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The current research proposes optimal management strategies for queueing modeling-based renewable energy systems with hyper-exponentially distributed maintenance/repair under the assumption of an admission control policy. Using the concept and steps of the matrix-analytical method, the steady-state probability distribution associated with energy systems is explicitly presented. A relatively straightforward computation that can help with modeling wind energy generation, investigating wind farm performance, optimizing energy based on system storage, reliability inspection, service maintenance planning, and numerous other purposes can be employed to mathematically derive several system performance indicators. The investigation findings are validated via quantitative outcomes, illustrative possesses, and a step-by-step recursive methodology for efficient management of the renewable energy system. Additionally, considering multiple governing parameter values, the nature-inspired optimization technique, Cuckoo Search (CS), is employed to demonstrate the optimum anticipated cost of renewable energy system. A comparison with other metaheuristics and semi-classical approaches is also presented to establish the best convergence results. In order to help system designers, policymakers, engineers, and researchers, several numerical examples are also provided to construct more practical strategies based on the production of energy, storage, and system management. The economic, parametric, and performance investigation findings are highlighted, and the opportunities and recommendations for further research are provided. In a nutshell, the outcomes of the present analysis can be adopted to formulate the most effective economic strategies and regulate decision-making processes in the energy sectors.
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1 INTRODUCTION
The management and controlling the inflow of energy from renewable sources is a process used by system designers, engineers, and policymakers to enhance better service strategies and provide a high grade of service to individuals based on energy demand fluctuations in the energy systems. This type of queueing scenario specifies the demand management of energy or energy storage and buffering in any industry or organization. Energy generation assets can be available for the better service in real-time scenario as per service distribution and can be changed as per requirement. In this era of modernization, management and control of energy flow from renewable sources in the energy systems becomes a primary concern. Therefore, the optimal management strategies to control energy dispatch and distribution in energy systems is a challenge for decision/policymakers, scholars, and researchers from an economic point of view. In the queuing literature, it has been observed that controllable queuing systems, in general, have no buffer for long-term waiting demands. Therefore, these systems are also known as a loss system. Stidham Jr and Weber (1993) provided a survey based on optimal control of the broad network of queues and emphasized the models based on Markov decision theory. Furthermore, over the recent past, many studies related to optimal management and control of queues have been provided that can help researchers and investigators to enumerate various system parameters for better service strategies (cf. Aghighi et al. (2021); Jain and Sanga (2020); Wu and Yang (2021); Yang (2022)).
In the congestion situations that occur in our day-to-day life and technical/managerial circumstances, it has been found that phase-type services within queueing-based systems are essential in outlining and examining Markovian/Non-Markovian queueing problems. In conventional queueing problems, each newly joined individual requires the primary service to be accomplished in a single phase. Though, in many realistic circumstances, it has been examined that service provisioning may be performed in many different stages. The concept of phase-type service was first proposed by Jackson (1954) utilizing the queueing-theoretic approach in literature. Generally, the mean time of inclusion of a continuous stochastic process for a single system state can be characterized by the distribution that follows a phase-type service (cf. Latouche and Ramaswami (1999)). The concept of phase-type service patterns has been extensively used in various models involving stochastic applications in diverse fields, namely, telecommunications, finance and portfolio management, reliability engineering, queuing modeling, biotechnology and biostatistics, supply chain, inventory control, etc. The phase-type service discipline has gained considerable popularity among researchers and systems analysts in the queuing literature because it constitutes a uniform and versatile class of distributions described by nonnegative real numbers that confer dominance over algorithmically controllable queuing models. In the past, several illustrations have been performed based on numerous queueing nomenclatures along with phase-type service patterns (cf. Dudin and Dudin (2016); Dudin et al. (2016); Dudin and Dudina (2019)).
In recent times, the growing interest in maximizing energy utility and productivity from renewable sources, energy distribution and storage has contributed significantly to research on queuing-based renewable energy systems (cf. Kocaman et al. (2016); Talari et al. (2018); Noorollahi et al. (2020); Samain et al. (2021); Baik and Ko (2023); Momenitabar et al. (2023); Nagababu et al. (2023); Patel et al. (2023)). To the best of our collective understanding, no literature-based investigation has yet been presented on the economic and performance evaluations of renewable energy systems with admission control and hyper-exponentially distributed maintenance/repair. Our motivation for the current study stems from the literature’s lack of qualitative research opportunities. Besides, inspired by the adaptive capabilities of the nature-inspired CS and PSO algorithms, optimal system design parameters and the total anticipated cost associated with the renewable system have been calculated utilizing these evolutionary algorithms. The present research aims to assist practitioners, system analysts, and policymakers in constructing and analyzing the queueing-theoretic stochastic modeling of renewable energy systems. The novelty of the current research is to achieve the proper characterization based on convergence results and statistical inference incorporating different evolutionary algorithms. In algorithms. In addition to the parametric analysis, a comparative investigation among CS, PSO algorithms, QN, and DS methods is also provided to verify the optimum combinations of design variables and the superiority of the metaheuristics. The primary contribution of the present investigation is the execution of the MATLAB codes along with associated algorithms for an empirical comparison of the research findings of the CS algorithm, PSO algorithm, QN method, and DS method with respect to computational time, statistical parameters, and standard operating procedures, etc.
In order to propose the best energy management approaches, the primary objectives of the present investigation are to analyze and estimate the system performance indicators to demonstrate the efficiency, utility, and quality performance of the energy systems. The entire research can be categorized into categories as follows.(i) To categorize a novel and challenging stochastic scenario based on congestion situations that corresponds to a practical renewable energy system in a random environment;
(ii) To establish an adequate mathematical approach to interpret the numerical results according to equilibrium conditions;
(iii) Demonstration, analysis, and classification of numerous energy systems’ efficiency metrics depending on fluctuations in energy consumption, transmission of energy, cost-effective generation, and strategies used for controlling and managing the energy generated by renewable energy sources;
(iv) To identify the essential energy system characteristics required for maintaining the service system’s higher efficiency;
(v) Utilization of evolutionary algorithms, such as PSO and CS algorithms, for the economic investigation of constructed queueing-based renewable energy system;
(vi) To validate the convergence results produced by the cost optimization problem by comparing the PSO, CS, QN, and DS algorithms.
The current study addresses a variety of stochastic problems pertaining to queue-based energy systems that originated and evolved in accordance with numerous industrial, managerial, and economic problems. The following points highlight how the research findings analyzed for the developed model in the present investigation differ from the outcomes of previous research.
(i) To demonstrate the equilibrium queueing distribution employing the matrix-analytical approach for the energy system having finite buffer storage with admission control policy and hyper-exponential service pattern;
(ii) To establish a specific optimization problem and demonstrate which optimization approaches are most effective in minimizing the energy system’s overall anticipated expenditure;
(iii) To construct the converging results in terms of optimum cumulative values of discrete and continuous system design parameters F, μ1, and μ2, simultaneously by implementing semi-classical optimizers: QN and DS methods and nature-inspired algorithms: CS and PSO algorithms.
2 LITERATURE REVIEW
Examining the subsequent research investigations drawn from the queueing literature could suggest essential perspectives on how stochastic/Markovian modeling can be utilized in the context of renewable energy systems. A more comprehensive understanding of the theoretical foundations and efficient strategies for enhancing the reliability and effectiveness of renewable energy systems may be acquired through the investigation.
2.1 Control policies
The quality-of-service (QoS) and efficiency of service systems can be characterized in terms of the variable number of active units, the number of servers available/service rate of the service provider, throughput, total anticipated cost of the service system, etc. In our daily life, there is a requirement to control the queues as it causes resource consumption, high operational costs, additional energy expenditures, and contrary environmental impacts of these consumptions. Thus, analysis of queue discipline, queue-size distribution, and control policies to minimize the waiting period can lead to more efficient service systems with positive significance in reaching viable development goals. The control of queues in service systems can be classified in two ways, first includes the arriving control policy (F-policy), introduced by Gupta (1995). The other are service control policies, namely, the T-policy, N-policy, and D-policy, which are proposed by Heyman (1977), Yadin and Naor (1963), and Balachandran (1973), respectively. Apart from that, several research problems can be found in the queueing literature on the controllable queues (cf. Chang and Ke (2011); Efrosinin D. V. et al. (2018); Shekhar et al. (2017); Yang and Wang (2013); Yang et al. (2010; 2011); Yeh et al. (2017)), which put the controlling policy in the context of Markovian/Non-Markovian queueing system. Recently, Chen (2018) studied the finite population machining system and performed the sensitivity investigation for reliability and mean-time-to-first-failure (MTTFF). Efrosinin D. et al. (2018) studied the queueing situation incorporating the Markov arrival process (MAP) and analyzed the deterministic control strategies for the distribution of arrived customers among the available servers. Again, Efrosinin and Sztrik (2018) extended the work done in Efrosinin D. et al. (2018) for the unreliable heterogeneous servers and provided the algorithms for finding the MTTF, reliability function, and stationary reliability characteristics for the machining repair system. To stabilize a partially-controllable network, Liang and Modiano (2019) designed the optimal control algorithms. They investigated the system states where the controllable and uncontrollable nodes use the dynamics of queue-dependent service systems. Further, Shekhar et al. (2020b) investigated a controllable queue with vacation interruption of the service provider. They applied the matrix-analytical approach to determine the closed-vector form expressions of several system performance indicators. In the last 4 years, many scholars and researchers, including Yen et al. (2020), Yang et al. (2021), Safaei et al. (2022), and Wu et al. (2023), used different solution methodologies and optimization algorithms to study the admission control policy under different hypotheses via queueing-theoretic approach.
2.2 Service in phases
Numerous mathematicians and research analysts have studied optional phase-type services to improve queue-based service systems’ workability, utility, and service quality (cf. Flatto (1985); Flatto and Hahn (1984); Sharma (2014); Wang et al. (1999; 2004)). Shang and Wolter (2016) addressed the impact of the probability of messages in terms of packets on the execution of open-flow networks using the queueing-theoretic approach. They provided the expressions based on the sojourn time distribution for switches and controllers. Tarasov and Bakhareva (2018) analyzed three different queueing models based on service in phases. They proposed an approach to calculate the expected values and variances of the time intervals using the general assumptions of the probability distribution between the system states. In recent years, Tarasov (2022), Khayyati and Tan (2022), and Kumar and Jain (2023) examined the queueing-based service systems and discussed different methods for the numerical approximation of queue-size distribution under diverse service regimes.
Queueing systems following Earlangian distributed service patterns have also been considered in different frameworks recently. One can easily extend the single server Markovian queueing models to the Earlang models utilizing a series of exponential and identical service phases using several theoretical aspects and phenomenons of queueing modeling. The Erlang-type service distribution produces much better flexibility in modeling real-time service patterns that does the exponential. Further studies on this topic were done by many researchers (cf. Baek et al. (2014); Griffiths et al. (2006); Yu et al. (2011); Yue et al. (2009); Zhang et al. (2016)). Besides, Liu and Fralix (2019) employed the lattice path counting techniques to examine the time-dependent and equilibrium behavior of continuous-time Markov chains (CTMC) and Markovian queueing systems. More recently, Pandey and Gangeshwer (2020) utilized the probability-generating function approach to derive the steady-state queue-size distribution by employing the ambulance service as a server.
2.3 Evolutionary algorithms
Due to the complex stochastic problems, the conventional linear and nonlinear optimization techniques, namely, LPP, and gradient-based algorithms, are usually insufficient to demonstrate solutions to such problems efficiently. Evolutionary algorithms such as heuristics and metaheuristics are among the best solution techniques used in various computational, engineering, and industrial problems because they provide efficient solutions to complex stochastic problems in reasonable time intervals. Most of these are motivated by wild animals’ physical and biological behaviors and use Darwin’s theory of sustainability of the fittest. For instance, taking inspiration from birds flocking and fish schooling, Kennedy and Eberhart (1995) introduced the particle swarm optimization (PSO) algorithm. In contrast, the clever algorithm, namely, the bees optimization algorithm, was established by taking motivation from the social grouping behavior of honey bees (cf. Pham et al. (2006)). New optimization algorithms, including cuckoo search (cf. Bulatović et al. (2013)) and an algorithm having flashing behavior of fireflies (cf. Yang (2009)) have also been recently evolved. During the past decade, the aforementioned techniques have been extensively implemented to solve several decision-making situations in supply-chain management, inventory problems, production systems, scheduling problems, etc (cf. Khajehzadeh et al. (2013); Kumar et al. (2022); Shekhar et al. (2021); Subbaiah and Kannayaram (2021); Zhang et al. (2011)).
Yang and Deb (2009) developed the cuckoo search (CS) algorithm in 2009 by motivating the adaptation to parasitism of cuckoos. Cuckoos lay their eggs in other species’ communal nests for reproduction. In fact, for the CS algorithm to execute, host eggs in a host nest must always be distinguished from cuckoo eggs. After spotting cuckoo eggs, birds have two options: either abandon the eggs or permanently abandon the nest and construct a new one. Certain cuckoos have developed a specialization in imitating host bird eggs, which lowers their risk of being recognized and leaving the nest and boosts their chances of reproducing. CS performs significantly better than PSO and other algorithms. In addition, because of its assured global convergence quality, it is appropriate for multi-modal/multiple constraint-based optimization problems, such as queueing aspects, inventory management, mechanical design, computer graphics and computer vision, and many more. Moreover, the CS algorithm requires minimal algorithmic parameters than the PSO algorithm and several other population-based optimization methods. Because of its enhanced efficiency, the CS algorithm is best suited for a wide range of real-time optimization problems. Several computer scientists, engineers, decision-makers, and academicians have recently used various nature-inspired algorithms for multi-objective complex optimization problems. They emphasized various selection strategies of these algorithms (cf. Baskar (2023); Dwivedi et al. (2022); Gupta et al. (2023); Han et al. (2023a; b); Li et al. (2023a; b,c); Liu et al. (2022); Mareli and Twala (2018); Mitra and Acharyya (2022); Rani et al. (2023); Sahu et al. (2023); Shehab et al. (2017); Zhang et al. (2019)).
3 MODEL DESCRIPTION
3.1 Practical justification of the model
In the context of the renewable and wind energy sectors, the proposed queueing framework can be viewed as a special type of queueing model incorporating a hyperexponential service time distribution with a Markovian arrival procedure and a single server. It can be implemented significantly in many scenarios, including modeling wind energy generation, performance investigation of wind farms, storage systems for energy optimization, reliability inspection, service planning, and maintenance planning. The designed queueing framework can be used to establish an efficient forecasting system for estimating wind energy production. This mathematical model might help to predict and forecast the outcomes of wind energy infrastructure, enabling enhanced management and planning of energy generation. It empowers the scenario by incorporating the variations of wind speeds and their impact on the generation of energy as a Markovian process. Additionally, by combining the variations in wind speed and the resulting energy production, this model can help to determine the effectiveness of wind farms. The suggested queueing model can provide perspectives on the efficient operation of energy conversion procedures within wind farms by analyzing the arrival and service times of wind energy production, however, enabling it to be easier to recognize feasible challenges and opportunities for optimization.
The proposed queueing model based on a hyperexponential service pattern can be used to enhance the performance of energy storage systems concerning the intermittent nature of wind energy. This model can help to identify the ideal dimensions, location, and functioning of energy storage units within the renewable energy framework. Thus, enhancing energy efficiency and the grid’s stability, It accomplishes this situation by considering the stochastic nature of energy inflows and outflows. Further, the developed queueing model may aid with the development of optimal management strategies for planning services and maintenance scheduling for wind energy installations. This approach can help optimize the scheduling of maintenance operations/activities, minimize downtime, and maximize the overall operational efficiency of wind energy infrastructure by examining the arrival and service times of maintenance requests and considering the stochastic nature of the system breakdowns. The wind and renewable energy industries can discover considerable information concerning system performance, reliability, and operational effectiveness via the proposed queueing model. It will help researchers, system designers, and decision-makers to develop more effective approaches based on energy production, storage, and controlling energy systems.
3.2 Assumptions and notations
In this section, strategies established to monitor and regulate the proportion of energy generated by renewable sources with hyper exponentially distributed repair of energy infrastructure are discussed in detail. The concept of the consumer’s arrival and customer service procedure in the queueing modeling can be associated with numerous factors related to the energy generation and distribution processes, namely, energy demand fluctuations, load balancing, grid integration, maintenance, and repairs, et cetera in context with the wind and renewable energy fields. Inspired by these actual situations, the following fundamental assumptions for the queueing modeling have been presented for analysis purposes.
Arrival Pattern.
•Customers enter the system and proceed in accordance with an independent Poisson process using λ as a parameter. If the server is already occupied, the subsequent arriving customer joins the waiting queue in the system; otherwise, he receives service immediately.
•Depending on the access in the system, the newly arrived customers arrange themselves into one particular waiting line.
•The system has two different categories of customers: type-1 and type-2. The likelihood that a new type-1 (or type-2) customer will enter the system is p (or (1 − p)).
•The system prohibits any customer from joining the system until the size of the queue surpasses a prefix threshold value F after the system’s capacity K is reached.
Service Pattern.• For type 1 and type 2 customers, the service times follow an exponential distribution with corresponding parameters, μ1 and μ2, respectively.
• When customers are permitted to rejoin the system to begin the service, the service provider needs an exponentially distributed startup time with rate parameter γ.
All processes and occurrences happened repeatedly and independently of one another.In order to model the system states of the developed model at time t, the states are described as
[image: image]
[image: image]
[image: image]
Then, [image: image] represents the continuous stochastic process with the state space
[image: image]
It signifies the irreducibility of the Markov chain [image: image]. Due to the finite nature of the state space Θ, the Markov chain [image: image] is also positively recurrent. Furthermore, The state probabilities at the instant of time t are represented by the following annotations.
[image: image]
Now, employing the appropriate birth-death axioms and preventing the transitions from inflow to outflow in equilibrium, the governing set of Kolmogorov differential equations is constructed to demonstrate the state probabilities linked with different system states as follows.
(i) Customers are permitted to join the system during idle state of the server.
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(25,0.6,0.7, 2.0) 8 1.042306 0.719935 639.968386 1.0000002538 1.0000004125 960.2196
(15,0.4,0.7, 2.0) 7 0.769406 0.529343 409.136949 1.0000000808 1.0000001460 740.3206
(15,0.8,0.7, 2.0) 11 1.295901 0.894984 468.243607 1.0000019037 1.0000049741 7357208
(15,0.6,0.5,2.0) 8 0.899836 0.899809 443.18954