has caused the power system to
become more complex and unstable [6].
Besides, RESs (Renewable Energy Sources) and
DG (Distributed Generation) are intentionally
planned to have the transmission grid capacity
to be reduced and thus, the system operation
is more stable. This suggests the necessity for
a significant alteration in the arrangement of
the grid.

1.6 Reducing expenses and managing
the ratio of peak demand to average
demand

The lowering of the consumption costs and
PAR critically depend on the accessibility of
RTP information [7]. Real-time, intra-day, and
day-ahead changes are very important for
maintaining the balance between generation
and load in a very short period of time. Thus,
the co-ordination of energy management is
vital for the matching of power generation and
consumption activities [8].



1.7 Ensuring the stability of integrating
solar and wind power

The performance of solar energy systems is
determined by factors such as sun irradiation
and temperature variations, which have a direct
impact on their efficiency [9]. Nevertheless,
the variability of solar electricity requires the
use of strategies to regulate the output of
power. In case solar electricity will not be
enough to meet the energy demand, other
power sources like battery energy storage
system is suitable to reduce intermittency
[10]. The exact amount of power produced by
the solar system changes in relation to the
weather conditions. On the contrary, the
changing wind speed relationship of the wind
energy conversion system is a source of
additional complexity. The fluctuations in power
levels are a problem in terms of power quality
and grid interoperability, as they might
potentially  affect  the  stability  and
interoperability of the system due to the
deviations from the expected power levels.
Tackling these problems is the key to the
flawless integration of solar and wind energy
into the grid [11].

1.8 The Benefits of Microgrid in
Upgraded Power System

In the modern power system, Microgrids has a
lot of advantages over the conventional grid
infrastructure.  The benefits include self-
monitoring, strong grid structure, self-healing,
adaptability, intelligence, and resilience among
others that enable the microgrid to manage the
load demand. The microgrids are also
characterized by the aspects whereby they
combine  adaptive  electricity use  and
production due to the electricity constraints
[12]. This aspect involves improved balance
between power consumption and power
generation that makes the system more reliable
and reduces the cost.
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The inherent unpredictability of the renewable
energy sources is the main obstacle to the
stability —of the main electricity grid
Nevertheless,  the  well-managed  and
strategically placed microgrid systems offer a
feasible way of solving such issues [13]. Multi-
Microgrid system are the key to the grid
stability due to the fact that they are able to
handle the unpredictability that comes from the
changing output of the renewable energy
sources. The microgrids should be managed
and controlled by an autonomous agent. These
robots are autonomous information processing
systems that operate independently to realize
the objective set to them. The Multi-Agent
System method used to control energy
management systems, enhances the
effectiveness of and Energy management
system [14] and [15]. Each agent in this
paradigm has the proactive, reactive, and social
capabilities [16]. A key advantage of the MAS
technique is its solid and reliable character, as
well as its flexibility and dedication to
enenvironmental  sustainability  [17].  The
combination of MAS improves the overall
performance and creates a self-governing
network to ensure the effective production
control.

19 The Economic Influence of a
Deregulated Energy Market System

The advanced pricing system in the market
enable the precise distribution of energy
resources in the local energy market system.
By doing this, the stakeholders can plan and
allocate energy resources in the best way to
react to the changing circumstances, and thus,
achieve the best efficiency and cost-
effectiveness [18]. Also, the market system
stimulates the competition among suppliers,
hence, the innovation is boosted and finally,
they get the service reliability and customer
satisfaction.
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110 Enhancing the efficiency of
resources distribution

The most important characteristic of the local
electricity market is the ability to plan energy
resources efficiently by using the dynamic
pricing signals. Through the synchronization of
energy generation and usage with market
prices, stakeholders may be able to make well-
informed decisions to maximize profitability
while ensuring the stability and reliability of the
power system. The fact that it is possible to
use the existing resources more efficiently
leads to a more efficient operation and a
reduction in the costs, making it a more
affordable option.

111  Improving Dependability and
Preserving Customer Privacy

Microgrids not only reduce the costs but they
also have a great deal in ensuring the reliability
and the protection of client privacy [19]. By
the decentralization of energy generation and
transmission, and the reduction of the
dependence on the centralized system,
microgrids are the main factors in the
improvement of the grid reliability and stability.
On the other hand, microgrids systems are also
equipped with the latest privacy-preserving
technology that guarantees confidentially of
client data. Thus, the regulatory requirements
are met, and a trustworthy customer base is
established in this case.

1.12 Reduction of operational costs

Cost-saving is another attractive characteristic
of microgrid operation achievable through the
deregulated electricity market. Operating costs
for microgrid operators can be reduced, while
the service provided remains reliable by using
dynamic pricing signals and resource allocation
optimization.

This approach allows microgrid to consume the
available sources of energy as needed ensuring
that the energy used is effective, low cost of
energy, and economical stable of the system.
The deregulated electricity market is essential

for operational improvement for energy
resource  management, greater reliability,
consumer privacy  protection, and cost

reduction. On this basis, it is evident that the
market penetration would be necessary to
enhance the promotion of the grid system
sustainability and resiliency [20]. Demand
response programs are vital in today's energy
management as the programs allow the
consumers to have the control of their own
electric patterns [21]. The department of
energy explains demand response programs as
programs which help customers to use
electricity based on their willingness to match
the need of dependable energy grid. This is the
source of the grid stability and the power
system relief and, finally, the energy cost
reduction for the utilities and for the
customers. The foundation of the concept is
the dynamic pricing, meaning that the power
prices will be changed based on the supply and
demand conditions existing in the market
currently. In case the demand is increasing or
the supply is decreasing, for example, during
the extremely hot summer days or the
unannounced power outages, these power
prices can increase rapidly. Customers will be
offered the possibility to use demand response
programs and modify their behaviour in terms
of energy based on these prices. Moreover,
these demand response programs usually
provide people with financial incentives or
credits for the fact that they reduced their
energy consumption during the peak hours.
Finally, even these incentives work as a driving
force for the customers to choose energy-
efficient solutions and technologies, and the
energy system becomes more sustainable.



1.13 Objectives

1.This study aims to minimize the reliance on
fossil fuel for power generation in
microgrids by enhancing the incorporation
of RES, thus decreasing the importation of
fuel

2.The study aims to management of demand
side to improve energy efficiency, reduce
the importation of power from the main
grid during peak demand and lower the
overall cost of electricity to consumers.

3.The objective of the study is to enhance

energy autonomy and reliability by
integrating  battery  energy  storage
systems (BESS) to guarantee power

availability during peak and off-peak times.

4.This study aims to enhance the operational
efficiency by managing energy production,
consumption  and  storage  across
interconnected microgrids by the muilti-
agent system.

5.This study aim to integrate deregulated
energy market system for enabling local
energy exchange and reducing reliance on
main grid.

6.This study involve analysing the potential
reduction in carbon emissions and cost
saving through the reliance on renewable
energy and optimized storage scheduling.

7.The study aim to achieve the SDG 7, 9, and
11, through the provision of affordable,
reliable, and sustainable energy solutions,
encouraging  innovation in  energy
infrastructure, and enhancing sustainable
community development in Pakistan.
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1.14 Report Organization

The report is organised into multiple distinct
sections in order to provide a thorough
comprehension of the findings. The following
sections are outlined as follows.

1.Introduction (Section 1) provides an
overview of the study's goals and its
context.

2.The Literature Review (Section 2)
examines and evaluates the existing
literature and research. This process

develops the fundamental basis for the
study’s framework and methodologies.

3.Proposed Methodology  (Section  3)
presents and provides detailed explanations
of the methodology, delineating the
subsequent  steps and  procedures
employed in carrying out the study.
lllustrates the proposed methodology
through a flow chart, clarifying the step-
by -step processes involved.

4.The section 4 on System Architecture and
Modelling provides a comprehensive
explanation of the design and modelling
methods used in the study. It specifically
highlights how photovoltaic (PV) sources,
wind source and battery energy storage
system are integrated into the system
framework.

5.Results and discussion (Section 5) presents
a thorough analysis and interpretation of
the obtained results. This includes the use
of  relevant  figures and  detailed
explanations to enhance understanding and
provide valuable insights into the findings.

6.Conclusion (Section 6) provides a clear
summary of the main results of the study,
and suggests prospective directions for
further research and advancement.
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2. Literature Review

Localised
consumers

energy  distribution to local
through ~ microgrids,  usually
connected to the main grid, may operate under
electricity rates regulated as tariffs. However, it
is no longer essential to set energy tariffs for
energy transactions within given communities
[22]. According to Lezama et al (2019) [23].
microgrids and local energy communities are
poised to play a pivotal role in balancing local
energy production and usage through time.
These entities operate as catalysts in
promoting local energy markets, empowering
smaller stakeholders, and advancing towards
fully  transactive energy systems. The
emergence  of  distributed  generation
technologies, such as solar photovoltaic, has
empowered consumers to actively engage in
the production of energy at a local level. The
advent of smart grids introduces a new
paradigm marked by peer-to-peer electricity
trading [24] [25].
In [26], the author acquired technological and
economic benefits by utilising a hybrid energy
management strategy that combines Mixed-
Integer Linear Programming (MILP) and multi-
objective optimisation approaches. The author
suggested employing JAYA, Teacher Learning -
Based Optimisation (TLBO), and Raol
techniques in [27] for comparison analysis to
validate the findings. It is suggested in [28]
that Microgrids (MGs) should be encouraged to
take part in incentive-based pricing systems
organised by Distribution Network Operators
(DNOs) using MILP techniques to identify
equilibrium points. In reference [29], the author
utiised the MILP methodology to tackle
energy consumption scheduling issues, aiming
to minimise power expenses. Energy trading
among adjacent Microgrids (MGs) and efficient
storage resource management are strategies
proposed in the literature [30] to alleviate grid

dependence. Within the framework of multi-
microgrid systems, the management of energy
is made easier by the cooperation of
interconnected microgrids within a
decentralised structure, as stated in reference
[31]. The strategy proposed in [32] aimed to
guarantee the dependability of microgrids
while minimizing operational expenses through
the utilization of demand response techniques.
However, concerns about client privacy
prompted the author of [33] suggested an
efficient  energy = management  strategy.
Meanwhile, the work presented in [34]
proposed the proposed incorporating a multi-
agent system to optimally allocate distributed
resources across microgrids in a decentralized
manner. Additionally, the preference for
decentralized, bottom-up approaches to
centralized  energy ~ management  was
emphasized in [35]. This proposed strategy
drew from the Multi-Agent System concept,
seeking to both improve system dependability
and respect user privacy through the balanced
and collaborative control of local energy assets.
In [36] the author has proposed a meta-
heuristic method to optimise the resource
allocation under energy market framework. In
[37] based on the methodological scheme for
the developments, the paper proposed a
method exploiting the awareness of the
customer to encourage the participation in
demand response programs and allow energy
exchange between micro grids using energy
management through the agent-based. In [38]
the paper presented an Energy Management
System (EMS) that employed agent-based
technology designed to implement demand
response legislation. The author in [39]
presented a plan that utilises Feed-in Tariff
(FIT) and Time-of-Use (TOU) pricing to
reduce peak prices. In [40], a suggested
multi-agent control system aims to enhance
the efficiency of information flow among
numerous microgrids operating within the



energy market framework. This system focuses
on various elements, including the changes in
pricing, fluctuations in load demand and
uncertainties  associated  with  renewable
resources, specifically during the day-ahead
stage. As proposed in [41], energy arbitrage-
related services are regulated during the real-
time phase by executing an optimal schedule
for power storage. In addition, a virtual power
plant has reportedly implemented an innovative
approach with the goal of improving its overall
economic influence, as described in reference
[42]. This strategy focuses on economic
scheduling and utilises the Ng-Jordan-Weiss
spectral clustering algorithm, employing a
multi-time-scale approach. The main priority of
the virtual power plant (VPP) is to increase
financial performance through active wholesale
market participation. Thus, the economic
activity of the VPP should be carefully
monitored and improved to achieve maximum
benefit. There have been studies devoted to
the collaborative approach to promote energy
exchange between prosumers, specifically
cases where one has an energy surplus and the
other needs additional energy [43]. Multiple
researchers have  suggested  multiple
approaches to encourage energy trading
between nearby prosumers [44]. Moreover,
there have been numerous efforts to analyze
the benefits of the supportive collaborative
model without rigid trade rules. Such efforts
attempt to minimize the overall batteries
consumption while promoting a fair surplus-
trade opportunity. In other words, both parties
get equal benefits from the agreement [45].
The combination of Genetic Algorithm (CA)
with other evolutionary algorithms has proven
to be a viable optimisation technique that
utilises  computational intelligence.  This
combination enables the most efficient
arrangement of equipment, resulting in lower
electricity expenses and reduced stress on the
power grid during periods of high usage [46].
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Research efforts in the field of Home Energy

Management  Systems (HEMS)  generally
concentrate on minimising energy costs.
Furthermore, important goals consist of

improving the comfort of consumers [47],
reducing the peak to average ratio (PAR) [48],
and minimising emissions [49]. The HEMS
literature thoroughly explores these many
objectives. In this study [50], the author
presented to develop a Matlab/simulink-based
energy management for optimizing renewable
energy deployment into the power system.
The study in [51] introduces a genetic
algorithm (CA) to reduce the cost associated
with maintenance cost of the system, limit the
land required for instaling the DG and PV
system, and minimize the overall annual cost of
the system. This paper [52] suggested the
framework targets to optimize social welfare
by equitably distributing resources, enhancing
the reserve capacity of the main grid, and
reducing peak power demand to improve the
reliability of the system. While the standard
model focuses solely on profits, the author
proposed in [53] a complementary approach
inspired by shared resource systems. This
framework  envisions  small  electricity
collectives forming a distributed grid where
neighbours  directly  exchange  locally-
generated power. In the literature [54], author
has suggested that, in order to improve energy
efficiency, strategies enabling energy suppliers
and policymakers to set grounds to stimulate
energy consumer behaviour should be
developed. The literature study highlights
notable efforts in the field of energy
management within the microgrids.
Nevertheless, there is still a significant
deficiency in the capacity to rapidly simulate
and optimize energy management decision for
multi-microgrid system through multi-agent
system in real-time. Moreover, previous
research has not adequately addressed the
incorporation of integrating the multi-agent
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system with the deregulated market system to
create a decentralized and robust framework
for energy production, consumption and
trading. The key strategies for effective
management of demand-side, efficient storage
scheduling and strategic trading of energy
make sure that the microgrids are capable of
running efficiently, economically and in a
reliable manner within a deregulated market
structure. This research aims to bridge these
gaps by implementing a novel approach that
integrates the multi agent system with
deregulated energy market. The propose
framework contribute to the development of
more resilient and sustainable microgrid
operation  within ~ competitive  market
environment.

3. Methodology

The methodology is structured into five key
phases: literature review, defining microgrid

components, mathematical modelling, system
operations using multi-agent system, market
operation through deregulated system and
performance measures. This study employed a
comprehensive  approach that integrated
system operation through a multi-agent
system to manage and optimize energy
production and consumption within the
microgrids  and  market  operation  via
deregulated market system to ensure efficient
energy transaction between the microgrids and
the main grid using MATLAB Simulink. The
research process, tools and techniques during
the study are briefly discussed.

3.1 Literature review and data collection

In order to conduct the energy management
of multi-microgrid in smart grid paradigm, the
study referred to the range of research papers
covering  topics related to  optimized
management of energy resources, integration
of renewable energy resources, multi-agent
systems and deregulated market system. These
research papers provided valuable insights for
energy management aspects of multi-
microgrid. In this study, the load demand data
for the Pindorian and Mahfooz Shaheed regions
in Islamabad is collected from the Operation
Sub-Division Officer. The TOU pricing data
used in this paper is based on the latest NEPRA
report of [ESCO [55]. Also, the wind speed and
the solar irradiance data are obtained from the
US. Pakistan center for advanced study in
energy (USPCASE) weather station.



3.2 Mathematical modelling of microgrid
components

The mathematical models are implemented

using block-based approach in MATLAB
Simulink  environment, where each block
represents the specific component. Each

component of microgrids is playing the vital
role in the overall system:

3.21 Renewable energy resources:

Microgrid components solar system and wind
turbines are modelled using to simulate power
generation by harnessing solar radiation and
wind energy. The models include equations for
power generation based on various factors
such as solar irradiance, panel efficiency,
performance coefficient of wind turbine, rotor
swept area, air density and wind speed.

3.22 Battery energy storage system:

The energy storage system is modelled to
ensure optimal charging and discharging cycles
based on retail grid tariff, taking into account
the state of charge (SOC), depth of discharge
(DOD) and efficiency.

323 Dynamic load:

The load is modelled to reflect the time varying
of power consumption within the microgrid.

3.3 System operation using Multi-agent
system

The system operation is governed by the
multi-agent system to ensure optimal energy
management within each microgrid. The multi-
agent system comprises three agent: load
agent, storage agent and generating agent.

331

Load agent is responsible for managing
demand side for shedding non-essential load
upto 10% during peak demand tariff period.
This reduces the overall energy consumption
and operation cost.

Load agent

[ — L
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3.3.2 Storage agent

Storage agent is managing the energy storage
system within the microgrids that optimizing
the charging and discharging cycle ensuring
that they are charged during off-peak hours,
typically drawing power from the main grid
when energy prices are low. Storage agent
ensure that stored energy is available during
peak demand period, reducing reliance on main
grid.

3.3.3 Generating agent

This agent ensures that the generated power is
utilized efficiently to meet the immediate
microgrid demand and bid to buy and sell
energy to adjacent microgrid through the
market according to the microgrid. On the last
resort, this agent will bid to buy and sell energy
to main grid microgrid through the market
according to the requirement of respective
microgrid. This agent prioritizes sourcing
energy from the adjacent microgrid to meet
the demand of the required microgrid, as this
option is often more cost-effective and
environmentally sustainable than purchasing
electricity from the main grid. This approach
reduces dependency on the main grid, shifts

demand towards local renewable energy
sources.
34 Market  operation through

deregulated market system

The market operation is facilitated by a
deregulated market system that governs
energy transactions between the microgrids
and the main grid in a competitive
environment. The main aim of this market
model to determine the price and quantities of
electricity traded through bilateral agreements.
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35 Evaluate Performance measures

The effectiveness of the microgrid is assessed
through the following performance measures

[Develop Mathematical modeling of
components in Matlab simulink

that are defined. ’
. . Simulate the system
351 Grid reslience: ration
This measure assess the proportion of Y y L
L . . Load agent i
electricity sourced from the main grid LJ [Ge"m""“"e"t ] [ i J
compared to renewable energy resources and v Emdemuutummm v
battery energy storage system. SOy eqey [powerand bid to buy or sell ] | :‘ﬁ:;‘{:‘:‘;’;’;ﬁ :1";" |
power
352 Carbon emissions:
Simulate the market
This  methodology includes the carbon operation
emissions  associated  with  electricity
production, taking into account the energy mix iansaction emcmat
of each power source that provide insight into
the environmental impact of microgrid. [E”'“‘“‘* 9"."""“"“"’9]
matrices

353 Cost analysis:

The cost analysis involves computing

Grid dependency,
[ Enviromental and Cost ]

analysis

operational expenses, particularly focusing on
the economic benefits of reduced dependency Figure 3.1. Representation of proposed work flow
on the main grid. This analysis provides a clear
understanding of the cost-effectiveness of the

microgrid system.

Simumemsysmm
3.6 Textual analysis -
The research methodology followed during the | | d ‘ j ‘
Load agent Storage Agent Generating agent
study is summarized in Figure 31. The I
flowchart illustrates the step-by-step process Emty e
that is undertaken to conduct the research. The L L

Is energy storage
needed?

Is it peak hour?

role of each agent is presented in Figure 3.2.
The methodology framework for optimized

s energy available in adjace
microgrid?

energy management using multi-agent system

and sustainability assessment of grid connected [ Goimzesmas | [Grarcs the batoy wsno Trade energy vih
. . . . ; . . usage power from main grid adjacent microgrid

multi-microgrid infrastructure in Pakistan is | [

modelled to address the country's energy — _

crisis. rarsgdl et

Figure 3.2. Representation of role of multi-agent system.
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4, System Architecture

and Modelling

4.1 System Architecture

The architecture of the proposed test system
has a structural foundation, which is shown in
Figure 41. This architecture allows for
decentralized approach to multi-microgrid
energy management through the multi-agent

system. The primary focus is on seamless
integration of Photovoltaic

(PV) system and battery

Microgrid 1

o

Load agent

E Storage agent
—
3l ¥d

[ |an

Wind source

[l
. sl

Flow of Electricity and Payments

Deregulated Energy

energy storage system ”fs: f_
(BESS) within microgrid-1, 9’% ,

. ) -
alongside Wind energy  usiycra
conversion system and

BESS within microgrid- 2.
The entire system is modelled and simulated

within MATLAB Simulink environment, allowing
for ~ detailled analysis and  optimized
management of energy generation, storage and
consumption  across  the interconnected
microgrids. Meanwhile, the deregulated energy
market system operator is responsible for
overseeing the electricity buying and selling
transaction.  Detailed power ratings of
resources utilized in this system are outlined in
Table 4.1.

Market System

|

\Gm,.‘mx agent

/‘\\
ﬁ Storage agent 3
4

PV source

Microgrid 2

Battery

Figure 4.1. Architecture of multi-microgrid

energy management system

Table 4.1. Each building consists of resources that possess specified

power ratings

Microgrid PV (kW) Wind (kW) Battery (kW)
MG-1 2600 - 1000
MG-2 - 3000 1000

e E
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4.2 Modelling of microgrid components

Grid connected microgrid is modelled with
distinct components. Each component plays a
critical role in the functioning and controlling of
microgrid. Furthermore, the microgrid s
designed to utilize renewables such as wind
and photovoltaic systems as well as battery
energy storage system (BESS). Moreover, the
microgrid has dynamic loads that show the
random use of power that occurs within the
system.

421 Load

The microgrid dynamic load library which
comprises of a variety of functions is
accurately applied in the simulation to design
the electrical load behaviour. It assists to
simulate the load features and their reaction to
the changes in the voltage levels at different
times. When the voltage of the load terminal is
below the set limit, the load impedance is
regarded to have a constant value. Variations in
the magnitude of voltage lead to changes in
active and reactive power loads. The load
adjusts its consumption of power depending
on the voltage variations happening in the
system to maintain balance. Such an adaptive
behaviour ensures that the microgrid recovers
energy resources adequately and meets the
demand. The corresponding mathematical
relationship between the behaviour of the load
and the magnitude of voltage is expressed as
follows:

A. Active power

()
Pactive <Tm )Z Prefx (Y/T:fg ) p ( 1 )

The consumption of active electrical power by
dynamic loads, represented as Pactive,
fluctuates in response to variances in the actual
voltage magnitude Vmag at terminal points
connecting them to distributed energy
resources, such as solar panels or wind

turbines.

Pref signifies the baseline or standard level of
power intake against which Pactive s
compared. Meanwhile, Vref is the nominal
voltage that loads are designed to receive, any
deviation from which—whether upwards or
downwards—tends to proportionally increase
or decrease Pactive. The exponent np
quantifies precisely how elastic this relationship
is between voltage fluctuations and alterations
to power usage.

B. Reactive power

QWW(TM):QWX(vmg )<nq> (2)

Vre f

Qreactive represents the variable consumption
of reactive power loads that fluctuate based on
voltage variations. Qref is the benchmark level
for reactive power intake determined to
maintain optimal system performance. Vmag
indicates the real voltage magnitude delivered
to loads which may deviate from intended
levels. Vref establishes the ideal voltage that
loads require to function dependably yet allow
flexibility — through minor fluctuations. The
sensitivity coefficient nq governs the rate at
which reactive power demand alters in
response to voltage deviations, maintaining
balance as supply and demand flow.

42.2 PV source

The integration of a photovoltaic (PV) source
in  MATLAB  Simulink involves  applying
mathematical models to genuinely replicate the
functionality of the solar energy system.
Equation (3) quantifies the ability produced by

the photovoltaic (PV) source, considering
factors like solar irradiance and inverter
efficiency.
P x x(Ir(T
P T _ Rated p’u( ( m)) (3)
PV( 'm) 103



Where:

PRated: Rated output power of the PV system
in (W).

npv: The efficiency of the solar system.

Ir(Tm): Irradiance of solar at time Tm.

The irradiation from the solar (Ir(Tm)) is a must
when determining the output power of the PV
system using this equation which is the
measurement of the amount of solar energy
that is received by a specific area during a
given period of time. It is commonly expressed
in units of watts per square metre (W/m’).
Dividing by 103 is commonly used to
standardise the solar irradiation to the correct
scale. The efficiency of the solar system
measures the effectiveness of the PV system
in converting solar energy into electrical
power.

4.2.3 Wind energy conversion system

Equation (4) is used in a wind power system
to calculate the power output (PWECS) of the
wind turbine at a specific time Tm. This
equation contains multiple parameters, including
wind speed, air density, rotor swept area, and
performance coefficients, to precisely model
the behaviour of the wind energy conversion
system (WECS). The wind turbine’'s power
output at a given time is denoted as (PWECS).

( 0 u(t) < Upin )

1

PWECS(Tm) = 4 2 CgpAsu(Tm) umm < u(tm) > unom ¥ (4)
| PRated Unom =< u(tm) = Umax |
k 0 U(tm) > Umax )

Where:

Cg is the performance coefficient of the wind
turbine.

o represents the air density.

As denotes the rotor swept area of the wind
turbine.

u(Tm) is the wind speed at time.

umin is the cut-in wind speed.

unom is the nominal wind speed.
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umax is the maximum wind speed.

Prated is the rated power generated by the
wind energy conversion system.

The wind speed, u(Tm), determines the wind
turbine’'s power output in this equation. The
power output is computed using the cubic
relationship between wind speed and power
output when the wind speed is between umin
and unom. The power output stays constant at
the rated power Prated as long as the wind
speed is higher than the nominal value unom
and falls between unom and umax.
Nevertheless, the power output drops to zero
and the wind turbine shuts down to prevent
damage if the wind speed surpasses the
maximum value, umax.

424
(BESS)

Battery energy storage system

The level of energy storage is determined by
SOC in relation to its capacity. SOC is regarded
as a fundamental ESS parameter. The SOC is
determined by the ratio of the present capacity
level (WPC(Tm)) to the rated capacity
(WRated(Tm)) is expressed in Equation (1). The
SOC value ranges from O to 100%. For optimal
performance, it is recommended to maintain a
charging range of 20% to 80% instead than
constantly fluctuating between 0% and 100%.
By maintaining the battery at the designed
temperature, its lifespan can be significantly
prolonged. Although it is not preferable to
perform frequent full charges, it can be
advantageous to periodically perform a
complete charge cycle (O% to 100%) in order
to calibrate the battery gauge. By accurately
predicting the SOH level, mishaps involving
batteries can be prevented.

soc(r,, )= ) % (5)

(¥aa(7))
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The rated capacity of the ESS is represented
by WPC(Tm), which is the remaining charge
level of the battery over a specified duration.
This paper [56] addresses the actual factors
that can impact a battery, including factors
affecting operation such as depth of discharge,
charge and discharge rates, temperature
sensitivity, and state of charge variation.
Therefore, this paper implements the equations
represented by Equation (2), Equation (3), and
Equation (4) that are relatively accurate.

7’]ch,dshVVPC (Tm)

X 100% (6)
WRated ’

SOC(T,) =1-

The discharged power of the battery over a
specific time period (T) is denoted by nchdsh
WPC(Tm)=WS. The efficiency parameter of the
battery is represented by nchdsh.

SOC(Tm ): (SOC(Tm- 1>- st )x 100% (7)

Rated

T
fnch,ds IT dTm X 100% (8)

0

SOC(T,,) = SOC(T,, — 1) —

Rated

SOC (Tm-1) refers to the initial charge of the
battery. SOC (Tm) represents the remaining
battery power at time (Tm). WS represents the
amount of power drained by the battery from
time O to T, and It represents the current, with
a positive value indicating discharge. In order
to prevent the process of aging and to
optimize performance, a certain threshold for
the state of charge (SOC) has been established
as the safe operational limit, as stated in Eq. (5).
Battery aging is facilitated by the depth of
discharge  [57], whereas  overcharging
circumstances can lead to deterioration [58].

SOCpin 1me < SOC(T) < SOCpax 1me (9)

4.3 Objective function

The objective function is to minimize the cost
of microgrids while optimizing energy
utilization and transaction as expressed in
Equation (10).

The proposed deregulated energy market
system is allowing trading of electricity units
between the microgrids and the main grid in
the competitive environment in real time with
the duration of interval ( dTm= 5 minutes).

288
Cnet (Tm) = Z [Pimport_adj (Tm) X CMCP(Tm) X dTm
M=1

+ Pimport_grid X Cgrid(Tm) X dTm]
- [Pexport_adj(Tm) X CMCP (Tm) X dTm)
- Pex'port_grid (Tm) X CFIT(Tm) X dTm]

(10)

Where:

Where Plocal_gen (Tm) is the power from the
local generation (renewable & BESS) at time
Tm. Pimport_adj (Tm) and Pexport_adj (Tm) is
representing the power imported and exported
between microgrids at time Tm. CMCP(Tm) is
the market clearing price at time Tm.
Pimport_grid (Tm) and Pexport_grid is the
power imported and exported from the main
grid at time Tm. Cgrid(Tm) is the cost of
energy from the main grid and CFIT(Tm) is
representing the feed in tariff rate for the
energy exported to main grid at time Tm. dTm
is denoting the time interval duration.
Constraints managed by the deregulated
energy market system.

1. Power balance constraint

st AT et I s NP imnd(T) (1)

The generating agent of respective microgrid
ensures that the total demand is met by local
generation, adjacent microgrid imports, and
grid imports.

2. Adjacent microgrid priority constraint

Pimportnbr(Tn) < Available power from adjacent microgrid (Tp,) (1 2)
3. Grid import constraint

Pimpurt_adj(Tm) < PDemand (Tm) - [PLocal__gen (Tm) + Pimpart_adj (Tm)]

(13)



The agent prioritize the imports from the
adjacent microgrid, making use of available
clean power before resorting to grid power.

4. Surplus export constraint

Pexport.adj(Tm) < Adjacent microgrid demand (Ty,) ( 1 4 )

Pexport_adj (Tm) = PLucal_qen(Tm) + pimport,adj (Tm) + Pimpurt_qrid (Tm) ( 1 5)
— Ppemana(Tm)

The agent is managing surplus energy by first
offering it to the adjacent microgrid, then
exporting any remaining surplus to the main
grid

17
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5. Results and
Discussion

51 Simulation analysis

The optimization results of proposed grid tied
multi-microgrid has been conducted using
MATLAB Simulink. The main objective is to
minimize the grid electricity cost through
demand-side  management  (DSM), the
installation of renewable energy resources, the
integration of grid storage system and trading
of clean energy among the microgrids under
the summer TOU pricing strategy. The
simulation of five cases of grid tied multi-
microgrid provides the comprehensive insights
into the impacts of different strategies on
energy management and grid dependency. The
analysis covers five distinct cases, each
exploring different strategies to achieve the
objective.

In the scenario 1, the load demand of Pindorian
and Mahfooz Shaheed microgrids in Islamabad
region of Pakistan is entirely dependent on
main grid without any local generation (wind
energy conversion system and PV system), is
presented in Figure 51(a) and Figure 52(a).
The simulation results indicate that significant
amount of power is being import from the
main grid during peak demand tariff,
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it leads to high energy consumption charges
for the consumers within the respective
microgrid. Scenario 2 showcases the benefits
of integrating renewable energy resources, is
displayed in Figure 51(b) and Figure 5.2(b). The
import power from the main grid s
significantly reduced as the local renewable
energy sources now contribute to the local
demand. It also enhances the sustainability of
the microgrid by leveraging clean energy. The
unexpected nature of wind and solar power,
however, is that their availability follows a
stochastic nature, and this requires storage
system for managing power fluctuation and
supply predictability. In the final scenario, the
storage system is installed alongside the main
grid. The import power from the main grid is
further reduced compared to the scenario 2.
The storage system effectively manage the
energy supply, balancing the intermittent nature
of solar power and wind power. The addition
of storage system effectively manage the
microgrid's ability to manage energy efficiently.
By charging during off-peak hours and
discharging during peak demand period, is
depicted in Figure 5.1(c) and Figure 5.2(c).
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Figure 5.1. (a) Microgrid-1 load entirely reliant on main grid (b) Load is powered by both wind energy conversion

system and the main grid (c) Load is powered by wind energy conversion system, supported by storage system

alongside the grid.
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Figure 5.2. (a) Microgrid-2 load entirely reliant on main grid (b) Load is powered by both
PV system and the main grid (c) Load is powered by PV system, supported by storage
system alongside the grid.

Initially state of charge of the battery is 60%,
load is supplied by the battery from O to 3:66
am by the storage system within the
microgrid-1  and  microgrid-2. In the
microgrid-2, when the solar power is not
available to meet load demand the stored
energy with initial state of charge of 60% will

serve the load in conjunction with the main
grid until the battery reaches minimum SOC of
20%. During off-peak tariff period, the storage
system will be charged up to 80% SOC. The
storage system will then discharge again down
to 20% SOC during peak demand tariff period,
is shown in Figure 5.3.

80
E 60
£
o
g 40
o
20
0 4 8 12 16 20 24
Time [hrs]
1000 T
|—BatteryPowar
3
g 0
o
-1000
0 4 8 12 16 20 24
Time [hrs]

Figure 5.3. Optimal charging and discharging of battery with respect to grid retail tariff.
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52  Base Case: Microgrid load solely
depend upon the main grid

Base case is demonstrating that load demand in
the Pindorian and Mahfooz Shaheed regions of
Islamabad, where microgrids are installed, is
entirely dependent on main grid during both
peak and off-peak demand tariff periods, with
no contributions from local generation sources.
Procurement of energy by the microgrids from
the main grid is discussed in the Table 5.1

and cost associated with the acquisition of
energy is detailed in the Table 5.2. As a result,
cumulative load of the microgrids is supplied
solely by the fossil fuel-based energy
generation from the main grid, is presented in
Figure 54. This reliance leads to elevated
electricity grid cost of the microgrids.
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I I I
= Cumulative load of Microgrids supplied by the Main grid
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Figure 54. The cumulative load of microgrids supplied by the main grid.

Table 5.1. The quantity of energy procured by the microgrids from the grid during a specific

tariff period
. Mi id-1 . :
Tariff : . rost : Microgrid- 2
eriods Time import units import units (kWh)
P (kWh)
12:00 -
am 44700 44950
Off-Peak /pm
Hours
11pm - 12am 1321 1132
Peak
7 - 11 15490 12970
Hours pm pm
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Table 5.2. The cost associated with the acquisition of energy units by the microgrids from the

grid during a specific tariff period.

Mi id-1 Mi id-2
Tariff periods Time | erogne= L G
import units ($) import units ($)

12:00am - 4472 4497

Off -Peak 7pm
Hours
1Tpm - 12am 132.2 113.3
Peak Hours 7pm — 11pm 2194 1837

53 Case 1: Microgrid load is served by and cost associated with acquisition of energy

the main grid along with the demand during peak hours is expressed in Table 5.4.
side management Prior to the DSM implementation, energy units

were imported 15490kWh and 12970kWh
from the microgrids in Pindorian and Mahfooz
deployment of demand side management  Shaheed respectively.  After the DSM
(DSM) in the microgrids serving the Pindorian implementation, the energy units imported
and Mahfooz Shaheed regions, the non- decreased to 14320kWh and 12000kWh
essential load of microgrid is reduced by 10% respectively. Consequently, energy charges for
during peak demand tariff periods, is displayed  consumers in these regions decreased due to

in Figure 55. This reduction is evident in the  redyced import during peak demand periods
Table 5.3, which shows a reduced amount of from the main grid.

energy imported during peak demand tariffs

In case 1, it is observed that following the

6000 T T T T

T
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Figure 55. Reduced amount of power import during peak rate tariff
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Table 5.3. The quantity of energy procured by the microgrids from the grid during a specific

tariff period.

: : : Microgrid-1, Microgrid- 2,
Tariff d T . . : )
Attt periocs me import units (kWh) | import units (kWh)

12:00am -
OFf - Peak 7pm 44700 44950
Hours
11pm - 12am 1321 1132

Peak Hours 7pm — 11pm 14320 12000

Table 5.4. The cost associated with the acquisition of energy units by the microgrids from the
grid during a specific tariff period.

Mi id-1 Mi id-2
Tariff periods Time _eroghes L _IeToBnan 4
import units ($) import units ($)

12:00am - 4472 4497

Off -Peak 7pm
Hours
1Tpm - 12am 132.2 113.3
Peak Hours 7pm — 11pm 2028 1700

] 22 ]




54 Case 2: Renewable resources
integration to meet MG load
requirement along with main grid

In case 2, it is observed that after the
installation of renewable resources, microgrids
load are being served by both clean energy
and the main grid is shown in Figure 56.
Specifically, the wind energy conversion
system in microgrid-1 (Pindorian) supplies the
load demand during both peak and off-peak
tariff periods. In contrast, Photovoltaic (PV)
source in microgrid-2 (Mahfooz Shaheed)

6000 T T
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primarily serves the load during off-peak
periods, while during peak demand tariff
periods most of the power is drawn from the
main grid to meet the load demand. The
reduced amount of energy procured by the
microgrids from the main grid during peak and
off-peak hours is detailed in Table 55 and cost
associated with acquisition of energy s
presented Table 5.6.

W= Total power import after installing renewable resources

5000

4000

w
=3
=]
o

Power [kW]

2000

1000

12 16 20 24
Time [hrs]

Figure 5.6. Total amount of power import by the microgrids after the integration of RERs.

Table 55. The quantity of energy procured by the microgrids from the main grid during a

specific tariff period.

: : : Microgrid-1 Microgrid-2
Tariff d T
aniit periocs me import units (kWh) [ import units (kWh)
12:00am -
OFf - Peak 7pm 28330 23000
Hours
11pm —= 12am 9324 1132
Peak Hours 7pm — 11pm 6303 12570

R 23
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Table 5.6. The cost associated with the acquisition of energy units by the microgrids from the

grid during a specific tariff period.

: : . Microgrid-1 Microgrid-2
Tariff d T . . : :
Attt periods me import bills ($) import bills ($)
12:00am -
Off-Peak 7pm 28330 2301
Hours
11pm - 12am 933 113.3
Peak Hours 7pm — 11pm 89.4 1782

55 Case 3: Microgrid load served by
local generation (renewable and storage
system) along with main grid.

In case 3, battery energy storage system
(BESS) is integrated with renewable energy
resources to meet the load demand of the
respective  microgrids in  Pindorian  and
Mahfooz Shaheed. BESS is implemented to
mitigate the intermittency of the renewable
energy resources. Initially the battery, with the
60% state of charge, will supply power to the
microgrid load until it reaches the minimum
state of charge of 20% during off-peak hours,
resulting in a reduced amount of power being
imported from the main grid during this period.
Subsequently the battery will recharge from
the main grid source upto 80% during off-
peak hours, allowing it to deliver the power
during peak hours to support the main grid and
reduce electricity cost, is depicted in Figure 5.7
and Figure 5.8. Figure 5.9 is showing that how
much power is imported from main grid prior
to the implementation of deregulated market
system. Table 57 illustrates that amount of
power imported during peak demand tariff
periods is less compared to previous cases and

cost associated with the import of energy is
presented in Table 58. Table 59 shows that
surplus clean power from the microgrid-1 is
supplied back to the main grid during both peak
and off-peak hours, while surplus clean power
from the microgrid-2 is fed back to the main
grid during off-peak hours and cost associated
with export of energy units by the main grid is
detailed in Table 510. This surplus power is
exported at feed in tariff rate.
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Table 5.7. The quantity of energy procured by the microgrids from the main grid during a
specific tariff period.

: : : Microgrid-1 Microgrid-2
Tariff d T . : : :
At periods me import units (kWh) | import units (kWh)
gf&am ) 30180 24770
Off-Peak P
o 11:00 pm - 932.4 1132
12:00 am '
07:00pm -
Peak Hours P 2336 7379
11:00 pm

Table 5.8. The cost associated with the acquisition of energy units by the microgrids from the
main grid during a specific tariff period.

: : . Microgrid-1 Microgrid- 2
Tariff d T
Attt periocs me import bills ($) import bills ($)
12:00 am -
07-00 bm 3019 2478
Off - Peak —oP
Hours 11:00 pm -
933 113.3
12:00 am
07:00 -
Peak Hours P 3321 1048
11:00 pm
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Table 5.9. The quantity of energy exported by the microgrids to the main grid during a specific

tariff period.
: : : Microgrid-1 Microgrid- 2
Tariff d T ; .
St periods me export units (kWh) | export units (kWh)
12:00 am -
07-00 190.6 3433
Off-Peak hadall
Hours
11:00 -
P 0 0
12:00 am
07:00 -
Peak Hours b 95438 0
11:00 pm

Table 5.10. The cost associated with the export of energy units by the microgrids to the main

grid during a specific tariff period.

: : : Microgrid-1 Microgrid- 2
Tariff d T
At perocs me export bills ($) export bills ($)
12:00 am -
0700 19.07 343
Off - Peak et
Hours 11:00 pm - o .
12:00 am
Peak Hours 07:00 pm - 1353 0
11:00 pm
- 1] 27 ]
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56 Case 4: Microgrid load served by
local generation (renewable and storage
system) along with main grid and
adjacent MG through deregulated
market system.

In case 4, a deregulated market system
is implemented for the trading of clean
energy between the microgrids at
market clearing price (MCP). The MCP
clearing price is decided by the market
operator by taking into account the
retail grid price and feed in tariff rate.
Microgrid as a seller is selling the energy
to adjacent microgrid at higher rate as
compared to the selling the energy to
the main grid at feed in tariff rate
Conversely, Microgrid as a buyer s
buying the energy from the adjacent
microgrid at lower rate as compared to
the buying the energy from the main
grid through the deregulated energy
market system is illustrated in Table 511
and Table 512. This approach reduces
the fossil fuel-based energy import from
the main grid because microgrid
prioritize purchasing clean energy when

6000

it is available in the adjacent microgrid
instead of fossil fuel-based energy. Total
power import by the microgrids from
main grid after the implementation of
deregulated market system is displayed
in Figure 510. The rates at which
energy is being import and export is
depicted in Figure 511. As shown in the
Table 513, power import by the
microgrid-1 during off-peak hours and
by the microgrid-2 during peak hours
from the main grid is reduced compared
to the case 3 and cost associated with
the acquisition of energy from the main
grid is illustrated in Table 5.14.

The Pindorian and Mahfooz Shaheed
microgrids in Pakistan demonstrate that
DSM and renewable energy resources
can be incorporated to reduce
dependence on the main grid's fossil
fuel-based electricity and reduce
electricity costs. Furthermore, local
energy exchange between microgrids
enhances the energy consumption and
cost which is helpful for the sustainable
energy systems in Islamabad.

I I I 1
mmmm= Total power import after trading (Renewable Resources and Storage Syslem}l

5000
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Figure 5.10. Total amount of power import after the implementation of deregulated market

system.
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Figure 5.11. The rates at which energy is being import and export.
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Table 5.11. The import and export of units between the microgrids and main grid.

Units ,
imported Jnits Units exported
Microgrids P imported : P Units exported
from . to adjacent .
: from Main to Main grid
adjacent : MG
grid (kWh)
MG (kWh) (kWh)
(kwh)
Microgrid-1 2325 33220 1278 248.5
Microgrid-2 1278 32000 2325 110.8

Table 5.12. The costs associated with importing and exporting units to and from the main grid

and adjacent MG.
Units
bought Units bought Units sold
Microgrids o8 e oug " S >° Units sold
from from Main to adjacent .
, . to Main grid
adjacent grid MG (5)
MG ($) ($)
($)
Microgrid-1 19.84 3422 135.8 17.55
Microgrid- 2 135.8 3458 19.84 7.825
-] 29 ]
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Table 5.13. The quantity of energy procured by the microgrids from the main grid during a

specific tariff period.

. . : Microgrid-1 Microgrid-2
Tariff d T . : : :
AT perocs me import units (kWh) | importunits (kWh)
gf&am § 29950 24770
Off-Peak e
o 11:00 pm - 9324 1132
12:00 am '
07:00 -
Peak Hours P 2336 6102
11:00 pm

Table 5.14. The cost associated with the acquisition of energy units by the microgrids from the

main grid during a specific tariff period.

: : : Microgrid-1 Microgrid-2
Tariff d T
Attt periods me import bills ($) import bills ($)
12:00 am -
07-00 bm 2996 2478
Off -Peak VP
o 11:00 pm - 933 1133
12:00 am ' '
Peak Hours 07:00 pm - 3321 866.4
11:00 pm

As shown in the comparison table, fossil fuel-

In Pakistan, 61% of electricity generated by the
thermal power plants. Consequently, the carbon
emission factor of 0.61 kgCO,/kWh is utilized
in analyses aimed at assessing carbon emission

based energy import from the grid is reduced
during peak demand tariff period. However, in
case 3, energy import is higher during off-peak
hours compared to case 2 because battery is
being charged using grid power.

I

reduction for environmental benefits.
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Table 5.15. The comparison of energy (kWh) imports by the microgrids from the main grid for

the respective cases.

Tariff . Base
. Time Case 1 | Case 2 Case 4
periods case
12:00
am -
89650 89650 51330 54720
07:00
Off- pm
Peak
Hours 11:00
pm —
2453 2453 2064.4 2064.4 2064.4
12:00
am
07:00
Peak pm -
28460 26320 18873 8438
Hours 11:00
pm

Table 5.16. Carbon emission factor of 0.61 kgCO,/kWh is utilized in analyses aimed at

assessing carbon emission reduction for environmental benefits.

Carbon
Tariff Time Base case Case 4 emission
periods (kgCO3y) (kgCOy,) reduction in
%age
1200am =1 ) (865 333792 389
Off-peak | 0700 PT
Hours
11:00 pm - 1496 3 1259.28 15.8
12:00 am
07:00
Peak Hours pm 17360.6 514718 70.3
-11:00 pm
e 31
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These results demonstrate the effectiveness of
case-4 in reducing carbon emissions and
highlight the potential environmental benefits of
utilizing a deregulated market system for
cleaner energy trading between the microgrids.
When the microgrid require power, it
prioritizes acquiring clean power from the
neighbouring microgrid instead of fossil fuel
based-power from the main grid. If renewable
power is not available from the neighbouring
microgrid during specified time period the
market operator will then fulfil the microgrid's
demand by procuring power from the main
grid at higher rate. Conversely, when the
microgrid has surplus power, it will sell to the

market at high rate. The microgrid-1 imported
the power from the microgrid-2 through the
deregulated market system during the intervals
from time 10.66 to 11.83 and 12.33 to 12.55,
while microgrid-2 exported power during
these  periods.  Conversely, microgrid-2
imported the power from the microgrid-1 at
18:00 for 5-minute interval, and from 185 to
205 and 20916 to 2125 during which
microgrid-1 power exported. Outside of these
specified periods, the microgrids does not have
enough power for trading, they will resort to
importing from and exporting to the main grid
is shown in Figure 512 and Figure 513.

£ 300 : . | , ‘
= L s Power imported from MG-2| |
— 200 po
£ 100 - -
=} 4 L il Il
a 0 -
4 8 12 16 20 24
Time [hrs]
£’ 4000 T T T T
= |—Pmr imported from Main grld‘
§ 2000
g 0 1 L | Il
0 4 8 12 16 20 24
Time [hrs]
S T T T T T,
X, 1000 I—Puwer exported to MG-2| -
g 500 - -
-] ) I |
o 0
1] 4 8 12 16 20 24
Time [hrs]
g . ;
= 500 - r1 ‘—Power exported to Main grid l—
g
£ 0
0 4 8 12 16 20 24
Time [hrs]

Figure 5.12. The import and export of power by Microgrid-1 to the Microgrid-2 and Main

grid through deregulated Market.
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Figure 5.13. The import and export of power by Microgrid-2 to the Microgrid-1 and Main
grid through deregulated Market.
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6. Conclusion and
Future work

The implementation of multi-microgrid in
Pakistan, as demonstrated in this study,
presents a revolutionary solution to the energy
issues in the country. This study uses a
dynamic simulation model created in MATLAB
Simulink to analyse microgrid components such
as renewable energy sources, battery energy
storage systems, and energy transactions
through system and market operations. The
study results show that microgrids can play a
crucial role in improving energy management,
decreasing expenses, and increasing the
sustainability of Pakistan's power sector.

The use of renewable energy sources like solar
and wind power in microgrids is a feasible
solution to the problem of excessive use of
fossil fuels in Pakistan and its consequences on
the economy and the environment. The use of
these renewable resources together with
battery energy storage systems not only
balances the supply of clean energy but also
minimizes the dependence on the grid thus
lowering fuel imports and easing foreign
exchange constraints. Microgrids help in
reducing the consumer consumption costs and
increase energy sustainability by minimizing
the reliance on the main grid during peak
demand hours.

The multi-agent system used in this study also
enhances the microgrid operation by managing
energy generation, utilization, and storage in
real-time. The system achieves optimal use of
resources, cost reduction, and improved
reliability by means of Load Storage and
Cenerating Agents. This level of optimal
management of energy is especially important
in the context of Pakistan, where energy
demand is increasing rapidly, and the existing
infrastructure is insufficient to meet these
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needs. The results indicate that the proposed
approach results in a reduction of the power
import from the main grid and CO, emissions in
all the scenarios and demonstrate the
effectiveness of different measures in
enhancing energy efficiency and sustainability.
In off-peak hours, Case 2 is able to attain a
42.73% reduction in energy imports, Case 3
achieves 38.69%, and Case 4 achieves 38.92%.
During peak hours, Case 4 has minimized the
importation of power by 70.3%. It significantly
lowers carbon emissions by 70.3% during peak
periods, contributing to reduce the impact on
the environment. These findings demonstrate
how optimized energy management can help
decrease the use of fossil fuels and decrease
carbon emissions, thus supporting SDG 7 on
affordable, reliable, sustainable, and clean energy
in  Pakistan's power sector. This study
contributes to SDG 9 by improving microgrid
systems through technology in renewable
energy and demand response programs.
Besides, it contributes to the achievement of
SDG 11 by enhancing the resilience of energy
systems  and  encouraging  sustainable
community development. Furthermore, the
study shows that the market structure is
crucial in enabling efficient energy trading
between the microgrids and the main grid. This
market flexibility allows microgrids to sell
excess energy at market price, which can
generate more revenues than the traditional
Feed-in Tariff (FIT) schemes, and to buy clean
energy at a cheaper price than the utility grid.
The proposed framework of  energy
management and competitive energy market
can effectively address the major issues of
Pakistan's power sector and contribute to
economic development and environmental
sustainability. The results highlight the need for
the adoption of advanced technologies to
develop a robust and sustainable energy
system that will help Pakistan to achieve a
sustainable and cost-effective energy future.
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Future studies should focus on the
improvement  of microgrid  performance
through the use of advanced algorithms and
machine learning to improve  energy
management. The research on the applicability
of blockchain technology for secure and
transparent transactions will be another focus
area.
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7. Policy
Recommendations

Considering the results of this study and the
existing problems in the power sector of
Pakistan, the following policy recommendations
are suggested to manage the deregulated
market system and enhance the microgrid
performance. These recommendations are
intended to solve some of the most pressing
problems, including generation capacity, fossil
fuel dependence, foreign exchange drain,
monopolistic structure, circular debt, and the
lack of competitive bidding, which will lead to a
more efficient, sustainable, and robust energy
system.

7.1 System operation policy

711  Ensuring  Adequate
Capacity:

Generation

In order to tackle generation capacity issues, it
is suggested that a capacity mechanism should
be incorporated into the power system. This
mechanism would guarantee that adequate
generation resources are available to cater for
seasonal and peak demand fluctuations thereby
minimizing the supply demand gap. This policy
could help maintain economic stability and
foster national economic growth by reducing
the reliance on capacity payments.

7.1.2 Enhancing grid reliability:

The use of multi-microgrid systems and muilti-
agent systems is essential for enhancing the
reliability of the grid. These technologies will
enable the incorporation of renewable energy
sources, efficient load management, and
decreased dependence on fossil fuel-based
generation. Therefore, this approach will reduce
the foreign exchange drain on fuel imports and
help in the shift to a more sustainable energy
source.
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7.1.3 Balancing supply and demand:

An efficient forecasting and scheduling system
should be put in place to forecast the load
demand and supply from different sources of
energy such as renewable energy and
conventional energy. Through better demand
forecasting and supply chain management, this
system will assist in the reduction of load
shedding and the need to buy power from the
main grid in the emergency, thus making the
energy supply more stable.

7.2. Market operation policy

7.21 Promoting competition in the
deregulated market system:

The structure of the deregulated market
system should be such that it allows
independent power producers to compete in
the electricity —market through bidding
processes. This policy will limit the direct
involvement of government agencies like the
Central Power Purchasing Agency (CPPA) in
power procurement, which will lead to
competitive pricing, lower cost of electricity
for consumers, and improved market efficiency.

7.2.2 Addressing the circular debt problem:

For avoiding the circular debt problem, it is
crucial to develop structures in the context of
the deregulated market structure that can
facilitate the timely payments between the
market players. Adopting strict  financial
management and promoting timely financial
operations will improve the financial situation
of the energy sector and create a more stable
and transparent market environment.
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7.2.3 Efficient Auction process:

The structure of the deregulated market
system should encourage the integration of
renewable energy projects through a proper
auction system. These auctions should focus on
projects that can provide cost-competitive and
dispatchable renewable energy, which will help
to advance the deployment of cheap
renewable power into the grid. This policy will
help to develop a more diverse and reliable
energy mix by promoting investment in low-
cost renewable projects.

The structure of the deregulated market
system should promote the integration of
renewable energy projects through a proper
auction system. These auctions should be
geared towards projects that can offer cheap
renewable energy that is also dispatchable,
which will assist in the integration of cheap
renewable power into the grid. This policy will
assist in the creation of a more diverse and
reliable energy mix by encouraging investment
in low cost renewable projects.
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