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Abstract: This research presents a novel approach to Economic-Emission Load Dispatch (EELD) 

optimization for autonomous microgrids by accounting for the operational and maintenance costs of 

renewable energy sources (RES). The study employs Meerkat Optimization Algorithm (MOA) to 

minimize both fuel costs and toxic gas emissions through optimal power scheduling of distributed energy 

resources. When tested on 3-unit and 10-unit Diesel Engine Generator (DEG) microgrid systems 

incorporating photovoltaic and wind turbine sources, the MOA-based approach demonstrated superior 

performance compared to other optimization techniques. For the 3-DEG system, MOA achieved cost 

reductions of 13.08% and 18.02% compared to African Vulture Optimization Algorithm (AVOA) and 

Salp Swarm Algorithm (SSA) respectively, while simultaneously reducing emissions by 9.9% and 19.5%. 

Similar improvements were observed for the 10-DEG system, highlighting MOA's effectiveness in 

balancing economic and environmental objectives in microgrid scheduling. 
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I. INTRODUCTION 

1.1 Background of the Study 

The continuous and escalating surge in electrical energy consumption presents a significant challenge due to the 

detrimental environmental impact and finite nature of fossil fuel resources, which currently serve as the primary global 

energy source. As a response to these challenges, Renewable Energy Sources (RES) have emerged as an appealing and 

widely embraced alternative energy solution. The compelling techno-economic and environmental advantages of RES 

have spurred their rapid integration into existing power grid systems, reflecting a growing awareness of sustainability 

needs and the demand for more resilient energy infrastructuresUddin et al. (2023). 

Microgrids (MGs) represent a pivotal development in this transition, functioning as localized power generation 

infrastructures designed to provide continuous and reliable power supply to specific regions. A typical microgrid 

consists of both renewable and non-renewable distributed energy resources (DERs), including solar photovoltaic (PV) 

systems, wind turbines (WT), diesel engine generators (DEG), and sometimes energy storage systems (ESS)Salameh 

and El-Sharkawi (2021). 

The operational flexibility of microgrids is particularly noteworthy, as they can function independently of the traditional 

centralized grid (autonomous or islanded mode) or connect and interact with the larger grid as needed. In autonomous 

mode, the MG relies solely on its own micro-sources, while in grid-connected mode, it can either draw power from or 

feed excess power into the main grid. Through these operational capabilities, microgrids offer several benefits, 

including increased energy reliability and resilience, reduced energy costs, and effective integration of renewable 

energy sourcesKhatsu et al. (2020) and Wu et al. (2014). 
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1.2 Problem Statement 

Despite the growing prominence of renewable energy-based microgrids, many research works tend to overlook critical 

economic aspects in their analysis. While renewable energy sources like solar PV and wind turbines have zero fuel 

costs, other significant costs associated with these sources—such as installation, maintenance, and operational 

expenses—are often neglected when formulating Economic-Emission Load Dispatch (EELD) models for microgridsEl-

Sharkawi (2021).This oversight can lead to flawed decision-making processes and potentially jeopardize the economic 

and operational performance of microgrid systems. The omission of these costs presents serious techno-economic 

drawbacks in microgrid optimization, creating a significant gap in the comprehensive economic evaluation of these 

systems. 

 

1.3 Aim and Objectives 

This research aims to develop an optimal scheduling scheme for autonomous microgrids that incorporates the 

operational and maintenance costs of micro-sources, particularly renewable energy resources. By addressing this gap, 

the study seeks to provide a more comprehensive and accurate approach to microgrid economic dispatch. 

The specific objectives include: 

 Formulating a comprehensive EELD model that accounts for both fuel costs and emission of toxic gases while 

incorporating the operational and maintenance costs of renewable energy sources 

 Implementing and evaluating the Meerkat Optimization Algorithm (MOA) as a solution technique for the 

EELD problem 

 Comparing the performance of the MOA-based approach with other optimization techniques, specifically Salp 

Swarm Optimization (SSA) and African Vulture Optimization Algorithm (AVOA) 

 Validating the proposed approach on both 3-unit and 10-unit microgrid test systems. 

 

1.4 Significant Contributions 

The key contributions of this research include: 

 Development of a comprehensive EELD model that accounts for the operational and maintenance costs of 

renewable energy sources, providing a more realistic representation of microgrid economics. 

 Successful implementation and validation of the Meerkat Optimization Algorithm for solving the bi-objective 

EELD problem, demonstrating its superior performance compared to existing approaches. 

 Quantification of the economic and environmental benefits achievable through optimal scheduling of 

microgrid resources, highlighting the importance of advanced optimization techniques in maximizing the value 

of renewable energy integration. 

 Demonstration of the scalability of the proposed approach through successful application to both small and 

large microgrid systems, confirming its practical utility across different system configurations. 

 

II. LITERATURE REVIEW 

2.1 Microgrid Concepts and Components 

Microgrids represent a fundamental shift in power generation and distribution paradigms, offering decentralized energy 

solutions that enhance system reliability and facilitate renewable energy integration. A microgrid can be defined as a 

group of interconnected loads and distributed energy resources within clearly defined electrical boundaries that acts as a 

single controllable entity with respect to the grid[1].The primary components typically include micro-sources, Energy 

Storage Systems (ESS), a Control System, and grid interfacing devices, as depicted in Figure 2.6 (Xiaoyi, et al., 2023). 
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Microgrids can be classified into three main categories based on their structure: AC microgrids, DC microgrids, and 

hybrid AC/DC microgrids. Each configuration offers distinct advantages depending on the specific application 

resource availability. The key components of a typical microgrid include:

 Energy Sources: These comprise both renewable sources (solar PV, wind turbines) and conventional 

generators (diesel engine generators)

 Energy Storage Systems (ESS): These systems

for managing intermittency in renewable generation and maintaining system stability

 Power Electronic Interfaces: These devices facilitate the connection and integration of various component

ensuring compatible power flow between AC and DC components

 Control Systems: These are responsible for coordinating the operation of all microgrid components to maintain 

stability and achieve economic objectives.

 

2.2 Economic-Emission Load Dispatch (EELD)

Economic-Emission Load Dispatch represents an extension of the traditional Economic Dispatch (ED) problem, 

incorporating environmental considerations alongside economic objectives. While ED focuses solely on minimizing the 

operational cost of power generation, EELD aims to optimize both cost and environmental impacts simultaneously

Huang et al. (2023).The EELD problem involves determining the optimal power output of each generating unit to meet 

the load demand while minimizing both fuel costs and emi

optimization problem requires specialized solution approaches to achieve an effective balance between economic and 

environmental considerations. 

 

2.3 Optimization Techniques for EELD 

Various optimization techniques have been applied to solve the EELD problem, broadly categorized as conventional 

methods and metaheuristic algorithms: 

 Conventional Methods: These include Lagrange relaxation, dynamic programming, fast lambda iteration, 

quadratic programming, and interior point techniques. While these methods offer deterministic solutions, they 

struggle with computational complexity, especially when dealing with real

point loading effects and ramp rate limitsMishra & Shaik 

 Metaheuristic Algorithms: These nature

optimization problems like EELD. Examples include Genetic Algorithm (GA), Differential Evolution (DE), 

Harmony Search (HS), Teaching and Learning 

(GOA), and Grey Wolf Optimizer (GWO)Basu (2011).

Recent research has particularly focused on metaheuristic approaches due to their flexibility in handling complex 

constraints and their ability to avoid local optima, which is crucial for finding high

problem. 

 

I J A R S C T  
   

International Journal of Advanced Research in Science, Communication and Technology

Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal

Volume 5, Issue 10, April 2025 

        DOI: 10.48175/IJARSCT-25693  

  

 

 
Microgrids can be classified into three main categories based on their structure: AC microgrids, DC microgrids, and 

hybrid AC/DC microgrids. Each configuration offers distinct advantages depending on the specific application 

resource availability. The key components of a typical microgrid include: 

Energy Sources: These comprise both renewable sources (solar PV, wind turbines) and conventional 

generators (diesel engine generators) 

Energy Storage Systems (ESS): These systems, including batteries, flywheels, and supercapacitors, are crucial 

for managing intermittency in renewable generation and maintaining system stability 

Power Electronic Interfaces: These devices facilitate the connection and integration of various component

ensuring compatible power flow between AC and DC components 

Control Systems: These are responsible for coordinating the operation of all microgrid components to maintain 

stability and achieve economic objectives. 

(EELD) 

Emission Load Dispatch represents an extension of the traditional Economic Dispatch (ED) problem, 

incorporating environmental considerations alongside economic objectives. While ED focuses solely on minimizing the 

generation, EELD aims to optimize both cost and environmental impacts simultaneously

Huang et al. (2023).The EELD problem involves determining the optimal power output of each generating unit to meet 

the load demand while minimizing both fuel costs and emissions of pollutants such as CO2 and NOx. This bi

optimization problem requires specialized solution approaches to achieve an effective balance between economic and 

 

ization techniques have been applied to solve the EELD problem, broadly categorized as conventional 

Conventional Methods: These include Lagrange relaxation, dynamic programming, fast lambda iteration, 

ming, and interior point techniques. While these methods offer deterministic solutions, they 

struggle with computational complexity, especially when dealing with real-world constraints such as valve 

point loading effects and ramp rate limitsMishra & Shaik (2024). 

Metaheuristic Algorithms: These nature-inspired techniques have gained popularity for solving complex 

optimization problems like EELD. Examples include Genetic Algorithm (GA), Differential Evolution (DE), 

Harmony Search (HS), Teaching and Learning Based Optimization (TLBO), Grasshopper Optimization 

(GOA), and Grey Wolf Optimizer (GWO)Basu (2011). 

Recent research has particularly focused on metaheuristic approaches due to their flexibility in handling complex 

cal optima, which is crucial for finding high-quality solutions to the EELD 

 

 

  

  

Technology  

Reviewed, Refereed, Multidisciplinary Online Journal 

 738 

Impact Factor: 7.67 

 

Microgrids can be classified into three main categories based on their structure: AC microgrids, DC microgrids, and 

hybrid AC/DC microgrids. Each configuration offers distinct advantages depending on the specific application and 

Energy Sources: These comprise both renewable sources (solar PV, wind turbines) and conventional 

, including batteries, flywheels, and supercapacitors, are crucial 

Power Electronic Interfaces: These devices facilitate the connection and integration of various components, 

Control Systems: These are responsible for coordinating the operation of all microgrid components to maintain 

Emission Load Dispatch represents an extension of the traditional Economic Dispatch (ED) problem, 

incorporating environmental considerations alongside economic objectives. While ED focuses solely on minimizing the 

generation, EELD aims to optimize both cost and environmental impacts simultaneously 

Huang et al. (2023).The EELD problem involves determining the optimal power output of each generating unit to meet 

ssions of pollutants such as CO2 and NOx. This bi-objective 

optimization problem requires specialized solution approaches to achieve an effective balance between economic and 

ization techniques have been applied to solve the EELD problem, broadly categorized as conventional 

Conventional Methods: These include Lagrange relaxation, dynamic programming, fast lambda iteration, 

ming, and interior point techniques. While these methods offer deterministic solutions, they 

world constraints such as valve 

inspired techniques have gained popularity for solving complex 

optimization problems like EELD. Examples include Genetic Algorithm (GA), Differential Evolution (DE), 

Based Optimization (TLBO), Grasshopper Optimization 

Recent research has particularly focused on metaheuristic approaches due to their flexibility in handling complex 

quality solutions to the EELD 



I J A R S C T    

    

 

               International Journal of Advanced Research in Science, Communication and Technology  

                               International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal 

Volume 5, Issue 10, April 2025 

 Copyright to IJARSCT         DOI: 10.48175/IJARSCT-25693  739 

    www.ijarsct.co.in  

 
 

ISSN: 2581-9429 Impact Factor: 7.67 

 
III. MATERIALS AND METHODS 

3.2 Test Systems 

This study employed two test systems to validate the proposed approach: 

3-DEG Microgrid System: This system consists of three diesel engine generators along with solar PV and wind turbine 

installations. The system parameters, including cost coefficients and generation limits, were adapted from Mishra & 

Shaik (2024).Table 1.0 shows fuel and emission cost coefficients of the DEG units, as well as their generation limits.  

Table 1.0: 3-Unit system cost coefficients and generation limits (Mishra & Shaik, 2024). 

DEG 

Unit 

Fuel coefficients Emission coefficients 

ai($/hr) bi($/MWhr) ci($/MW2hr) �� ($/hr) �� (rad/MW) �� (rad/MW) 

DEG1 1530  21 0.0024 60 -1.355 0.0105 

DEG2 992  20.16 0.0029 45 -0.6 0.008 

DEG3 600 20.4  0.021 90 -0.555 0.012 

       

10-DEG Microgrid System: This larger system incorporates ten diesel engine generators along with renewable sources. 

The system parameters were based on data from Basu (2011).Table 2.0 shows fuel and emission cost coefficients of the 

DEG units, as well as their generation limits.  

Table 2.0: 10-Unit system cost coefficients (Basu, 2011). 

DEG 

Unit 

Fuel coefficients Emission coefficients Generation limits 

ai 

($/hr) 

bi 

($/MWhr) 

ci 

($/MW2hr) 

�� 

($/hr) 

�� 

(rad/MW) 

�� 

(rad/MW) 

����,�
�  

(MW) 

����,�
� -

(MW) 

DEG1 1000.403 40.5407 0.12951 360.0012 -3.9864 0.04702 10 55 

DEG2 950.606 39.5804 0.10908 350.0056 -0.9524 0.04652 20 80 

DEG3 900.705 36.5104 0.12511 330.0056 -3.9023 0.04652 47 120 

DEG4 800.705 39.5104 0.12111 330.0056 -3.9023 0.04652 20 130 

DEG5 756.799 38.539 0.15247 13.8593 0.3277 0.0042 50 160 

DEG6 451.325 46.1592 0.10587 13.8593 0.3277 0.0042 70 240 

DEG7 1243.531 38.3055 0.03546 40.2669 -0.5455 0.0068 60 300 

DEG8 1049.998 40.3965 0.02803 40.2669 -0.5455 0.0068 70 340 

DEG9 1658.569 36.3278 0.02111 42.8955 -0.5112 0.0046 135 470 

DEG10 1356.659 38.2704 0.01799 42.8955 -0.5112 0.0046 150 470 

 

Both test systems were subjected to varying daily load profiles and renewable generation patterns to evaluate the 

performance of the optimization approaches under realistic operating conditions. 

 

3.3 3-DEG MG  

The first system with 3 DEG units, PV and WT systems is studied with the daily load demand, and generation profiles 

as shown in Figure 1.0 and 2.0 respectively.  
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Figure 1.: Daily load profile for 3-DEG system 

 

3.4 EELD Simulation Results 

The two systems are simulated with a daily load, WT and PV generations profiles.  The EELD is applied to the fuel and 

emission costs as formulated in (1.0) – (3.0). In either scenario, the performance of the MOA is compared with that of 

SSA and AVOA.  

 
Figure 2.0: WT and PV profiles for 3-DEG system 

 

3.5 10-DEG MG 

The second system considered in this study is a relatively larger with 12 micro sources comprising of 10 DEG units, a 

PV and a WT system. The system operated with all the sources online. Figure 2.8 and 2.9 shows the daily load demand, 

and generation profiles used in the study.  
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Figure 3.0: Daily load profile for 10-DEG system 

 
Figure 4.0: WT and PV profiles for 10-DEG system 

For the 10 DEG units, the developed EELD algorithm is utilized to optimize their generation, aiming to minimize both 

fuel consumption and emissions. The DEGs are strategically operated to complement the generation from the two 

RESs, ensuring that the hourly demand is consistently met. By precisely balancing the power output of each DEG, the 

EELD algorithm effectively reduces both operational costs and environmental impact. 

 

3.6 Problem Formulation 

The EELD problem was formulated as a bi-objective optimization task aimed at minimizing both fuel cost and emission 

objectives: 

 

Objective Functions 

Fuel Cost Objective: The total fuel cost function incorporates both conventional generation costs and the operational 

and maintenance costs of renewable sources: 
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�)

��

�� �
+ � (���.� × ����.�)

��

�� �
                                     (1) 

Where: 

��  represents the number of conventional generators 

��, ��, �� are the cost coefficients for the �-th conventional generator 

��  is the power output of the �-th conventional generator 

��  is the number of renewable sources 

���,� is the operational and maintenance cost of the �-th renewable source 
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����,� is the power output of the �-th renewable source 

Emission Objective: 

The emission function quantifies the environmental impact of power generation: 

�� = � (�� + ���� + ����
�)

��

�� �
                                                                            (2) 

Where ��, ��, �� are the emission coefficients for the �-th conventional generator. 

Constraints 

The optimization process was subject to several constraints to ensure the practical feasibility of the solutions: 

Power Balance Constraint: 

� �� +
��

�� �
� ����.� = ��

��

�� �
                                                                        (3) 

Where �� is the total load demand. 

Generation 

��,��� ≤ �� ≤ ��,���                                                                                     (4) 

Where ��,��� and ��,��� are the minimum and maximum generation limits of the �-th conventional generator, 

respectively. 

3. Renewable Generation Constraints: The power output from renewable sources is determined by their availability 

(solar irradiance, wind speed) and is typically maximized subject to system constraints. 

 

3.7 Meerkat Optimization Algorithm (MOA) 

The Meerkat Optimization Algorithm is a nature-inspired metaheuristic algorithm based on the social behavior and 

survival strategies of meerkats. The mathematical formulation of these behaviors and the implementation details were 

thoroughly documented in the research methodology, enabling the algorithm to efficiently navigate the search space 

and find high-quality solutions to the EELD problem.The initial population of the Meerkat, X as formulated in the 

MOA and, generated as a normal distribution between the upper boundary ub and the lower boundary lb, simulating the 

distribution of meerkats in the search space. 

� = [�� �� ⋯ �� ⋯ ��]                                                                                (5) 

=

⎩
⎪
⎨

⎪
⎧��

� ��
� ⋯ ��

� ⋯ ��
�

��
� ��

� ⋯ ��
� ⋯ ��

�

⋮ ⋮ ⋯ ⋮ ⋱ ⋮
��

� ��
� ⋯ ��

� ⋯ ��
�

⎭
⎪
⎬

⎪
⎫

 

Where �� represents a current candidate solution, � represents the total number of individuals, and � is the problem’s 

dimension size. 

Meerkat individuals hunt or search for food with the same probability and conduct the global search in the following 

��
��� = ��

� + ℎ���
���                                              (6) 

The parameter hi is the step size decreasing with the increase of the number of iterations, which plays a vital role in 

global search and later convergence. 

 

IV. RESULTS AND DISCUSSION 

4.1 Performance on 3-DEG Microgrid System 

The implementation of the MOA-based EELD approach on the 3-DEG microgrid system yielded significant 

performance improvements compared to the benchmark algorithms (SSA and AVOA).Table 4.2 highlights these 

differences, showing that while AVOA performs better than SSA, the MOA-based EELD surpasses both.  

Table 3.0: Performance Evaluation of MOA-based EELD on 3-DEG System 

Costs  SSA AVOA MOA % REDUCTION MOA  

COMPARE TO SSA  

% REDUCTION MOA  

COMPARE TO AVOA 

Fuel cost ($/day) 306860 288827 251047 36% 26.14% 
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Emission  

(ton/day) 2332.1 2166.2 1951.5 

39% 20.9% 

Total costs ($/day) 309192.1 290993.2 252999 75% 47.04% 

 

Figure 5.0 illustrates the optimal generation schedule obtained using the MOA algorithm, showing how the 

conventional generators and renewable sources were coordinated to meet the daily load profile while minimizing costs 

and emissions. 

 
Figure 5.0: Optimal Generation for 3-DEG system 

This alignment is achieved because transmission losses are considered negligible in this study, and the hard constraints 

on the generation limits of the DEGs were not violated. 

 

4.2 Cost Analysis 

The MOA-based approach achieved a total fuel cost of $251,047 per day, representing a substantial reduction of 

13.08% compared to AVOA and 18.02% compared to SSA.  

 
Figure 6.0: Fuel Cost in 3-DEG system 

This cost advantage demonstrates the superior capability of the MOA algorithm in identifying more efficient generation 

schedules. 

 

4.3 Emission Analysis 

Similarly, the MOA algorithm excelled in minimizing emissions, achieving a total emission of 1,951.5 tons per day. 

This represents a reduction of 9.9% compared to AVOA and 19.5% compared to SSA, highlighting the environmental 

benefits of the proposed approach. 
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Figure 7.0: Emission Cost in 3-DEG system 

 

4.4 Convergence Performance 

The convergence analysis revealed that the MOA algorithm not only achieved better final solutions but also converged 

more rapidly than the comparative algorithms. The MOA reached its near-optimal solution within approximately 100 

iterations, whereas the other algorithms required significantly more iterations to reach their final solutions. 

 
Figure 8.0: Convergence curves for 3-DEG system 
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Figure 9.0: Optimal Generation for 10-DEG system 

The optimal generation data summarized in Table 4.0 reveals that DEG1, DEG2, and DEG7 generate the most power, 

while DEG4 and DEG5 contribute the least. The generation dispatch illustrated in Figure 4.6 shows that DEG1, DEG2, 

and DEG7 have the lowest fuel costs, making them the most economical to operate. This dispatch pattern aligns with 

the DEGs' cost coefficients,confirming that the optimization process effectively prioritized the use of the less expensive 

units, thereby minimizing overall fuel costs. 

 

4.6 Cost Analysis 

For the 10-DEG system, the MOA-based approach achieved a total fuel cost of $871,238.43 per day, representing a 

reduction of 13.06% compared to AVOA and 17.98% compared to SSA. This consistent performance across different 

system sizes demonstrates the robustness of the MOA algorithm. 

 

4.7 Emission Analysis 

In terms of emissions, the MOA algorithm achieved a total emission of 6,825.58 tons per day for the 10-DEG system, 

representing a reduction of 11% compared to AVOA and 19.5% compared to SSA. These results further confirm the 

superior performance of the MOA-based approach in addressing the bi-objective EELD problem. 

 

4.8 Convergence Performance 

Similar to the results observed for the 3-DEG system, the MOA algorithm demonstrated faster convergence for the 10-

DEG system as well. The convergence curves clearly showed that MOA reached high-quality solutions within fewer 

iterations compared to the benchmark algorithms. 

 
Figure 10.0: Convergence curves for 10-DEG system 
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V. DISCUSSION OF THE RESULTS 

The superior performance of the MOA algorithm can be attributed to several factors: 

The algorithm effectively balances global exploration and local exploitation through its three behavior modes (foraging, 

sentinel, and mob defense), allowing it to thoroughly search the solution space while also refining promising solutions. 

The MOA dynamically adjusts its search strategy based on the current state of the optimization process, enabling it to 

adapt to different problem characteristics. 

The algorithm effectively manages the various constraints associated with the EELD problem, ensuring that the 

generated solutions are practically feasible. 

By incorporating the operational and maintenance costs of renewable sources, the optimization model provides a more 

accurate representation of the actual economic performance of the microgrid system. 

These findings underscore the importance of considering all relevant cost components when optimizing microgrid 

operations and highlight the potential of advanced metaheuristic algorithms like MOA for addressing complex energy 

management challenges. 

 

Conclusion 

This research has successfully developed and validated an optimal scheduling scheme for autonomous microgrids that 

comprehensively accounts for both the operational costs and environmental impacts of power generation. By 

incorporating the operational and maintenance costs of renewable energy sources, the study addresses a significant gap 

in existing microgrid optimization approaches, providing a more accurate economic evaluation framework. 

The implementation of the Meerkat Optimization Algorithm for solving the Economic-Emission Load Dispatch 

problem has demonstrated substantial benefits in terms of both cost efficiency and emission reduction. When compared 

to other state-of-the-art optimization techniques (SSA and AVOA), the MOA-based approach achieved significant 

improvements across all performance metrics for both test systems. 

 

Recommendations 

Despite the significant achievements of this research, several limitations and opportunities for future work were 

identified: 

The study focused primarily on day-ahead scheduling without considering real-time adjustments to account for forecast 

errors in renewable generation and load demand. Future research could extend the approach to incorporate robust or 

stochastic optimization techniques to address these uncertainties. 

The economic model could be further refined to include additional cost components such as start-up and shutdown 

costs of conventional generators, as well as grid interaction costs for grid-connected microgrid operations. 

The environmental impact assessment could be expanded to include a broader range of pollutants and lifecycle 

emissions associated with different generation technologies. 

Addressing these limitations in future research would further enhance the practical utility of the proposed approach and 

contribute to the advancement of sustainable energy systems. 

In conclusion, this research demonstrates that by employing advanced optimization techniques like the Meerkat 

Optimization Algorithm and adopting comprehensive economic modeling approaches, significant improvements in both 

the economic efficiency and environmental performance of microgrid systems can be achieved. These findings have 

important implications for the design and operation of sustainable energy systems in the transition toward a more 

renewable-based energy future. 
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