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Abstract

:

This paper presents an analysis and optimization of an isolated hybrid renewable power system to operate in the Alrashda village in the Dakhla Oasis, which is situated in the New Valley Governorate in Egypt. The proposed hybrid system is designed to integrate a biomass system with a photovoltaic (PV), wind turbine (WT) and battery storage system (Bat). Four different cases are proposed and compared for analyzing and optimizing. The first case is a configuration of PV and WT with a biomass system and battery bank. The second case is the integration of PV with a biomass system and battery bank. The third case is WT integrated with biomass and a battery bank, and the fourth case is a conventional PV, WT, and battery bank as the main storage unit. The optimization is designed to reduce component oversizing and ensure the dependable control of power supplies with the objective function of reducing the levelized cost of energy and loss of power supply probability. Four optimization algorithms, namely Heap-based optimizer (HBO), Franklin’s and Coulomb’s algorithm (CFA), the Sooty Tern Optimization Algorithm (STOA), and Grey Wolf Optimizer (GWO) are utilized and compared with each other to ensure that all load demand is met at the lowest energy cost (COE) for the proposed hybrid system. The obtained results revealed that the HBO has achieved the best optimal solution for the suggested hybrid system for case one and two, with the minimum COE 0.121171 and 0.1311804 $/kWh, respectively, and with net present cost (  NPC  ) of $3,559,143 and $3,853,160, respectively. Conversely, STOA has achieved the best optimal solution for case three and four, with a COE of 0.105673 and 0.332497 $/kWh, and an NPC of $3,103,938 and $9,766,441, respectively.
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1. Introduction


The world’s need is increasing every day to reduce dependence on the use of fossil fuels, so finding means, solutions, and alternatives for how to produce the required energy has become of paramount importance. Thus, the push to develop and produce renewable energy globally increases every year, and many countries have managed to develop renewable energy projects based on solar and wind energy on a large scale. This progress is essential to the plan to replace renewable energy sources that depend on fossil fuels and establish a solid foundation for a sustainable society [1].



Off-grid power generation is a viable option for supplying electricity to small communities in developing countries that do not have enough money to spend on a continuous connection to the public electric grid, and places that are very remote and cannot be easily connected to the grid due to their distance from basic infrastructure. In such circumstances, the utilization of renewable energies can help these places develop more quickly [2]. The most common methods of generating renewable energy are solar and wind energy solutions. However, it often depends on the area to decide which resources will be used to get the best results. This could include hydropower and/or biomass energy as additional means of producing renewable energy. Hybrid Renewable Energy System stations are generally characterized as a combination of two or more various power sources to supply the electrical power required for the loads, and can be a mixture of either traditional and renewable sources, or only renewable sources [3].



An off-grid power generation system causes reliability issues because of an unavailability of electricity backup from the utility grid. Moreover, solar and wind energy’s variable nature causes non-linear and erratic energy production, which leads to a power mismatch where the load requirements of the consumer are not satisfied by the capacity production [4]. To overcome this, a hybrid renewable energy system is used with an energy backup unit to meet consumer demand. Where the energy storage system consists of fuel cells (FCs), batteries (Bats), etc., thereby the wind and solar energy complimentary characteristics are integrated with the energy storage system backup unit to make the system credible and sustainable [5].



Several researchers have introduced popular software-based, classical, and metaheuristic techniques for the unit sizing of hybrid renewable systems. One of the most known of these software programs used for the optimization process is the Multiple Energy Sources Hybrid Optimization Model (HOMER). The authors in [6] utilized the HOMER simulation to study the performance of six different configurations of hybrid systems based on a photovoltaic (PV)/wind turbine (WT)/FC/Bat model. This research paper aims to look at the energy production potential and creation of hydrogen using solar and wind power resources in various regions throughout Saudi Arabia, including Dhahran, Riyadh, Jeddah, Abha, and Yanbu. The results revealed that integrating PV/WT/Bat storage bank is the optimal option for achieving the lowest energy cost (COE) with 0.609 $/kWh in the Yanbu area. Ref. [7] investigated a design of a hybrid stand-alone renewable energy model for the Azad National Institute of Technology, Bhopal in the Indian state of Madhya Pradesh using 5 kW PV, 5 kW biomass gasifier generator and a 5 kW fuel cell. The HOMER program was employed for obtaining the optimized results, where the COE of the proposed power system has been found to be 15.064 Rs/kWh and total net present cost (T  NPC  ) Rs. 5189003. Authors in [8] introduced a techno-economic analysis and optimum analysis planning of different configurations of a hybrid renewable energy system based on PV/WT/ diesel generator (DG)/Bat, and converter to meet up with the electric load requirements for a rural area in Dongola, Sudan. This was achieved by studying various layouts of the suggested hybrid system to explore the optimal solution for the lowest   NPC   and greenhouse gas emissions using the HOMER program. The results evidenced that the construction of the PV/WT/DG/Bat converter unit achieved the best performances for both the T  NPC   with 24.16 M$ and COE with 0.387 $/kWh.



Ajlan et al. [9] examined the feasibility of introducing a micro-grid hybrid system using five alternative energy scenarios (DG-only, PV/DG, WT/DG, PV/WT and PV/WT/DG) for a rural community in the Shafar village, Hajjah province, Yemen. From an environmental and economic standpoint, the results obtained from the HOMER software showed that PV/WT/DG scenario was the optimal hybrid system in     CO  2    emission reduction with 70%, system cost reduction with 45%, and high system reliability. Dufo-López et al. [10] formulated a new multi-objective evolutionary algorithm (MOEA) to identify the best feasible way of a stand-alone hybrid power system based on PV/WT/DG/Bat/converter to satisfy the required load in the Tindouf area, Algeria. The main objective functions of this suggested system are to reduce the NPC and maximize both Human Development Index (HDI), as well as job creation (JC).



Antonio et al. [11] evaluated an optimal configuration analysis using HOMER software for an off-grid hybrid system based on PV/BG/hydrokinetic turbines/Bats bank located in Southern Ecuador. Mehran et al. [12] applied the multi-objective crow search algorithm for optimum sizing and the techno-economic analysis of a hybrid system consisting of PV/DG/FCs and batteries. Suresh et al. [13] developed the multi-objective improved genetic algorithm to find the optimal sizing of an off-grid hybrid model for rural areas by considering the minimization of the COE. This proposed system was based on PV/WT/DG/Bat components. Kharrich et al. [14] discussed improving a hybrid system consisting of PV/WT/DG/Bat in the Dakhla area in Morocco by considering the minimization of the NPC. This optimization problem is based on using a novel Equilibrium Optimizer (EO), and the obtained results of this optimizer were compared with the results obtained from the use of the Harris Hawks optimizer (HHO), Artificial Electric Field optimizer (AEFO) Algorithm, GWO Algorithm, and Sooty Tern Optimization Algorithm (STOA).



Ramli et al. [15] developed a multi-objective self-adaptive differential evolution (MOSaDE) technique for the optimal scheduling of a microgrid system composed of PV/WT/DG/Bat for Yanbu, Saudi Arabia. This optimization technique has been used to analyze the COE, LPSP, and the Renewable Factor (RF) simultaneously. Ashraf et al. [16] presented the PV/WT/DG hybrid system as the optimal configuration for providing the required loads with least minimum COE, the total emissions generated, and maximum LPSP in the Gobi Desert in China. The optimized design of the proposed hybrid system is based on a new Elephant Herding Optimization (EHO) algorithm. Diab et al. [17] formed an optimal grid system to reduce the energy cost while satisfying the operational constraints by using a Modified Farmland Fertility Algorithm (MFFA), while the hybrid system is a combination of PV, WT, and FC units as a case study for Ataka region in Egypt.



Geleta et al. [18] proposed and analyzed an optimized sizing of PV/WT/Bat bank hybrid system as the optimal configuration for supplying the needed load with the least COE. The GWO algorithm is the proposed technique used for solving the optimization problem. Shakti and Subhash [19] studied an optimized sizing of an off-grid PV/biomass system compared to grid-connected PV/biomass system. The assessment of various viewpoints of multiple technical and economic performance were made using two optimization techniques, the Artificial Bee Colony (ABC) optimization technique and HOMER software. The results showed that the grid-connected model outperformed the off grid model in terms of cost. Bukar et al. [20], determined the optimal hybrid energy system composed of PV/WT/DG/Bat that would fulfill the load required to reliably supply residential housing in Yobe State, Nigeria, based on reducing the COE and LPSP. Optimization of the suggested hybrid power system was done using the grasshopper optimization algorithm (GOA) and the obtained results were compared with the results obtained from CS, PSO algorithms.



Heydari and Askarzadeh [21], evaluated an approach for optimal sizing of an off grid hybrid system based on PV/biomass in Bardsir, Iran, with objectives of minimizing   NPC   and the LPSP. This research is focused on utilizing the harmony search (HS) optimization algorithm on modeling the optimal hybrid system. Sarkar et al. [22] analyzed the operational behavior of an optimized hybrid micro-grid consists of PV/WT/biomass/Bat storage unit using the HOMER program to supply the required load of the investigated area in India with least COE, and to ensure zero LPSP. Li et al. [23] addressed the issue of techno-economic optimal design of stand-alone PV/WT/Biomass/Bat hybrid model utilizing HOMER program for a town in West China.



Ghosh et al. [24] discussed the optimal sizing and cost reduction solution for a micro-grid hybrid system that both includes PV and biomass. The dragonfly algorithm has been applied to simulate and perform this optimization analysis and the results have been compared with the obtained results from the ABC method. Eteiba et al. [25] evaluated the effect of four optimization techniques (Flower Pollination Algorithm (FPA), the HS, ABC, and the Fire-fly Algorithm (FA)) to determine the optimal sizing of an off-grid hybrid PV/biomass/Bat storage system while utilizing the minimization of   NPC   as the fitness function for the suggested optimization methods. Sawle et al. [26] presented different optimization strategies based on GA, BFPSO, PSO and Teaching-Learning-Based Optimization (TLBO) to construct an optimal PV/WT/Biomass/Bat hybrid system with different objectives which are COE, LPSP, RF, Particular matter (PM), HDI, JC, and GHG. According to the results, the TLBO technique is an effective tool for dealing with all problem objectives and providing the best solution. Alshammari and Asumadu [27] discussed the optimization of an off-grid hybrid system consisting of PV/WT/biomass/Bat units to supply customers’ electrical demands in a cost-effective, efficient, and reliable manner. To determine the optimal solution, two optimization methods were used (HS and PSO techniques). The major objectives of this work are as follows:




	
The paper contains the study of four scenarios of a stand-alone hybrid system utilizing real-time meteorological data for a remote area located in the New Valley Governorate of Egypt called Alrashda village in Dakhla Oasis. The first system scenario is PV/WT/Biomass/Bat, the second is PV/Biomass/Bat, the third is WT/Biomass/Bat, and the fourth one is PV/WT/Bat.



	
Studying a new optimization algorithm, which is the Heap-based optimizer (HBO) technique, while make a comparison with a three recent types of optimization methods namely, Franklin’s and Coulomb’s algorithm (CFA), the Sooty Tern Optimization Algorithm (STOA), and Grey Wolf Optimizer (GWO).



	
The study includes exploiting the capabilities of the proposed algorithms to optimize and minimize COE with increasing the reliability and efficiency of the suggested hybrid systems, and performs different sensitivity analyses on an optimal design to predict the upcoming system implementation.








The suggested work is structured as follows: Section 2 explains the modeling of the suggested system units. Section 3 discusses the description of the studied area. Section 4 discusses the formulation of the optimization problem. Section 5 discusses a brief explanation of the optimization methodology of HBO, CFA, GWO, and STOA. Section 6 presents the results of the optimal sizing for the stand-alone hybrid power system. Finally, the conclusions are provided in Section 7.




2. Modeling of the Proposed System


The stand-alone hybrid system considered in this paper consists of PV/WT/Biomass/Bat units. The layout of the suggested hybrid model is illustrated in Figure 1. This section explains in detail the description of the major system units and the optimization methodology of the suggested hybrid model.



2.1. Photovoltaic System (PV)


A simplified model based into account ambient temperature and solar irradiation is employed in this study to compute the energy generated by the PV panels     PV  p   ( t )   , as indicated in the equation below [28,29].


     PV  p   ( t )  =  N  PV   ×   PV   rat  P   (     R  int    ( t )     R  STC      )   [  1 +  γ T   (  (  R  int    ( t )   (         T     nor      − 20     0.8      )  +  T  amb    ( t )  ) −      T    STC    )   ]       · η   w       η    PV     



(1)




where,     PV   rat  P    indicates the rated power of the PV panel at standard test condition (STC) [kW],    R  int    ( t )    is the intensity of solar radiation at time (t),    R  STC     denote the intensity of solar radiation at standard conditions [1000 W/   m 2   ],    N  PV     is the number of PV units,    γ T    is the PV module temperature coefficient [%/ ℃ ],    η w    is the wiring efficiency,    η  PV     is the PV module efficiency,    T   nor        is the cell temperature under at normal operating conditions,    T  amb    ( t )    denote the ambient temperature (°C),       T    STC     denote the cell temperature under standard operating conditions (°C). The technical specifications of the PV panel modeling are shown in Table 1.




2.2. Wind Turbine


Every month, NASA supplies data on wind speed, which has been utilized as input data for this study (NASA, 2020). The following mathematical formulas are employed to calculate the wind turbine output     WT  P   ( t )    based on a comprehensive literature review [2,31].


   WT p  ( t ) =     0 ,    V  ( t )   <    V   cut   in     or   V  ( t )   >    V   cut   off          N  WT   ×   WT   rat  P  ×       WT    (     V 2   ( t )  −  V  cut  2     V  rat  2  −  V  cut  2     )   ,     V  cut   in   < V  ( t )  <   V   rat         N  WT     ×   WT   rat  P  ×   η   WT   ,     V  rat   < V  ( t )  <   V   cut   off         



(2)







In which,   V  ( t )   ,    V  cut   in    ,    V  cut   off    , and    V  rat     are WT speed at time t, WT speeds cut-in, WT speeds cut-off wind speed, and rated speed respectively.    N  WT     denotes the number of WTs modules,        η    WT     is the WT efficiency, and     WT   rat  P    is the rated power of the WT (kW).



Wind speed increases with height above ground level, and the wind turbine hub’s height has also a major impact on wind speed, which affects power generation, according to the below power law equation [13]:


   (     V n     V  ref        )  =    (     H n         H    ref        )     ε  wt      



(3)




where,    V n    represents the WT speed (m/s) at the new height    H n    (m),    V  ref     is the WT speed (m/s) at the original turbine hub height    H  ref     (m), and    ε  wt     denotes the WT friction coefficient.



According to the International Electro technical Committee (IEC), the value of the coefficient of friction in the case of normal wind conditions is 0.20 and in the case of intensive wind conditions is 0.11. The technical specifications of the selected WT modeling are presented in Table 2.




2.3. Biomass System


Biomass comprises of the stored chemical energy from solar energy, so biomass can be used for heating by direct burning or transformed through many operations into liquid fuels and renewable gases [32,33]. One of the major aspects in determining the type of technology used to generate biomass energy is the type of biomass to be used and the type of fuel to be produced from the conversion process [34].



In this work, biomass gasification is the conversion process used which is a pyrolysis process in which the raw materials of biomass are heated in closed and pressurized vessels, the output gaseous fuel by this process is usually called the producer gas [35].



In this study, sugarcane bagasse was used as a raw material for biomass to feed a small-scale downdraft gasifier, as the cane crop is one of the agricultural crops available in the New Valley city. The biomass generator was utilized as the primary generator to satisfy the electrical load requirement beside the PV and WT systems, the technical characteristics of the biomass system are illustrated in Table 3. The hourly generated power from the biomass system     BG  P   ( t )    can be expressed according to the following mathematical formula [25,27];


     BG  P   ( t )  =      FS    rat    ( t )  ×   HHV   fs   ×    η  gas    × ω  



(4)




where,     FS   rat    ( t )    is the biomass raw material rate per hour (kg/h),     HHV   fs     indicates the higher heat value of the biomass raw material,    η  gas     denotes the efficiency of the gasifier reactor (75%), and  ω  represents a factor for converting units from kJ to kWh (27.78   ×   10   − 5    ).



The load ratio of the considered biomass generator is set to operate at no less than 30% (    Gen   min     = 30%) of its rated capacity to avoid running at much lower demands, while its maximum load is 80% (    Gen   max     = 80%) of its rated capacity. The generator output power (    Gen   out    ) can be described according to the following constraints [25,27,36];


    Gen   out   =  {        0       BG  P  <   Gen   min                 BG  P      Gen   max   >   Gen   max                   BG  P      Gen   max   <   BG  P  <   Gen   min            



(5)







Based on the previous mathematical expressions,    F  con   BG    ( t )    is the average fuel consumption per hour, and    E  Bio     (  kWh  ) is the annual energy output which can be computed as following;


   E  Bio   =   ∑   t = 1   8760    N g  ×   Gen   out   × t  



(6)




where,    N g    is the number of generators.




2.4. Battery Bank Model


The battery bank serving as a backup system of storing energy in the event that the renewable sources are unable to deliver the needed power. The hourly total power generated by the PV, WTs, and biomass system    P  re    ( t )    is obtained based on the below equation [19,25];


    P  re   =      P    PV   +      WT   P    +       BG  P  /  η  inv     



(7)







The technical specifications of the battery bank model are illustrated in Table 4. The following equations explain the energy production and consumption of the battery system from time t–1 to time t [30,38];


  During   the   charging   phase     Bat   CH   ,  










      Bat   CH    ( t )  =  (   P  re    ( t )  − (  P   L       ( t )  /  η  inv   )  )  × Δ t ×      η    CH     



(8)






     SOC   Bat    ( t )    =   SOC   Bat    (  t − 1  )  ×  (  1 − σ  )      +   Bat   CH    ( t )    



(9)






  During   discharging   phase     Bat   DIS   ,  










      Bat   DIS    ( t )  =  (  (  P   L       ( t )  /  η  inv   ) −      P     re       ( t )   )  × Δ t ×  η  DIS     



(10)






     SOC   Bat    ( t )    =   SOC   Bat    (  t − 1  )  ×  (  1 − σ  )    −   Bat   DIS    ( t )    



(11)







In which,       η    CH     and    η  DIS     indicate the battery charging and discharging efficiencies, respectively,  σ  is self-discharge rate, and     SOC   Bat     is the battery state of charge.    η  inv     denotes the inverter efficiency.




2.5. Bi-Directional Converter Model


A bidirectional transducer is adopted to maintain power flow between DC and AC components. There are two kinds of power conversion devices in a power system, the inverter which converts DC current to AC current and the rectifier which converts AC current to DC current. The technical characteristics of the inverter model are presented in Table 5. The hourly input power of the inverter    P  inv    ( t )    can be expressed as below [16];


   P  inv    ( t )  =      P     L       ( t )  /  η  inv    



(12)







In which,    η  inv     represents the inverter efficiency.





3. Description of the Studied Area


The considered area for this study is Alrashda village, which is located 10 km northwest of Mut town, the administrative center of the Dakhla Oasis in the New Valley Governorate in Egypt, at 28.938° east longitude, 25.576° north latitude, and an altitude of 243 m. The reason of choosing this village because of its comparatively high solar, wind, and biomass energy potential. The proposed mathematical model is used for designing a small scale stand-alone hybrid system to feed a range of loads which are represented in residential loads, where the peak loads are occurred during the summer and in the evening period from 19:00 to 23:00 p.m. In Figure 2, the profile of the proposed loads during a year is depicted, which shows that the average residential load of the village has reached about 260 kW, with a maximum load of 410 kW. Figure 3, Figure 4 and Figure 5 illustrate the plot of hourly data of the solar radiation, temperature, and wind speed which are obtained from the NASA Surface Meteorology and Solar Energy website for 20 years for the selected area. Figure 3 presents the short-wave solar irradiance of the studied area during a year, where the yearly radiation rate is between 2.45 kWh/   m 2   /day to 10.94 kWh/   m 2   /day, with the average yearly radiation on this site’s horizontal surface is around 6.89 kWh/   m 2   /day, while the yearly ambient temperature of the selected site is indicated in Figure 4, which showed that the maximum ambient temperature can be reached, is 40°. Figure 5 illustrates the annual wind speed for the selected location with a maximum wind speed of about 13.9 m/s and an average in the range from 8.71 m/s to 9.89 m/s. As previously mentioned, the biomass feedstock used in this study was the sugarcane bagasse. The sugar cane crop is considered one of the strategic crops in Egypt, where the harvest period begins during January of each year and extends until May. The amount of biomass feedstock available at the selected site was assumed to have a variable values over the year, the monthly biomass consumption rate is presented in Figure 6, with an average of one ton/day.




4. Optimization Problem


The primary aim of this work is to indicate the capacity to optimize the suggested stand-alone hybrid power system in order to provide a guaranteed supply of power at the lowest feasible cost. In this section, the economic and cost analysis, the main objective function, the optimization constraints, and system management strategy are discussed.



4.1. Economic and Cost Analysis


The COE for a specific system is an economic evaluation of the system’s costs and of the associated cost in its lifespan. The COE is a function of the   NPC  , it actually helps to select the lowest energy prices from different feasible hybrid configurations, which means the least overall investment cost in a renewable power system plant, after fulfilling the energy dependability limitations. While the   NPC   represents the current value of the capital investment and operating costs over the lifespan. The   NPC   and the COE in ($/kWh) can be computed as follows [3,30]:


   COE =   NPC     ∑  1  8760    P   L           C   RF        



(13)






   NPC   =  C  Ann  T  /  C   RF        



(14)




where,    C  Ann  T    is the total annual cost of the proposed hybrid system, and    C   RF        is the capital recovery factor, which is a ratio for the current cash value calculation and it can be estimated over a lifespan of years ( S  = 25 years) and an interest rate (   I   r        = 6%).    C   RF        and    C  Ann  T    are modeled as:


    RF     (   I   r      ,    S   )    =    I   r      ×    (   I   r      + 1  )   S         (   I   r      + 1  )   S  − 1     



(15)






    C  Ann  T    =  ∑   C  Ann  u    =   C  Ann   PV   +   C  Ann   WT     +  C  Ann   BG     +  C  Ann   Bat     +  C A  inv     



(16)






    C A u    =  C  Ann _ Cap  u    +  C  OM  u    +  C  Ann _ Rep  u    +  C  Ann _ fuel     



(17)




where,    C  Ann  u    is the annual cost of each unit,    C  Ann _ Cap  u    is the total annualized cost of each unit,    C  OM  u    is the operation and maintenance cost of each unit,    C  Ann _ Rep  u    is the replacement cost for each unit, and    C  Ann _ fuel     is the annual fuel cost of the biomass unite which is computed by applying the following formula [25,27]:


    C  Ann _ fuel     =  C  Bio    ×    Bio    T        



(18)






     Bio    T        =   ∑  1  8760     FS   rat    ( t )    



(19)




where,    C  Bio     is biomass fuel cost, and     Bio    T        is the total feedstock consumption of the generator (kg/year).




4.2. Objective Function


The aim is to create the optimal combination of units for the hybrid renewable energy system to achieve maximum energy supply. To achieve this aim, the COE is minimized, high power supply reliability is maintained, the LPSP is minimized, excess power (   P  EXC    ) absorption is reduced dummy load (   P  dum    ) to reduce the total system costs. To calculate this objective functions, the following formulas are applied:


   Min   F ( X ) = Min   (  φ 1      COE +  φ 2    LSPS   +  φ 3   )  



(20)






   X = [  N  PV    ·   N  WT    ·   N g   ·   N  Bat   ]   



(21)






  LPSP =   ∑  1  8760      LPS     ( t )     P   L       ( t )     



(22)






   LPS   ( t ) =  P   L       ( t )    − (   ( t ) +   SOC   Bat    (  t − 1  )  −      SOC    min     ) ∗  η  inv     



(23)






    P  EXC     =   ∑  1  8760      P  dum      ( t )     P   L       ( t )      



(24)




where,  φ  is the weight factor value of each objective function,  X  represents the control variables of the optimization problem that must be optimized using the studied optimization algorithms, and LPS(t) is the loss of power supply at any time.




4.3. Constraints


The optimization procedure is based on the following limitations and on the upper and lower limit of the following decision variables;


   1 ≤    [       N  PV          N  WT          N g         N  Bat        ]  ≤    [       N  PV   max          N  WT   max          N g  max          N  Bat   max        ]    



(25)






   LSPS  ≤    LSPS   max     



(26)




where,       N    PV   max     is the maximum number of PV, and    N  WT   max     represent the maximum number of WTs units, based on the maximum load and rated power of PV/wind unit, which set to be 410 (410 kW/1 kW) and 13 (410 kW/30 kW), respectively.    N g  max     is the maximum number of generator units which set to be 8 (410 kW/50 kW),    N  Bat   max     is the maximum number of batteries which is set to be 1000.




4.4. System Management Strategy


The methodology provided in this work aims to optimize the combination of PV, WT, biomass generators as the main power sources, and batteries which work to keep the energy supply continuous to the loads and enhancing the power supply, which reduces the costs of LPSP and    P  EXC    . The flowchart explaining the operational strategy of the proposed hybrid system is presented in Figure 7, while the operating management methodology can be stated according to the following steps:



	
Initially, the charge (SOC) state of the battery bank remains unchanged when    P  re     meets the charge requirement (   P  re    (t) =    P  inv    (t)), and the loss in power supplies is zero (LPS (t) = 0) during this time interval.



	
When the system’s generation of    P  re     exceeds the load demand (   P  re    (t) >    P  inv    (t)), and the battery system’s SOC is less than the maximum permissible charging limit for that interval, then the battery is charged with the surplus power (   P   Sur     ( t )   ) until it reaches its highest limit,    P   Sur     ( t )    is computed according to the following formula:


   P   Sur     ( t )  =  P   re     ( t )  −    P    inv    ( t )   



(27)







	
When the maximum charge limit of the battery is reached, the storage system charging status remains unmodified and identical to the previous charge state   (   SOC   Bat    ( t )    =      SOC    Bat    (  t − 1  )   ), while the surplus energy remaining is treated as waste energy (   P   W     ) that can be discharged into the dummy load.


    P   W     ( t )    =  P   Sur     ( t )    − (    SOC    max     −    SOC    Bat    (  t − 1  )  )   



(28)










The energy stored in the battery bank shall be used to satisfy the load demand if the    P  re     generated from the proposed system cannot meet the load need and if the battery storage system charge is higher than a minimum permissible limit    P  re    (t) <    P  inv    (t) and     SOC   Bat    (  t − 1  )  ×  (  1 − σ  )    >     SOC   min    ).





5. Optimization Techniques


To find the solution of optimal sizing problem, four optimization algorithms with the highest efficiency have been utilized.



5.1. HBO


A new meta-heuristic optimization technique based on human-behavior called Heap-based optimizer (HBO) has been created by Qamar Askari in [40]. The HBO technique is based on the hierarchy of corporate rank (CRH) and the interplay of individuals in this hierarchy, HBO’s mathematical model is based on three phases: interplay between employees and their direct manager, interplay amongst coworkers, and employee self-contribution. Unlike numerous of previous meta-heuristics algorithms, the relative fitness of search agents is used to organize them in a hierarchy, and the notion of minimum or maximum heap is used to allow interplay between them while maintaining their relative difference. Furthermore, a factor termed Gamma (γ) is established to help the algorithm avoid premature convergence without compromising the exploitation capability by allowing it to escape local optima. The pseudo-code of the HBO technique is indicated in Algorithm 1.



To prove the efficiency and performance of the HBO technique, it has been tested and compared with seven well-known algorithms and 97 diverse test functions involving 29 CEC-BC-2017 functions. The exploitative and explorative behavior of HBO has assessed from the obtained results of using 24 unimodal and 44 multimodal functions. Experiments and the Friedman mean rank test reveal that HBO outperforms and takes first place.



	Algorithm 1. HBO [40]



	1. Initialize general parameters, N, D,    T  max    , and (   L i   ,    U i   )



	2. Generate a random population P of N search agents



	3. Building the heap



	4. Algorithm 1; Heapify_Up (i)



	5. Input: i (the index of the node we are trying to heapify)



	6. Assuming that the rest of the nodes fulfill the heap property



	7. while i ≠ root and heap[i].key < heap[parent (i)].key do



	8.      swap(heap[i], heap[parent (i)])



	9.      i ← parent (i)



	10. end



	11. Algorithm 2; Build_Heap (P, N)



	12. Input: P, N



	13. for i ← 1 to N do



	14.    heap[i].value ← i



	15.    heap[i].key ← f (Xi)



	16.    Heapify_Up (i)



	17. end



	18. Update Search agents positions repeatedly



	19. Algorithm 3; HBO_Main_Body



	20. for t ← 1 to Tmax do



	21.    Compute γ, p1, p2



	22.    for I ← N down to 2 do



	23.       i ← heap[I].value



	24.       bi ← heap[parent (I)].value



	25.       ci ← heap[colleague(I)].value



	26.          B →    ←      x  c 1    →   



	27.          S →    ←      x  b 1    →   



	28.       for k ← 1 to D do



	29.          p ← rand ()



	30.             x  t e m p  k    ← update    x i k   (t)



	31.         end



	32.           if    f(     x →    t e m p    ) < f(     x →   i   (t)) then



	33.                  x →   i   (t + 1) ←     x →   i   (t)



	34.          end



	35.          Heapify_Up (I)



	36.     end



	37. end



	38. return    x  heap  [ 1 ]  . value    









5.2. CFA


A meta-heuristic optimization algorithm called Franklin’s and Coulomb’s algorithm (CFA) has been created by Ghasemi et al. [41], is based on the theories of the Coulomb’s and Franklin’s law. For optimal outcomes, the CFA employs two separate theories. First is the Coulomb’s Law, which is based on the attraction and repulsion of electrons. This phenomenon governs the interaction of two independent point charges separated by a certain distance. Second is the Franklin’s Law, which is based on that every item has an equal quantity of positive and negative charges, according to this law. CFA’s mathematical model is based on four steps: Initialization, Attraction/repulsion, Probabilistic ionization, and Probabilistic contact. The pseudo-code of the CFA technique is indicated in Algorithm 2.





	Algorithm 2. CFA [41]



	1. Generate the initial point charges (population)



	2. Initialize parameters



	3. Initial fitness evaluation of whole population



	4. While criteria not satisfied do



	5.       for (i = 1: N) do



	6.           The attraction/repulsion phase is applied for point charges of objects.



	7.           Evaluate the fitness values.



	8.           The probabilistic ionization phase is applied for elementary charges (control variables) of point charge and fitness evaluation.



	9.           The probabilistic contact phase is applied for objects.



	10.           Selection of the best solution.



	11.       end for



	12. end while







5.3. STOA


A novel bio-inspired optimization algorithm called Sooty Tern Optimization Algorithm (STOA) has been created by Dhiman and Kaur [42] to address the constraints of the industrial issues. The movement and attacking habits of the sea bird sooty tern in nature are the key motivations for modeling the STOA technique. STOA was validated using 44 benchmark test functions and compared it with nine well-known optimization techniques in terms of performance. The results of CEC 2005 and CEC 2015 standard test functions prove that the STOA is capable of addressing difficult and high dimensionality bound constrained actual situations. The pseudo-code of the STOA technique is indicated in Algorithm 3.



	Algorithm 3. STOA [42]



	1. Initialize the population    X 1 p  =   (  X 1 p  ,     X  2 p  ,     X  3 p  , … … ,     X  N p    within the limits    X i min  ≤  X i p  ≤  X i max   



	2. Initialize parameters DA and CB



	3. Evaluate the fitness of whole population



	4. Best search agent → Xbest



	5. While (it < Maxit)



	6.      for (i = 1: N) do



	7.         Update the position of the current search agent



	8.       end for



	9.       Initialize parameters DA and CB



	10.      Evaluate the fitness of whole population



	11.      Update Xbest



	12.      it = it +1



	13. end while



	14. return Xbest









5.4. GWO


The GWO has been proposed by Mirjalili et al. [43], it’s a heuristic optimization technique created to find a candidate solution from a large solution space without requiring any explicit input parameters. Such qualities are ideal for dealing with nonlinear issues, such as controller parameter tweaking. Grey wolves’ natural behavior and social structure in seeking prey served as inspiration for GWO. There is a hierarchical framework that governs each wolf pack. The alpha wolf, who heads the entire group, is the most formidable. In the absence of the alpha wolf, the second strongest wolf, called as the beta wolf, assumes leadership. The weaker wolves are the delta and omega wolves. The pseudo-code of the GWO technique is indicated in Algorithm 4.



	Algorithm 4. GWO [43]



	1. Initialize the grey wolf population    X 1 p  =   (  X 1 p  ,     X  2 p  ,     X  3 p  , … … ,     X  N p    within the limits    X i min  ≤  X i p  ≤  X i max   



	2. Initialize parameters a, A, and C



	3. Evaluate the fitness of whole population



	4. Xα = the best search agent



	5. Xβ = the second best search agent



	6. Xδ = the third best search agent



	7. While (it < Maxit)



	8.       for (i = 1: N) do



	9.           Update the position of the current search agent



	10.       end for



	11.       Update a, A, and C



	12.       Evaluate the fitness of whole population



	13.       Update Xα, Xβ, and Xδ



	14. end while



	15. return Xα










6. Results and Discussion


In this work, a novel HBO technique is suggested to determine the optimal sizing of four alternatives off-grid hybrid system scenarios based on PV, WT, biomass, and battery units. These four scenarios of the hybrid system are namely PV/WT/biomass/Bat, PV/biomass/Bat, WT/biomass/Bat, and PV/WT/Bat. In order to validate the effectiveness of this HBO as a way to provide optimal reliability and least cost, the results achieved by the suggested algorithms are compared with other recent optimization techniques CFA, GWO and STOA. The control parameters used in the optimization process for each algorithm are listed in Appendix A.



Figure 8 presents the graphic form of the final values of the target function over the 50 executes for the four analyzed configurations scenarios utilizing the optimization techniques namely, HBO, CFA, GWO, and STOA. It can be noted that, the fitness values for the suggested HBO method in the four system cases were within a limited range, which demonstrated the stability of the suggested technique over the other techniques. Therefore, parametric and nonparametric metric values are superior using the HBO method compared to the rest of the optimization techniques.



Figure 9 displays the best optimal solution convergence curve for each scenario utilizing HBO, CFA, GWO, and STOA. For Case (1), the best solution achieved by using HBO technique which is 0.0643767 after 27 iterations, followed by CFA technique with 0.06437783 after 44 iterations. For Case (2), the best solution achieved by using HBO technique which is 0.0703404 after 49 iterations, followed by best solution achieved by CFA technique with 0.07034462 after 32 iterations. For Case (3), the best solution achieved by using HBO technique with 0.0705909 after 41 iterations, followed by best solution achieved by CFA technique with 0.0651240320 after 39 iterations. Finally for Case (4), the best solution achieved by using HBO technique with 0.151991724 after 41 iterations, followed by best solution achieved by CFA technique with 0.152001799 after 58 iterations. It can be noticed that the HBO method provides a good convergence characteristic over the other optimization algorithms CFA, GWO, and STOA in all suggested cases.



Table 6, Table 7, Table 8 and Table 9 illustrate the results of the optimization properties for the four system scenarios proposed, which is based on many factors including the best value of the objective function, the decision variables (   N  PV    ,    N  WT    ,    N g    and    N  Bat    ), the COE, LPSP, and   NPC   of the suggested optimization algorithms (HBO, CFA, GWO and STOA).



In Table 6, for the PV, WT, Biomass, and Bat system, the results indicate that the HBO has the best configuration by using 15 PV panels, 1 WTs, 2 biomass generators, and 400 batteries, achieving the least COE, and    NPC    with 0.121171$/kWh and $ 3,559,143, respectively. In Table 7, for the second system case based on PV, Biomass, and Bat, the results prove that the HBO has the best configuration by using 17 PV panels, 2 biomass generators, and 447 batteries, achieving the least COE, and    NPC    with 0.1311804$/kWh and $ 3,853,160, respectively.



While Table 8, for the WT, Biomass, and Bat system, the results prove that the STOA has the best configuration by using 1 WT, 2 biomass generators, and 375 batteries, achieving the least COE, and    NPC    with 0.1056732 $/kWh and $ 3,103,938, respectively. In Table 9, for the fourth system case based on PV, WT, and Bat, the results illustrate that the STOA has the best configuration by using 170 PV panels, 88 WTs, and 983 batteries, achieving the least COE, and    NPC    with 0.3324975$/kWh and $ 9,766,441, respectively.



By comparing the COE and NPC of the four suggested cases, it finds that Case-3 achieved the lowest COE and NPC, followed by the Case-1. Although the third scenario which based on WT/biomass/Bat units produces the minimum value of COE and NPC, but it is not the optimal and efficient system for use. As the design of this case is based on batteries and biomass generators only, which have the highest yearly sharing of the capital cost, operating and maintenance cost. While the first scenario which is consists of PV/WT/biomass/Bat units considered an appropriate solution with minimal investment cost for the suggested case study area.



Parametric and non-parametric statistical measurements were performed for a more accurate comparison between the four optimization methods (HBO, CFA, GWO and STOA) on the basis of the acquired values of the objective function across a hundred individual runs for all analyzed cases. Parametric measurements comprise the lower value (Min.), maximum value (Max.) and mean of the target function, whereas the non-parametric measurements contain the median, relative error (RA), mean absolute error (MAE), standard deviation (SD), and efficiency. The efficiency here referred to the ratio of the lower value to the mean value of the goal function. For all four system scenarios, the results for statistical metrics for HBO, CFA, GWO, and STOA are shown in Table 10. On the basis of the results obtained, the proposed HBO in each case proved the best sensitivity and stability results compared to other optimization methods.



Figure 10, illustrate the sensitivity analysis of studying the impact of the variation of the decision parameters on the stand-alone system objective functions, (a) COE, (b) NPC, (c) LPSP, (d) EXP. Where “0” on the x-axis refers to the nominal values of the sensitivity factors.



Figure 10A,B illustrate the effect on the COE and the NPC. As it can be noted that, at lower values of the specified parameters, both COE and NPC drop when the number of each PV panels, biomass generators, and batteries decreased. While, at a higher parameter values, the COE and NPC raise with increasing the number of each PV panels, biomass generators, and batteries. For the number of wind turbines, it can be noted that both the COE and NPC are nearly constant with the variation of the wind turbines number.



Figure 10C,D indicates that the chosen parameters has an effect on the system parameters, especially the number of the biomass generators.



Table 11, illustrate the yearly expenses breakdown of the hybrid system units and in turns show the system’s NPC. The reader can notice that, for all suggested system cases the battery storage system has the highest yearly sharing of the capital cost compared to other system units. While the Biomass system has the highest operating and maintenance cost compared with other generating units in the suggested hybrid power system.




7. Conclusions


This study offered a new meta-heuristic optimization method, called the Heap-based optimizer (HBO) technique, for design four different scenarios of a stand-alone hybrid power model based on PV, WT, Biomass system, and battery storage unit. The major objective function is minimizing the COE with increasing the reliability LPSP, which fulfils the required load of an isolated society in Alrashda village, Dakhla Oasis in the New Valley Governorate, Egypt. The operation of the suggested off-grid system relies on the meteorological data of wind speed, radiation and temperature per hour which obtained from NASA Surface Meteorology and Solar Energy website for 20 years for the selected region. The result obtained by the proposed methodology HBO which is based on utilizing MATLAB software was compared with other optimization methods CFA, GWO, STOA techniques.



The simulation results clearly showed that the suggested optimization method HBO is an effective method in identifying the optimal capacities of the generating and energy storage units and ensured good execution in the different scenarios of proposed the hybrid system. The results from the analyses presented in this study show the following:




	✓

	
The obtained results indicated that the HBO technique showed the optimal convergence between the investigated algorithms in reaching the best solution.




	✓

	
The HBO method has achieved the best optimal solution for Case-1 scenario. This case is a combination of PV/WT/biomass/Bat units, the best optimal solution has achieved after 27 iterations with the minimal COE of 0.121171 $/kWh, NPC of $ 3,559,143, and LPSP of 0.026789, followed by the results obtained from the CFA technique with the minimal COE of 0.1213225 $/kWh, NPC of $ 3,563,603, and LPSP of 0.0267184 after 44 iterations, followed by the results obtained from GWO, and STOA methods




	✓

	
The HBO technique has achieved the best optimal solution for Case-2 scenario. This case is consisted of PV/biomass/Bat units, the best optimal solution has achieved after 49 iterations with the minimal COE of 0.1311804 $/kWh, NPC of $3,853,160, and LPSP of 0.0298557, followed by the results obtained from the CFA method with the minimal COE of 0.1315446 $/kWh, NPC of $3,863,857, and LPSP of 0.0291707 after 32 iterations, followed by the results obtained from GWO, and STOA techniques.




	✓

	
Based on the results of parametric and non-parametric statistical measurements performed for a more accurate comparison of the four optimization methods, the proposed HBO in all studied cases showed the best results compared to other optimization methods.




	✓

	
STOA has achieved the best optimal solution for Case-3, and Case-4 with COE of 0.105673 and 0.332497 $/kWh, and NPC of $3,103,938 and $9,766,441, respectively.




	✓

	
By comparing the NPC of the four suggested cases, it finds that Case-3 achieved the lowest NPC, followed by the Case-1. Although the third scenario which based on WT/biomass/Bat units is the least NPC, but it is not the optimal and efficient system for use. As the design of this case is based on batteries and biomass generators only, which have the highest yearly sharing of the capital cost, operating and maintenance cost.




	✓

	
The hybrid power system which is consists of PV/WT/biomass/Bat units would be an appropriate solution with minimal investment cost for rural communities, small industries, isolated wells and isolated farming areas where grid access is too costly or even impossible.
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Appendix A


	
HBO: Search agents number (   N S   ) = 20, Maximum number of iterations (    Max   it    ) = 100, and dimension size (   D S   ) = 4.



	
CFA:    N S    = 20, T = 50, and dimension size = 4.



	
GWO:    N S     = 20,     Max   it     = 100,    D S    = 4, and a linearly decreased from 2 to 0.



	
STOA:    N S    = 20,     Max   it     = 100, =4, and a linearly decreased from 2 to 0.
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Figure 1. The architecture of the proposed stand-alone hybrid system. 
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Figure 2. Load profile of the studied area. 
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Figure 3. The annual short-wave solar irradiance of the studied area. 
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Figure 4. The yearly ambient temperature of the studied area. 






Figure 4. The yearly ambient temperature of the studied area.



[image: Applsci 11 10191 g004]







[image: Applsci 11 10191 g005 550] 





Figure 5. The yearly wind speed of the studied area. 
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Figure 6. The biomass consumption of the studied area. 
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Figure 7. Flowchart of the operating management methodology. 
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Figure 8. End values of the fitness function for 50 executions using HBO, CFA, GWO, and STOA methods: case-1: PV/WT/Biomass/Bat system, case-2: PV/Biomass/Bat system, case-3: WT/Biomass/Bat system, case-4: PV/WT/Bat system. 
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Figure 9. The Convergence curves for 100 iterations using HBO, CFA, GWO, and STOA methods: case-1: PV/WT/Biomass/Bat system, case-2: PV/Biomass/Bat system, case-3: WT/Biomass/Bat system, case-4: PV/WT/Bat system. 
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Figure 10. Sensitivity analysis of studying the influence of sizing parameters variation on the stand-alone system variables, (a) COE, (b) NPC, (c) LPSP, (d) EXP. (A) The influence of sizing change on the energy cost. (B) The influence of sizing change on the NPC. (C) The influence of sizing variation on the LPSP. (D) The influence of sizing variation on an excess of energy. 
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Table 1. The main parameters of the selected photovoltaic model [30].
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	Parameter
	Value
	Unit





	Model type
	
	PV-MLT260HC



	PV panel cost (   C  PV    )
	14,854
	$/   m 2   



	    γ T    
	0.0037
	-



	    η  PV     
	15
	%



	    T  STC     
	25
	°C



	     PV   rat  P    
	1
	kW



	Length
	1625
	mm



	Width
	1019
	mm



	Thickness
	46
	mm



	lifetime of PV system (    PV  S   )
	20
	year



	PV replacement cost (   C  rep   PV    )
	13,885
	$
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Table 2. The main parameters of the selected wind turbine model [30].
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	Parameter
	Value
	Unit





	Model type
	
	Fuhrländer FL 30



	     WT   rat  P    
	30
	kW



	wind turbine height
	50
	m



	    η  WT     
	80
	%



	    V  cut   in     
	2.5
	m/s



	    V  rat     
	12
	m/s



	    V  cut   off     
	25
	m/s



	lifetime of WT (    WT  S   )
	20
	year



	wind turbine cost (   C  WT    )
	3200
	$/kW
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Table 3. The main parameters characteristics of the biomass system.
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	Parameter
	Value
	Unit





	    η  gas     
	75
	%



	Generator rated
	50
	kW



	Capital Cost [37]
	23,700
	$/kW



	Lifespan [37]
	15,000
	h



	Replacement cost [37]
	15,000
	$/unit



	Yearly O&M cost [37]
	0.05
	$/ h
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Table 4. The main parameters characteristics of the batter bank.
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	Parameter
	Value
	Unit





	Model
	
	RS lead acid battery



	Nominal battery voltage [39]
	5
	V



	Nominal battery capacity [39]
	360
	Ah



	Storage capacity of battery [7]
	4.8
	kWh



	   η  CH     [30]
	90
	%



	   η  DIS     [30]
	85
	%



	 σ  [30]
	0.005
	-



	Battery cost (   C  Bat    ) [30]
	3880
	$



	Battery lifetime (    Bat  S   ) [30]
	25
	year
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Table 5. The main parameters characteristics of the inverter.
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	Parameter
	Value
	Unit





	    η  inv     
	95
	%



	Max. power
	1
	kW



	inverter lifetime (    Inv  S   )
	10
	year



	Inverter cost (   C  inv    )
	711
	$/kW



	Inverter replacement cost (   C  rep   inv    )
	650
	$/kW



	    η  inv     
	95
	%
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Table 6. The optimization properties for the proposed hybrid system based on using HBO, CFA, GWO and STOA for an isolated PV/WT/Biomass/Bat.
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	Best
	It. Num.
	NPV
	NWT
	Ng
	NBat
	COE
	LPSP
	NPC





	HBO
	0.0643767
	27
	15
	1
	2
	400
	0.121171
	0.026789
	3,559,143



	CFA
	0.06437783
	44
	15
	1
	2
	401
	0.1213225
	0.0267184
	3,563,603



	GWO
	0.0643857
	12
	17
	1
	2
	406
	0.1236759
	0.0262159
	3,632,730



	STOA
	0.0644027
	28
	15
	1
	2
	441
	0.1291354
	0.0096015
	3,793,092
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Table 7. The optimization properties for the proposed hybrid system based on using HBO, CFA, GWO and STOA for an isolated PV/Biomass/Bat.
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	Best
	It. Num.
	NPV
	Ng
	NBat
	COE
	LPSP
	NPC





	HBO
	0.0703404
	49
	17
	2
	447
	0.1311804
	0.0298557
	3,853,160



	CFA
	0.07034462
	32
	17
	2
	447
	0.1315446
	0.0291707
	3,863,857



	GWO
	0.07034495
	28
	16
	2
	450
	0.1316478
	0.0287446
	3,866,887



	STOA
	0.0703484
	40
	21
	2
	468
	0.1384959
	0.0163783
	4,068,036
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Table 8. The optimization properties for the proposed hybrid system based on using HBO, CFA, GWO and STOA for an isolated WT/Biomass/Bat.
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	Best
	It. Num.
	NWT
	Ng
	NBat
	COE
	LPSP
	NPC





	HBO
	0.0651238467
	41
	1
	2
	413
	0.11216872966
	0.0300781042
	3,294,729.69



	CFA
	0.0651240320
	39
	1
	2
	403
	0.11097771588
	0.0306442748
	3,259,746.07



	GWO
	0.0651241750
	87
	1
	2
	412
	0.11213661772
	0.0301290735
	3,293,786.47



	STOA
	0.0651252636
	99
	1
	2
	375
	0.10567322935
	0.0504315519
	3,103,937.501
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Table 9. The optimization properties for the proposed hybrid system based on using HBO, CFA, GWO and STOA for an isolated PV/WT/Bat.
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	Best
	It. Num.
	NPV
	NWT
	NBat
	COE
	LPSP
	NPC





	HBO
	0.1519917239
	41
	182
	94
	999
	0.3471381051
	0.05921588
	10,196,480.121



	CFA
	0.1520017987
	58
	182
	94
	1000
	0.3470716848
	0.059466541
	10,194,529.161



	GWO
	0.1543193268
	51
	181
	98
	996
	0.3469565942
	0.05992429
	10,191,148.605



	STOA
	0.1530886015
	97
	170
	88
	983
	0.3324974563
	0.089288773
	9,766,440.657
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Table 10. The statistical performance of the studied optimization algorithms for the four system cases.
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HBO

	
CFA

	
GWO

	
STOA






	
Case 1




	
Max.

	
0.0644471

	
0.0644714

	
0.0648796

	
0.0657149




	
Min.

	
0.0643767

	
0.0643778

	
0.0643857

	
0.0644027




	
Mean

	
0.064386

	
0.064403

	
0.064513

	
0.064812




	
Median

	
0.064382

	
0.064401

	
0.064484

	
0.064838




	
SD

	
0.001476

	
0.002092

	
0.011667

	
0.032557




	
RE

	
0.007403

	
0.019536

	
0.099052

	
0.317511




	
MAE

	
0.0000095

	
0.000025

	
0.000128

	
0.000409




	
RMSE

	
0.000017

	
0.000033

	
0.000172

	
0.000521




	
Efficiency

	
99.9852

	
99.9609

	
99.8026

	
99.3714




	
Case 2




	
Max.

	
0.0703979

	
0.0706643

	
0.0708796

	
0.0711048




	
Min.

	
0.0703404

	
0.0703446

	
0.07034495

	
0.0703484




	
Mean

	
0.070347

	
0.070368

	
0.070392

	
0.070722




	
Median

	
0.070344

	
0.070358

	
0.070368

	
0.070681




	
SD

	
0.001061

	
0.004539

	
0.008255

	
0.028633




	
RE

	
0.004321

	
0.016689

	
0.033444

	
0.265769




	
MAE

	
0.000006

	
0.000023

	
0.000047

	
0.000374




	
RMSE

	
0.000012

	
0.000051

	
0.000094

	
0.000469




	
Efficiency

	
99.9914

	
99.9667

	
99.9333

	
99.4729




	
Case 3




	
Max.

	
0.0651243

	
0.06513126

	
0.0651819

	
0.06544516




	
Min.

	
0.065123847

	
0.065124032

	
0.06512418

	
0.06512526




	
Mean

	
0.065123988

	
0.065125588

	
0.06513273

	
0.06518123




	
Median

	
0.065123916

	
0.065125436

	
0.06512924

	
0.06516043




	
SD

	
0.000014838

	
0.000112835

	
0.00111241

	
0.00612358




	
RE

	
0.0001089

	
0.001194718

	
0.00657080

	
0.04296589




	
MAE

	
0.000000142

	
0.000001556

	
0.00000856

	
0.00005596




	
RMSE

	
0.000000204

	
0.000001915

	
0.00001395

	
0.00008250




	
Efficiency

	
99.9998

	
99.9976

	
99.9869

	
99.91423




	
Case 4




	
Max.

	
0.151983478

	
0.15198479

	
0.1520216

	
0.151993102




	
Min.

	
0.151991724

	
0.152001799

	
0.154319327

	
0.153088601




	
Mean

	
0.151985107

	
0.151991986

	
0.152775666

	
0.152047201




	
Median

	
0.151984263

	
0.151991439

	
0.152656294

	
0.152014582




	
SD

	
0.000194530

	
0.000389174

	
0.057991385

	
0.015732186




	
RE

	
0.000535826

	
0.002367153

	
0.248002849

	
0.01779644




	
MAE

	
0.000001629

	
0.000007195

	
0.000754036

	
0.000054099




	
RMSE

	
0.000002522

	
0.000008162

	
0.000947705

	
0.000164869




	
Efficiency

	
99.99893

	
99.99527

	
99.50784

	
99.96452











[image: Table] 





Table 11. The contribution of the yearly cost of the system regarding the type of cost which includes the yearly interest of capital cost, operating and maintenance costs, and annual replacement cost.
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PV

	
WT

	
Biomass

	
Battery

	
Inverter




	

	
Cap ($)

	
O&M ($)

	
Rep ($)

	
Cap ($)

	
O&M ($)

	
Rep ($)

	
Cap ($)

	
O&M ($)

	
Fuel ($)

	
Cap ($)

	
O&M ($)

	
Rep ($)

	
Cap ($)






	
Case 1




	
HBO

	
21,881.639

	
168.965

	
11,730.398

	
329.481

	
100

	
213.333

	
2359.588

	
19,385.299

	
36,345.833

	
122392.681

	
2016.223

	
39,645.509

	
26676




	
CFA

	
21,335.236

	
164.74584

	
11,437.480

	
329.480

	
100

	
213.333

	
2333.178

	
19,168.3297

	
35,939.033

	
121501.132

	
2001.536

	
39,645.510

	
26676




	
GWO

	
14,779.440

	
114.123

	
7923.022

	
512.442

	
155.530

	
331.797

	
2432.913

	
19,987.708

	
37,475.301

	
135376.241

	
2230.106

	
39,645.510

	
26676




	
STOA

	
17,705.137

	
136.7150

	
9491.442

	
1011.176

	
306.899

	
654.719

	
2348.039

	
19,290.416

	
36,167.936

	
125554.249

	
2068.305

	
39,645.510

	
26676




	
Case 2




	
HBO

	
21,436.

	
165.530

	
11,491.98

	

	

	

	
2621.525

	
21,537.259

	
40,380.580

	
135,236.988

	
2227.812

	
39,645.510

	
26676




	
CFA

	
21,786.985

	
168.234

	
11,679.655

	

	

	

	
2622.910

	
21,548.632

	
40,401.905

	
135,494.976

	
2232.062

	
39,645.510

	
26676




	
GWO

	
21,159.690

	
163.390

	
11,343.373

	

	

	

	
2633.295

	
21,633.953

	
40,561.875

	
136,429.340

	
2247.454

	
39,645.510

	
26676




	
STOA

	
26,555.090

	
205.052

	
14,235.760

	

	

	

	
2700.724

	
22,187.919

	
41,600.514

	
142,081.934

	
2340.572

	
39,645.510

	
26676




	
Case 3




	
HBO

	

	

	

	
329.481

	
100

	
213.333

	
2579.229

	
21,189.775

	
39,729.077

	
125,210

	
2062.647

	
39,645.510

	
26676




	
CFA

	

	

	

	
329.480

	
100

	
213.333

	
2577.439

	
21,175.068

	
39,701.502

	
122,561.892

	
2019.010

	
39,645.510

	
26676




	
GWO

	

	

	

	
329.480

	
100

	
213.333

	
2578.854

	
21,186.690

	
39,723.293

	
125,147.341

	
2061.601

	
39,645.510

	
26676




	
STOA

	

	

	

	
341.761

	
103.727

	
221.284

	
2448.266

	
20,113.842

	
37,711.79

	
113,676.027

	
1872.630

	
39,645.510

	
26676




	
Case 4




	
HBO

	
235,285.415

	
1816.820

	
126,132.763

	
30,769.429

	
9338.761

	
19,922.690

	

	

	

	
303,057.402

	
4992.384

	
39,645.510

	
26676




	
CFA

	
235,117.876

	
1815.526

	
126,042.948

	
30,739.268

	
9329.607

	
19,903.162

	

	

	

	
303,219.603

	
4995.056

	
39,645.510

	
26676




	
GWO

	
233,972.041

	
1806.678

	
125,428.684

	
32,047.435

	
9726.645

	
20,750.177

	

	

	

	
302,188.858

	
4978.077

	
39,645.510

	
26676




	
STOA

	
219,195.935

	
1692.581

	
117,507.449

	
28,791.202

	
8738.353

	
18,641.821

	

	

	

	
298,195.455

	
4912.292

	
39,645.510

	
26676
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