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Abstract

:

This study demonstrates how to use grid-connected hybrid PV and biogas energy with a SMES-PHES storage system in a nation with frequent grid outages. The primary goal of this work is to enhance the HRES’s capacity to favorably influence the HRES’s economic viability, reliability, and environmental impact. The net present cost (NPC), greenhouse gas (GHG) emissions, and the likelihood of a power outage are among the variables that are examined. A mixed solution involves using a variety of methodologies to compromise aspects of the economy, reliability, and the environment. Metaheuristic optimization techniques such as non-dominated sorting whale optimization algorithm (NSWOA), multi-objective grey wolf optimization (MOGWO), and multi-objective particle swarm optimization (MOPSO) are used to find the best size for hybrid systems based on evaluation parameters for financial stability, reliability, and GHG emissions and have been evaluated using MATLAB. A thorough comparison between NSWOA, MOGWO, and MOPSO and the system parameters at 150 iterations has been presented. The outcomes demonstrated NSWOA’s superiority in achieving the best optimum value of the predefined multi-objective function, with MOGWO and MOPSO coming in second and third, respectively. The comparison study has focused on NSWOA’s ability to produce the best NPC, LPSP, and GHG emissions values, which are EUR 6.997 × 106, 0.0085, and 7.3679 × 106 Kg reduced, respectively. Additionally, the simulation results demonstrated that the NSWOA technique outperforms other optimization techniques in its ability to solve the optimization problem. Furthermore, the outcomes show that the designed system has acceptable NPC, LPSP, and GHG emissions values under various operating conditions.
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1. Introduction


1.1. Background Justification and Motivations


Access to electricity is critical for every country’s socioeconomic and long-term growth. It is necessary for doing daily activities including heating, cooking, lighting, and transportation. Providing unlimited access to renewable energy will fundamentally alter the energy system and significantly help to achieve other Sustainable Development Goals (SDGs) such as eradicating poverty, promoting good health, ensuring access to clean water, and reducing climate change, according to the UN’s SDGs [1,2,3,4].



Around 840 million people worldwide still do not have access to electricity. In sub-Saharan Africa only, there are 573 million individuals without access to electricity [4]. There is better access to energy in Ghana and a few other African countries. Ghana’s coverage rates for urban and rural electricity in 2018 were 94% and 67%, respectively [5]. At the moment, standalone and grid-connected mini-grid systems are considered some of the accessible alternative energy solutions required to improve and quicken the availability of electricity in many rural and sub-urban areas [6]. The utilization of renewable energy sources (RESs) is growing today in order to address the problems with electrical power networks. Supporting the constantly falling usage of conventional sources, such as in various coal and natural gas power plants, is one of the largest problems. The combustion of coal, oil, and natural gas has long contributed significantly to the world’s energy supply. It is commonly known that fossil fuels are a source of greenhouse gas (GHG). GHG emissions have a significant detrimental influence on the environment because they change the climate. The supply of fossil fuels will eventually run out, according to a study. The majority of industrialized and developing countries, including Ethiopia, continue to use these conventional energy sources as their primary source of energy for transportation and power generation, despite the negative environmental effects they produce. Providing power to varying loads in accordance with societal, industrial, and national patterns is another challenge. Compared to RESs, conventional energy sources also have a number of disadvantages, including the maximum costs, maximum pollution levels, rapid depletion rates, and strict rules regarding GHG pollution [7]. The advantages of RESs over conventional energy sources, in contrast, are their affordability, environmental friendliness, low maintenance requirements, and the fact that they do not deplete when used [8]. The majority of countries, therefore, plan to utilize RESs, such as solar, wind, wave, and hydropower, for a range of uses, including heating, energy, and transportation [9]. As a result of their accessibility and continually decreasing acquisition costs, RESs are regarded as the most preferred choice [10]. According to the most current revision of the International Energy Agency’s (IEA) estimates on renewable energy sources, estimated energy generation is almost 8.3 × 109 MWh, which is the greatest change in the energy sector [11].



In order to back up intermittent renewable energy sources (such as solar and wind), energy storage systems (ESS), such as pumped hydro energy storage (PHES) or superconducting magnetic energy storage (SMES) systems, are required. When RESs provide more power than the connected load, the ESS stores the extra power and sends it back into the grid when the connected load needs more power than what RESs can provide. When the storage system cannot give the loads the power they need, some systems use diesel generators or another traditional source of energy. However, these alternatives are neither economically feasible nor environmentally friendly. It is suggested that the PHES be used both to help power systems that are already in place and to store energy, especially for large-scale HRES. Many projects and studies throughout the world have used this sort of ESS [12,13,14,15,16,17]. These PHES systems can operate as standalone [12,13,14] or grid-connected [15,16,17] mode systems and can be used for long-term sustainable energy storage systems. It takes at least four minutes for biogas and PHES to provide power to the connected load. SMES, or quick response energy storage system, is used to smooth the output power from solar and wind [18,19]. SMES can be utilized in any power source change because it responds in milliseconds.



The IEA’s recent efforts to safeguard the environment from GHG emissions have resulted in the establishment and present implementation of national and international laws to reduce the use of fossil fuels. The Paris Agreement, for instance, aims to make the world’s response to climate change better by keeping the rise in global temperature to less than 2 °C and agreeing to reduce GHG emissions, while also making a commitment to adapt behaviors. Additionally, it strengthens countries’ ability to combat climate change’s effects [20]. To meet the Kyoto Protocol’s goal of lowering carbon dioxide, a number of governments have suggested and approved plans to increase the use of biomass to meet future energy needs [21]. At the moment, the world is putting a lot of attention on clean energy as a way to make electricity. This is because people are using more electricity, fossil fuels are running out and getting more expensive, crude oil reserves are running out, fossil fuels are in short supply, and there are environmental concerns [22,23].



A hybrid renewable energy source (HRES) system integrates several power generation techniques, whether they operate independently from the grid or together, and whether they use renewable or conventional fuels [24,25]. HRES is already well known as a desirable option for grid-connected or standalone modes of power generation in urban and rural areas because of recent improvements in renewable energy technology. Hybrid systems are more reliable and cost-effective than single-source renewable power production systems, according to numerous evaluations of their technological viability, dependability, and financials [26]. Greater efficiencies are also made possible by hybrid systems than by a single renewable energy source.




1.2. Related Works


Several studies have been carried out to establish the optimal size for hybrid renewable energy generation utilizing HOMER software, MATLAB, metaheuristic algorithms, and others. The capacity optimization of hybrid renewable energy conversion systems that are connected to the grid has received less attention than standalone hybrid power generation systems, which have been the subject of extensive research. Around the world, research is actively being done on the resilience of hybrid energy systems for a number of purposes.



Oladigbolu et al. (2020) [27] conducted a thorough investigation utilizing HOMER software to determine whether it would be possible to generate electricity in Nigeria using different HRES designs. Elements such as micro-hydro turbines, solar panels, wind turbines, batteries, and diesel generators were integrated to create diverse combinations that improve system reliability. The PV/diesel/battery system performed remarkably well in terms of fuel use and CO2 savings, according to the data, and is the best choice for each of the six locations. In order to simulate various hybrid system architectures for rural electrification in West China, Li et al. (2020) [28] employed HOMER. The hybrid system configuration is produced by combining solar panels, wind generators, and biogas generating sets. The benefit of the modeled hybrid off-grid systems was compared to that of grid expansion in the study. Anik et al. (2020) [29] looked at the possibility of creating a PV/WT hybrid system that is a grid-connected mode of operation. The goal of this work was to reduce LCOE. The results showed that the LCOE of the PV/WT system that is connected to the grid is lower than that of the grid as it is now. Additionally, a HRES system could be annually cut roughly 1894 tons of CO2. Additionally, 587 tons of coal are anticipated to be saved. Aziz et al. (2019) [30] proposed HOMER to evaluate the performance of several HRES systems for rural electrification. According to the data, PV/hydro/diesel/battery systems are the most economical options for rural electrification. Mamaghani et al. (2016) [31] evaluated the utilization of diesel gen-sets, wind turbines, and PV modules for remote area electrification systems. The optimal modeling of the plant was run in the HOMER program in order to thoroughly examine the system configuration and estimate which was the most affordable. According to this research, using diesel in addition to renewable energy significantly reduces carbon emissions. The HOMER software is simple to study and use; however, the objective functions and constraints are established by the software, and it is not capable of executing multi-objective functions (such as financial, reliability, and carbon emissions) simultaneously.



Numerous advanced optimization algorithms for the optimum design of hybrid RES have been offered in multiple research publications published in peer-reviewed journals, which are utilized to solve multi-objective functions with regard to constraints. In most research works, financial objective functions are the most prioritized over the other two objective functions (such as reliability and carbon emissions). The optimal size of a hybrid PV/WT/DG system was determined in [32] by using the multi-objective station competition method to assess two objective functions, such as system cost and carbon emissions. In [33,34,35], a genetic algorithm (GA) was used to find the best size and design for a hybrid PV/WT power system with battery storage, taking into account things such as how reliable the system is when the weather changes, how much it costs each year, and how likely it is that the losses of power supply probability (LPSP) will occur. Several research studies have used particle swarm optimization (PSO) to improve the performance and reliability of hybrid renewable energy systems [36,37]. The PSO was used by Suresh et al. (2022) [38] to assess the technical and financial viability of hybrid systems utilizing wind, PV, diesel, and batteries. The findings indicate that, although having a higher initial cost, the wind/PV/diesel/battery option is more cost-effective than the diesel alternative. Fadli and Purwoharjono (2019) [39] proposed a multi-objective bat algorithm (MOBA) for designing a PV/DG/BES microgrid system for a distant community. The author achieved comparatively good results for LCOE and LPSP, which are USD 0.108 per kWh and 0.238, respectively. This illustrates that the system can accomplish the target constraints for remote electric access while also ensuring a steady supply of electricity. The whale optimization algorithm (WOA), water cycle algorithm (WCA), moth-flame optimizer (MFO), and hybrid particle swarm-gravitational search algorithm (PSOGSA) were used to determine the optimal sizing of a hybrid PV/WT/DG system, as well as the construction of two objective functions such as cost of energy (COE) and LPSP. WOA was very good at running its business, as shown by the fact that it had the lowest COE and the fastest speed of convergence with the smallest LPSP [40]. Arasteh et al. (2021) [41] utilized an improved whale optimizer algorithm (IWOA) to optimize a PV/wind/battery system. The hybrid PV/wind power system was found to have lower energy costs than standalone power systems.



The goal of this study is to evacuate multi-objective functions (such as financial, reliability, and carbon emissions) on a grid-connected hybrid solar PV–biogas with SMES-PHES energy storage system that can deliver affordable electricity to the connected loads. The study’s objective is to access power with minimum NPC, minimum LPSP, and minimum CO2 emissions. The study’s findings are important for policymakers who want to increase the percentage of distant areas from the main grid in Ethiopia that have access to power. Additionally, it warns and educates decision makers to encourage implementations of sustainable renewable energy choices such as biogas, PV, pumped hydro and superconducting energy storage system.




1.3. Contribution and Organization of the Paper


The most important contributions to this work are the following:




	
To examine the impact of various inputs of financial, reliability, CO2 emissions parameters, and sensitivity analysis is performed on the optimized hybrid system components;



	
Uncertainties in providing load demand in grid-connected systems are correctly addressed by a hybrid solar PV–biogas system with a SMES-PHES energy storage system based on an energy management strategy;



	
Optimal sizing of grid-connected hybrid solar PV–biogas with SMES-PHES energy storage systems are depending on three objective functions such as NPC, LPSP, and CO2 emissions by utilizing metaheuristic optimization techniques;



	
Comparing the optimization outcomes of the three solutions mentioned in each Pareto front. These are the points of economical, compromised, reliable, or environmental proportionality;



	
Establishing a mathematical model for each system component in order to discover the best compromise option in terms of cost, reliability, and environmental impact;



	
In terms of global solution capture and convergence time, these optimization findings verified the NSWOA algorithm is superior to the other metaheuristic optimization techniques.








The contributions listed above were used to supply a load in Debre Markos, Ethiopia. The majority of the loads in this category are for the residential, commercial, machine lab, and livestock sectors, which mostly depend on diesel generators. Adopting influential HRES at this location will improve the quality of life in these settlements, get rid of the pollution caused by diesel generators, and cut energy costs by a large amount. Furthermore, in addition to all of the benefits mentioned above, the optimum exploitation of the SMES and PHES energy storage systems in this situation gives still another motivation to launch these new HRES research concepts.



The rest of this paper is organized as follows: Section 2 describes the overview of the study area and existing system. Section 3 presents the suggested methodology. Section 4 creates a hybrid system configuration and descriptions. Section 5 gives evaluation parameter modeling, followed by the formulation of the optimization problem in Section 6. Section 7 gives simulation results and discussion, followed by the conclusion in Section 8.





2. Over View of Study Area and Existing System


Debre Markos distribution station feeder, Debre Markos, Ethiopia, was the site of the proposed investigation. This origin’s longitude and latitude values are 37.44 N and 10.22 E. Figure 1 depicts the location details of the research origin by using Arc Geographic Information System (ArcGIS version 10.3) software [42].



Debre Markos University has certain facilities such as different machines, electronics, and agricultural laboratories, auditoriums, student dormitories, different school classrooms, a water pump, different cooking machines, a teachers’ lounge, teachers and administrative offices, and some other facilities. In this organization, the poor power quality national grid and big diesel generator provide the connected load. The selected site is affordable for solar PV power generation. The weather condition in February and the temperature at the specified location reached 28.5 °C. In July, the low temperature was 8.72 °C. Solar radiation data were extracted from NASA’s database. The average annual solar radiation in the study area was 6.6701 kWh/m2/day (ranging from 5.6011 to 6.80 kWh/m2/day).



The average hourly electrical energy consumption (24 worst-case data points) was taken from Debre Markos University, Ethiopia. The connected load profile is slightly raised to 1707.4031 kW from 1668.3000 kW (from 08:00–09:00 h to 14:00–15:00 h); the load with the highest demand is then connected. During the night (from 16:00–17:00 h to 02:00–03:00 h), the load ranges from 687.3800 kW to 892.8500 kW. Between 07:00 and 08:00, electricity demand falls to 662.6801 kW, resulting in the system’s minimal load. The minimum load requirements are connected to the national grid between 07:00–08:00 h, as shown in Figure 2.



The current power generation system consists of eight diesel generators interconnected in parallel with the output side of the transformer in a common bus; each generator has a 650 KVA capacity. The existing distribution network layout is illustrated in Figure 3.




3. Methodology


To design a hybrid solar–biogas system with SMES and PHES energy storage systems, some inputs must be provided, such as an hourly load profile, available biogas input data, biogas cost, monthly solar radiation, PV system value, the starting price of each unit (such as PV panel, biogas generators, SMES, PHES, converters), the annual real interest rate, the project lifetime, and so on. The projected equipment’s wattage and hourly usage were used to calculate the load profile for the research region. The HRES design must be optimal in order to supply electricity reliably, economically, and with minimum CO2 emissions. The hybrid system’s component configuration is tuned to minimize NPC, LPSP, and CO2 emissions. The next part goes into a considerable discussion of the modeling of each HRES unit. However, as shown in Figure 4 this system includes several components, such as PV panels, a power converter, a utility grid, a biogas plant, a SMES, and a PHES energy storage system. In fact, this study made use of four hourly measured input data sets. These numerical values are needed to calculate the size of a grid-connected hybrid solar PV–biogas generator with SMES and PHES energy storage systems located in Debre Markos, Ethiopia. As a result, the hourly solar horizontal irradiance is described by KW/m2, the hourly ambient temperature is indicated by °C, the hourly power load demand is indicated by MW, and the hourly wastes are described by tones. The flowchart illustrated in Figure 5 is the general procedure of the methodology.




4. Hybrid System Configuration and Descriptions


Figure 5 depicts the proposed hybrid energy system configuration. It is a grid-connected hybrid system that includes a solar PV system, a biogas system, SMES, PHES, a bidirectional inverter, and a connected load, as well as national grid connections on both the DC and AC buses. There are two main sources of energy production units: solar PV and biogas. The solar PV and SMES energy storage systems are interconnected to the DC bus bar, whereas the biogas generator, PHES energy storage system, loads, and national grid are interconnected to the AC bus bar. The bidirectional DC/AC converter functions as both an inverter and a rectification bridge while converting AC to DC electricity. The PHES and SMES energy storage systems are utilized to feed the electricity supply when solar PV output power cannot satisfy the load completely. Purchase power from the national grid to represent the second spare source and deliver power when neither solar PV nor biogas generators can provide output power, nor do the PHES and SMES have stored energy.



4.1. Mathematical Modeling of Hybrid System


A photovoltaic array, a biogas generator, a SMES, and a PHES energy storage system are all part of the proposed HRES. The next subsections demonstrate the modeling of each component of the HRES.



4.1.1. Solar Energy Conversion System Modeling


The chosen area is in one of the country’s moderate solar radiation zones. The insolation received in the selected areas is just enough to generate power for the majority of the year. According to NASA and the Ministry of Energy (Ethiopia), the state receives an average of 5.6011–6.80 kWh/m2 of solar energy. The integration of the power generated by the solar generating unit with temperature and sun irradiation could use a simple relationship [43,44].


   P  P V    t  =  P  P V − r   ×    ϑ i   t    1000   ×   1 +  α c  γ    



(1)






  γ =      τ α  +   0.0256 ×  ϑ t      −  τ p     



(2)






   α c  = − 3.7 ×   10   − 3   / ° C  



(3)








4.1.2. Biogas Generator System Modeling


The biogas unit shown in Figure 1 generates gas from the fermentation of organic materials burned within the AC generator to generate electrical energy. Equation (4) is used to calculate the size of an AC generator that can be installed in a specific area. This biogas energy is included in the power balance calculation. A simple formula for calculating the output power of a biogas generator is as follows [45,46]:


   P B   t  =    V B   t  × C  V B  ×  η B    860 ×  t B     



(4)








4.1.3. Pumped Hydro Energy Storage System Modeling


The PHES system functions in this work in a very conventional way. The electrical network’s energy flow is continuously observed. The PHES system enters a pumping mode when there is extra energy on the electrical grid and the upper water reservoir is not full. This mode lasts as long as there is extra energy and the upper reservoir is not full. The PHES system switches to power generation mode to supply the power that was previously met when a source (photovoltaic) is unable to fully meet the demand that was previously met by diesel generator plants and the national grid. To perform the pumping and generating mode of operation, the energy balance in the system should be executed appropriately by using the following equation:


   P  b a l a    t  =  P  P V    t  −  P L   t   



(5)







Therefore, the mode of operation (generating and pumping mode) depends on the values of    P  b a l a    .




	a. 

	
Generating Mode (   P  b a l a   < 0  ): It suggests that the demand exceeds the PV system’s electricity generation. In this situation, the energy needed must be available from the storage system. How much power the PHES can generate depends on the volume of water in the upper reservoir and the turbines’ output power. The upper reservoir’s ability to hold enough water will allow it to meet the loads’ energy needs. In any other case, the storage system will attempt to function. In generation mode, the equation of the PHES system is represented as [47,48,49,50]:


   E  P H E S   g e n    t  = min   min      V    t − 1       3600   ;  Q T     η T   η P  ρ g    h  a d d   +  h 3    ;    E B       



(6)






   Q  d i s    t  =    E  P H E S   g e n    t    g × ρ ×  η T  ×  η P  ×    h  a d d   +  h 3       



(7)






   P  P H E S   g e n    t  =  Q  d i s .    t  × g × ρ ×  η T  ×  η P  ×    h  a d d   +  h 3     



(8)













As expressed under Equations (6)–(8),  ρ  represents the density of water and is equal to     1000   kg /  m 3   , and  g  represents the gravitational constant considered here equal to 9.81 m/s of the proposed system.



	b. 

	
Pumping Mode     P  b a l a   > 0    : The proposed system then has excess power. The PHES process will pump until the upper reservoir is filled if the upper water tank is not yet full. The level of water in the reservoir, the amount of excess energy, and the maximum power of the PHES in pumping mode all affect how much water is pumped.


   E  P H E S   p u m p    t  = min   min      V  max   −  V    t − 1       3600   ;  Q P      ρ × g ×    h  a d d   +  h 3       η  p u m p   ×  η P    ;    E B       



(9)






   Q  c h a    t  =    E  P H E S   p u m p    t  ×  η T  ×  η P    g × ρ ×    h  a d d   +  h 3       



(10)






   P  P H E S   p u m p    t  =    Q  d i s .    t  × g × ρ ×    h  a d d   +  h 3       η  p u m p   ×  η P     



(11)












4.1.4. SMES Energy Storage System Modeling


SMESs can store excess or surplus energy produced by the hybrid system and release it when needed to meet peak load demand, rather than limiting it when load demand is low. This can be done until long-term energy sources are connected to the system during the day. In other words, SMESs can act as loads to store energy while charging and generators to release or transfer energy while discharging. Reactive power can also be delivered or absorbed [51,52]. The SMES had two modes of operation, as explained below.




	a. 

	
Charging mode: When the hybrid system power    P  s y s     exceeds the load demand    P L    (i.e.,    P L  −  P  s y s   < 0  ), this mode of operation happens.


   P  e x c h    t  = max   −   Δ P  t    ,     (  E  e x c h     t − 1   −  E  e x c h − max    t      Δ t ×  η  c h     , −  P  e x c h − r a t e d      



(12)






   E  e x c h    t  = min      E  e x c h     t − 1   −  P  e x c h − c h    t  × Δ t ×  η  c h     ,  E  e x c h − max      



(13)








	b. 

	
Discharging mode: When the load demand    P L    is higher than the hybrid system power    P  s y s     (i.e.,    P L  −  P  s y s   > 0  ), this mode of operation happens.


   P  e x c h    t  = max     Δ P  t    ,     (  E  e x c h     t − 1   −  E  e x c h − min    t    ×  η  d i s     Δ t   ,  P  e x c h − r a t e d      



(14)






   E  e x c h    t  = max      E  e x c h     t − 1   −    P  e x c h , d i s   × Δ t    η  d i s       ,  E  e x c h − min      



(15)













State of charge (SOC) represents an index of the energy stored in the SMES, with an initial value     S O  C  i n i t i a l       to be optimized for each SMES serving different load models [53,54,55].




4.1.5. Inverter Energy Conversion System Modeling


As expressed in Equation (16), the power inverter converts the DC sources provided by the PV output to AC electricity. This PV output from the inverter will be utilized in the energy management strategies, as explained in the next sections. The size of the inverter is calculated as follows [56,57]:


   P  i n v    t  =  P  P V    t  ×  η  i n v   ×  N  P V   ×  f  P V    



(16)









4.2. Proposed System Operational Procedure and Power Management Strategy


The following operational scenarios provide a summary of how the proposed hybrid renewable energy system would function. Figure 6 shows a flow chart that describes the operating strategy of a hybrid system. Whenever load demand changes, there is a change in the power supply system. Changes in supply are proportional to changes in load demand, so as load demand rises so does system power supply (generation). From this point of view, the power system stability problem in the distribution system can be reduced. As a result, the power supply must be adjusted to minimize the change in hybrid power generation and load requirements when operating in fast mode. This means that as the load demand rises, the power supply should rise along with it, and once the load demand falls, the power supply should drop or be unplugged from the grid-connected hybrid power production system. On this basis, a hybrid system proceeds as follows: when a change in power generation minus load demand becomes negative, SMES responds within milliseconds and supplies the power to the system until long-term energy storage (PHES) or a biogas generator starts to supply the connected load. However, before SMES operates, it must undergo that process where the inductor current (ISMES) of the superconducting coil is compared to its lower limit of inductor current (ISMESdL). If the SMES coil’s current exceeds ISMESdL, SMES discharges and sends electricity to the hybrid power system that is connected to the grid; otherwise, SMES is unable to generate power. In another circumstance where the difference between the change in power generation and the load demand is positive, the SMES does not supply the power but keeps running until the long-term energy storage system or other energy sources are ready to meet the connected demand. For some of the excess power supplied to the SMES before charging the SMES, its inductor coil current has reached its upper limit. If the inductor current is less than the upper limit, then SMES is in charging mode and consumes power from the grid-connected hybrid power generation system; otherwise, SMES does not charge. When there is no difference between the change in power generation and the change in load demand, the SMES remains in standby mode, indicating it is neither charging nor discharging. Long-term energy storage systems (PHES) and SMES both have the same commands.



Based on the availability of    P  P V    ,    P L   , and SOC of energy storage systems such as SMES and PHES, the proposed power management’s general operational modes are as follows:




	
Mode I (   P  P V     >    P L   ): In this mode, the available solar PV output exceeds the load demand, and energy storage systems (i.e., SMES and PHES) can absorb the extra power. The PV runs at MPP, while the SMES keeps the common DC bus voltage at its nominal value;



	
Mode II (   P  P V     <    P L    and    P  P V   ≠ 0  ): The load demand cannot be satisfied in this mode by solar PV power. Therefore, energy storage system (i.e., SMES and PHES) discharges to meet the extra load. SMES energy storage system provides for transition periods;



	
Mode III (   P  P V     >    P L   ): If the amount of solar PV power available is more than the amount of power needed and the energy storage systems (SMES and PHES) are full, the extra power is sent to the national grid through feed-in-tariff agreements;



	
Mode IV (   P  P V     = 0): Solar PV power is not available on cloudy days or at night. In this mode, the PV is not connected, and the connected load demand is met by the energy storage systems (i.e., SMES and PHES). Whenever    P  P V     <    P L    and energy storage s ystem (i.e., SMES and PHES) is not able to meet the connected loads, then the biogas generator is on and provides power to unmeet connected loads;



	
Mode V (     P  P V   +  P B  +  P  S M E S   +  P  P H E S     >  P L   ): If the hybrid system is not capable to supply the connected load, then the deficit power is taken from the interconnected national grid through purchasing agreement.










5. Evaluation Parameter Modeling


5.1. Economic Modelling


This section shows the math model for the key economic factors, such as the levelized cost of energy (LCOE), the annual real interest rate, the total net present cost (TNPC), the annualized cost of the system (ACS), and the cost of energy (COE).



Equation (17) displays the annualized cost of the system (ACS), which is expressed in USD/yr, as the sum of the costs of the system’s component parts, such as solar PV panels, power inverters, a biogas plant, energy storage at SMES and PHES, energy sold to the grid, and electricity purchased from the grid [58]. ACS is a required input parameter for calculating NPC, which is one of the objectives to be optimized. This ensuing Pareto front connects NPC with LPSP and CO2 emissions to explain the relationship between system affordability, reliability, and environmental friendliness, respectively.


    A C S =  N  P V   × A  C  P V   +  P B  × A  C B  +  P  i n v   × A  C  i n v   +  P  P H E S   × A  C  P H E S       +  P  S M E S   × A  C  S M E S   +  C  G P   −  C  G S      



(17)







The COE (USD/kWh) is the cost per unit of electrical energy produced by the system and can be calculated as follows [59]:


  C O E =    C  a n n _ t o t       ∑  h = 1   h = 8760     P  l o a d       =   N P C     ∑  h = 1   h = 8760     P  l o a d       × C R F  



(18)




where    C  a n n _ t o t    , CRF, and    P  l o a d     are represented as total annualized cost, cost of recovery factor, and connected load power.



The investigated system’s TNPC in USD is the present value of the whole system’s components throughout the project’s lifespan. This comprises the capital cost, replacement cost, operating and maintenance cost, and salvage value, all while taking the time value of money into consideration. In this research, TNPC was one of the best objective functions. Equation (19) can be used to calculate the TNPC. CRF(r, M) is the capital recovery factor value, and it can be computed using Equation (20); where r represents the real interest rate (%) and M represents the project length (in years).


  T N P C =   A C S   C R F   r , M      



(19)






  C R F   r , M   =   r     1 + r    M        1 + r    M  − 1    



(20)







The LCOE is the ratio of the ACS of the system’s parts to the amount of energy made from renewable sources and used by the load over a year (kWh/yr). It is a widely used indicator of economic viability that is calculated using Equation (21) [60]. The LCOE represents the average cost per kWh generated by the HRES.


  L C O E =   A C S    Total   Energy   Consumed   by   the   Load       kWh / year         



(21)








5.2. Reliability Indicators


The system’s reliability is defined as the HRES’s capacity to supply enough energy to the load demand without running out or in outage mode. There are numerous reliability indicators for the proposed HRES system. EENS and LPSP [61], the index of reliability (IR) [62], LOLP [63], and loss of load expectation are the most popular measures of the reliability of an energy system. These indicators indicate how much of the load has been satisfied. EENS can be calculated using Equation (22) by calculating the amount of energy shortage in the load [64], where    P L    is the power of the load demand, and    P  G P     is the amount of power purchased from the utility grid.


  E E N S =   ∑  t = 1   8760         P L   t  +  P  P H E S & S M E S   c h a    t    −    P  P V    t  +  P B   t  +  P  P H E S & S M E S   d i s    t  +  P  G P    t         



(22)







LPSP can be calculated as the ratio of the EENS with the total energy provided to the connected load using Equation (23). Equation (24) shows how this reliability index is used to figure out how well the HRES can handle the load without running out of energy [65,66].


  L P S P =   E E N S     ∑  t = 1   8760     P L   t       



(23)






  I R = 1 − L P S P  



(24)







According to Equation (25), LOLP can be mathematically computed by dividing the total number of hours by the 8760 h period during which the power of the load demand exceeds the quantity of energy purchased from the grid and renewable sources [67]. The LPSP and LOLP indices have a 0 to 1 range. A value of 0 implies that there is no lack of energy. The number 1 indicates that each one-hour time step always has an energy deficit. LOLE is an abbreviation for service disruptions in days and is calculated using Equation (26).


  L O L P =     ∑  t = 1   8760    h o u r s # a t      P L   t  +  P  P H E S & S M E S   c h a    t    >    P  P V    t  +  P B   t  +  P  P H E S & S M E S   d i s    t  +  P  G P    t          8760    



(25)






  L O L E = L O L P ×    Number   of   days   in   one   year     



(26)








5.3. Environmental Indicators


This paper explores the influence of a hybrid solar PV–biogas system with SMES and PHES energy storage system on reducing grid energy purchases and completely replacing diesel generators. Equation (27) can be used in this paper to predict GHG emissions hourly [68,69]. In addition, Equation (28) depicts the project’s emissions reduction. These two equations can be combined and computed as an objective function. This aims to give additional information regarding the environmental effects of upgrading a HRES system. The amount of emissions reduced as a result of using renewables instead of traditional fossil fuels to generate energy is defined as    P  E A     [68].


  C  O 2  E m i s s i o n s =    E  G P   × E E F   1 − L o s s e s    



(27)






   P  E A   =    E  P V   × E E  F  P V   +  E B  × E E  F B  +  E  S M E S   × E E  F  S M E S   +  E  P H E S   × E E  F  P H E S     − C  O 2  E m i s s i o n s  



(28)







Losses represent transmission and distribution losses,    E  G P     represents energy purchases from the grid, and EEF is the electrical emissions factor. However, base emissions are project emissions, which are deemed insignificant in comparison to the number of emissions offset by hybrid renewable energy resources, as shown in (28). This research looks at   C  O 2  E m i s s i o n s   renewable energy sources because of how they are made and how long they last. As a result, in this study, the average base emissions of hybrid solar PV [70], biogas [71], PHES [72], and SMES energy storage systems are equal to 30.5 gCO2/kWh, 41 gCO2/kWh, 24 gCO2/kWh, and 18.5 gCO2/kWh, respectively.





6. Formulation of Optimization Problem


The cost, reliability, and CO2 emissions function minimization can be solved by proposing optimal sizing equations for each parameter. To determine the appropriate sizes and number of needed generation units, optimization problems must be solved to obtain the optimal component sizing as well as to assure the optimal operation of the proposed microgrid.



6.1. Objective Functions


In this study, as mentioned above, three objective functions such as financial (TNPC), reliability (LPSP), and GHG emissions (  C  O 2  E m i s s i o n s  ) are considered. Minimization of the objective function in the aforementioned cases is expressed in Equations (29)–(31) as follows:


   F 1  = min   T N P V   = min      C  a n n − t o t a l     C R F     = min      C  a n n − c a p   +  C  a n n − r e p   +  C  a n n − O & M   +  C  G P   −  C  G S       r     1 + r    n        1 + r    n  − 1        



(29)






   F 2  = min   L P S P   = min       ∑  t = 1   8760         P  l o a d    t  +  P  P H E S & S M E S − c h a    t    −    P  P V & B    t  +  P  P H E S & S M E S − d i s    t  +  P  G P    t            ∑  t = 1   8760     P  l o a d    t         



(30)






   F 3  = min   C  O 2  E m i s s i o n s   = min      E  P V    t  × E E  F  P V   +  E B   t  × E E  F B      +  E  P H E S    t  × E E  F  P H E S   +  E  S M E S    t  × E E  F  S M E S        



(31)








6.2. Constraints


The number of solar panels, capacity of biogas generator, maximum install capacity of inverter, maximum install capacity of SMES, maximum installed power of PHES, and water storage sizes are under consideration. Equation (32) imposes constraints on the optimization problem.


       N  P V   m i n   ≤  N  P V   ≤  N  P V   m a x        P  i n v   ≥  P  P V   m a x        P B  m i n   ≤  P B  ≤  P B  m a x        P  S M E S   m i n   ≤  P  S M E S   ≤  P  S M E S   m a x       0 ≤  P  G P   ≤  P  G P   m a x        P  P H E S   m i n   ≤  P  P H E S   ≤  P  P H E S   m a x        V  R e s e r v o i r   m i n   ≤  V  R e s e r v o i r   ≤  V  R e s e r v o i r   m a x        



(32)




where    N  P V   m i n    ,    N  P V   m a x    ,    P B  m i n    ,    P B  m a x    ,    P  P H S   m i n    ,    P  P H S   m a x    ,    P  S M E S   m i n    ,    P  S M E S   m a x    ,    V  R e s e r v o i r   m i n    ,    V  R e s e r v o i r   m a x     represent the maximum and minimum limits of solar panels, the maximum and minimum capacity of the output power of biogas, PHES, and SMES, and the maximum and minimum of the upper reservoir, respectively.




6.3. Optimization Techniques


The proposed metaheuristic optimization technique is a non-dominated sorting whale optimization algorithm (NSWOA) which is discussed and analyzed in detail in this section. The chosen algorithm outcomes are also compared against other metaheuristic optimization algorithms MOGWO and MOPSO. In MATLAB, the algorithms are executed.



Mirjalili and Lewis in 2016 [73] introduced the WOA, which is modeled after the social behavior of humpback whales and is a unique meta-heuristic optimization algorithm. The bubble-net hunting strategy served as the basis for the algorithm. Although WOA has a fast rate of convergence, its efficacy in locating the global optimal solution to multimodal issues with numerous local optimal solutions is inadequate. This approach is inspired by nature and combines the WOA with an optimization technique based on non-dominated sorting and simple to handle multiobjective function problems.



Mirjalili and Lewis in 2014 [74], introduced the grey wolf optimizer (GWO), which is inspired by grey wolves and is modeled in accordance with the leadership hierarchy and hunting mechanisms of grey wolves in nature. Al-Masri and Al-Sharqi in 2020 [75], used the multi-objective grey wolf optimization (MOGWO) approach, and a comprehensive mathematical model was created by researchers for a PV–biogas hybrid energy system. This algorithm looked at things such as reliability, accessibility, and solutions that are not as good as they could be for both on-grid and off-grid systems. A multi-objective and difficult problem can be solved by deriving numerous optimal solutions using the PSO technique. PSO, created by Kennedy and Eberhart in 1995, is an iterative optimization method that simulates social behavior [76]. Ou and Hong in 2014 [77] investigated variable operation as well as control strategies for a HRES system and used the PSO algorithm to evaluate the effectiveness of the solar PV power system. WL Theo et al. in 2017 [78], proposed a study of system planning and optimization strategies suitable for the integration of hybrid energy systems, as well as a comparison of several mathematical programming methodologies. Adewuyi et al. in 2017 [79], proposed how the maximum amount of solar PV that the power system could handle while maintaining system voltage stability was determined using the MOPSO method.





7. Result and Discussion


The proposed solutions try to cut costs, improve reliability, and reduce carbon emissions all at the same time. Depending on how full the PHES and SMES are and how much power the associated load needs for long-term power supply, charging or discharging can happen during peak or off-peak hours. The rating, pricing, and type of HRES are taken into account in the selection process. The HRES with ES components such as solar PV panels, a biogas generator, PHES, SMES, and inverter properties are utilized in this investigation, as shown in Table 1.



As shown in Table 1, each hybrid renewable energy source system component is listed, and their initial cost, maintenance, and operational costs, as well as the technical specifications such as efficiency, rating, life span, and models, are described well with references for further details.



As shown in Figure 7, the minimum, maximum, and average numerical values in one full year for solar PV horizontal global irradiance are 0, 1195.8, and 273.98 W/m2, for ambient temperature, 16.5, 21.25, and 26 °C, and connected load demand are 662.68, 1185.04, and 1707.40 kW, respectively.



7.1. Optimization Applications on Optimal Sizing of HRES Components


This study describes a multi-objective optimization to identify a collection of non-dominant solutions. Every point on the Pareto front is thought of as the best possible solution for the system, and no solution outperforms the others. However, metaheuristic optimization techniques such as NSWOA, MOGWO, and MOPSO are suggested in this study to identify the compromised solution that is regarded as dependable and affordable in one scenario and affordable and ecological in another. In this work, the number of solar PV panels, the capacity of the biogas generator, the capacity of the PHES system, the capacity of the SMES system, and the capacity of the upper reservoir are the decision variables employed in a grid-connected system. In a grid-connected HRES with a PHES-SMES energy storage system, three Pareto frontier optimization instances (NPC vs. LPSP vs. CE) are investigated. Optimal sizing of HRES system components are taking account of those three objective functions. Table 2 shows the capacity of components that have been optimized using various metaheuristic optimization algorithms.



According to Table 2, by using NSWOA the sizing is optimized, and the estimated capacities of the PV modules, the biogas generator, the SMES, the PHES, and the upper reservoir are 5495.44, 860.29 KW, 142.28 KWh, 400.67 KW, and 26,798.14 m3, respectively.




7.2. Result Evaluation of Economical, Reliability, and Carbon Emission Parameters


Among multi-objective optimization methods, Pareto front produces the best solution results. In a multi-objective problem, the best solution for one objective may be the worst solution for another. For example, as NPC numerical values increase, the LPSP value may decrease. The increased capacity of the facility equipment raises the initial cost of installing the renewable energy system, which raises the cost of energy and the levelized cost of energy.



As shown in Table 3, the value of LPSP is predefined below 1%, and the results of each algorithm are nearly similar; especially MOGWO and MOPSO numerical values have small differences. In this study, the total project cost with the 25-year period taken into account, varies very little between the MOGWO and MOPSO algorithms. This allows the results of each algorithm to be validated against each other. Consistent with the NSWOA algorithm results, the total NPC and   C  O 2  E m i s s i o n s   and LPSP are EUR 6.997 × 106, 1.6122 × 107 Kg   C  O 2   , and 0.0085. The algorithm results, which are total NPC,   C  O 2  E m i s s i o n s  , and LPSP are EUR 7.008 × 106, 1.6122 × 107 Kg   C  O 2   , and 0.0089 for MOGWO and EUR 7.011 × 106 and 1.6122 × 107 Kg   C  O 2    and 0.9908 for MOPSO, respectively. According to the recorded results, the existing carbon emission on the distribution network is the same (1.6122 × 107 Kg   C  O 2   ) for all optimization techniques, whereas HRES   C  O 2  E m i s s i o n s   (Kg   C  O 2   ), by implementing NSWOA, MOGWO, and MOPSO are 8.7536 × 106, 8.7895 × 106, and 8.7945 × 106 Kg   C  O 2   , respectively. Based on the analysis of these results, NSWOA has the optimum total NPC, LPSP, and GHG when compared to the other remaining two algorithms. For all values of financial parameters such as NPC, COE, and LCOE, as shown in Figure 8, the NSWOA result is optimal.



Moreover, the numerical values of the constraints, as well as the participation rate of renewable energy generation with energy storage systems, have a significant impact on the reliability analysis. Figure 9 shows that NSWOA is optimal for all values of reliability parameters such as LOLP, EENS, and LOLE.



Additionally, the GHG emissions analysis is significantly impacted by the numerical values of the constraints as well as the rate at which renewable energy generation is coupled with energy storage systems. As depicted in Figure 10, NSWOA is ideal for all values of GHG emission parameters such as   C  O 2  E m i s s i o n s   (Kg   C  O 2   ),    P  H R E S     (Kg   C  O 2   ), and    P  E A     (Kg   C  O 2   ).




7.3. Analysis and Applications of HRES Optimal Solutions


As the objective functions are used as the criteria for making decisions in this study, the NPC, the LPSP, and CO2 emissions are the criteria. Based on the results of the three algorithms, the remaining analyses were targeted at the results of NSWOA.



The energy share to the connected system load is shown in Figure 11, along with the contribution of each HRES to the energy storage system. The PV system contributes 4.1258 × 106 KWh (43%) of the total installed energy, and the biogas generator system generated 4.4154 × 106 KWh (45%) of the total installed capacity in the hybrid solar PV–biogas with SMES-PHES energy storage project. In addition, PHES generated 1.1582 × 106 KWh (12%) of the project’s overall installed capacity of the proposed hybrid system. Since SMES (1.315 × 105 KWh) is only used to keep peak transition loads steady when switching from one power source to another, it is not counted as a long-sustained energy source.



The cost of the project’s total life cycle is shown in Figure 11, along with the contribution of each component of the HRES to the energy storage system. The PV system contributes 1.2828 × 106 (28%) of the total project costs, and the biogas generator system contributes 1.4757 × 106 (32%) of the system costs in the hybrid solar PV–biogas with SMES-PHES energy storage project. Additionally, 7.1853 × 105 (16%) and 1.0941 × 106 (24%) of the project’s overall costs come from the SMES and PHES, respectively.



The GHG emissions of the system are shown in Figure 11, along with the contribution of each component of the HRES to the energy storage system. The PV system contributes 3.1459 × 106 Kg CO2 emissions (37.33%), and the biogas generator system contributes 4.5258 × 106 Kg CO2 emissions (54%) in the hybrid solar PV–biogas with SMES-PHES energy storage project. Additionally, 0.06082 × 106 Kg CO2 emissions (0.73%) and 0.6949 × 106 Kg CO2 emissions (8%) of the SMES and PHES, respectively.



The annual energy conversions from solar PV, biogas generators, and energy balance are 4.1258 GWh, 4.4154 GWh, and 2.3585 GWh, respectively. The hybrid system has surplus and deficit energies that are roughly 0.2582 GWh and 0.00942 GWh, respectively, according to the final energy exchanged with the grid utility and the surplus and deficit. The amount of power exchanged with the electrical network is equal to the amount of energy sent to the nearby electric distribution network. Figure 12 shows the annual output from solar PV, the biogas power plant, energy balance, surplus, and deficit.



The discharging power, charging power, and state of charge of the SMES are continuously changing because of the connected loads, as shown in Figure 13. Due to fast response, these energy storage systems essentially only function when switching between different energy sources to meet demand. The annual energy discharge and charge for the SMES energy storage systems are 0.1315 GWh and 0.1635 GWh, respectively. The SMES can be charged anywhere between 5% and 100%.



In a proposed hybrid system, Figure 14 shows the consumed energy from solar PV production or any excess power that may be present. Additionally, it displays the water used or discharged during power generation mode, the water charged to the upper reservoir during pumping mode, and the SOC parameter used to regulate the water level in the upper reservoir. The annual energy discharge, generation, and consumption produced by the PHES energy storage system are 0.6847 GWh and 1.0031 GWh, respectively. The upper reservoir’s SOC illustrates the variation in water storage capacity between the full and empty states of the tank. The minimum SOC of 61% for the upper reservoir is reached when the PV energy is at its lowest. Annual water intake and output from the PHES upper reservoir are 4.856 × 106 and 4.527 × 106 m3, respectively.





8. Conclusions


This study presents the design of a grid-connected hybrid PV/biogas system with pumped hydro and super magnetic energy storage for Debre Markos, Ethiopia, based on multiple objective functions, including the effects on cost, reliability, and GHG emissions. Metaheuristic optimization techniques such as NSWOA, MOGWO, and MOPSO are used to find the best size for hybrid systems based on evaluation parameters for financial stability, reliability, and GHG emissions and have been evaluated using MATLAB. A thorough comparison between NSWOA, MOGWO, and MOPSO and the system parameters at 150 iterations has been presented. The outcomes demonstrated NSWOA’s superiority in achieving the best optimum value of the predefined multi-objective function, with MOGWO and MOPSO coming in second and third, respectively. The comparison study has focused on NSWOA’s ability to produce the best NPC, LPSP, and GHG emissions values. Additionally, the simulation results demonstrated that the NSWOA technique outperforms other optimization techniques in its ability to solve the optimization problem. Furthermore, the outcomes show that the designed system has acceptable NPC, LPSP, and GHG emissions values under various operating conditions.
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Abbreviation and Symbols




	    P  e x c h     
	Exchange Power



	    η  c h a     
	Charging Efficiency



	    η  d i s     
	Discharging Efficiency



	    P  P H E S   p u m p     
	Consumed Power for Pumping



	    E  P H E S   p u m p     
	Consumed Energy for Pumping



	    P  i n v     
	Inverter Output Power



	    N  P V     
	Number of PV Panels



	    η  i n v     
	Inverter Efficiency



	    f  P V     
	Derating Factor of PV panel



	    V  max     
	Maximum Reservoir Capacity



	    Q  D i s     
	Discharging Water Flow Rate



	    Q  c h a     
	Charging Water Flow Rate



	    η  P u m p     
	Pump Efficiency



	    P  e x c h − r a t e d     
	Exchange Rating Power



	    P  P V − r     
	Solar Panel Rated Power



	    E  e x c h     
	Exchange Energy



	    E  e x c h − min     
	Minimum Exchange Energy



	    E  e x c h − max     
	Maximum Exchange Energy



	   A  C  P V     
	Annualized Cost of PV Panel



	   A  C B    
	Annualized Cost of Biogas



	   A  C  i n v     
	Annualized Cost of Inverter



	   A  C  S M E S     
	Annualized Cost of SMES



	   Δ P  t    
	Power Difference between Source and Demand



	    V    t − 1       
	Volume of Water at time t



	    η T    
	Turbine Efficiency



	    η P    
	Water Pipe Efficiency



	    E   t    g e n     
	Generated Energy by Turbine



	      E B      
	Energy Balance



	    P  b a l a     
	Power Balance



	    P  P V     
	Solar PV Output Power



	    P L    
	Connected Load



	    P B    
	Biogas Generator Output Power



	    V B    
	Volume of Produced Biogas



	   C  V B    
	Biogas Calorific Value



	    η B    
	Biogas Generator Efficiency



	    t B    
	Working Hours of Biogas



	   Δ t   
	Interval Time



	    ϑ i    
	Solar Irradiation



	    τ α    
	Ambient Temperatures



	    τ p    
	Panel Temperatures



	    α c    
	Temperature Coefficient



	PHES
	Pumped Hydro Energy Storage



	   A  C  P H E S     
	Annualized Cost of PHES



	    C  G P     
	Annual Cost of Grid Energy Purchases



	    C  G S     
	Annual Cost of Grid Energy Sales



	SMES
	Superconducting Magnetic Energy Storage
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Figure 1. The map representation of the research site. 






Figure 1. The map representation of the research site.



[image: Sustainability 15 08264 g001]







[image: Sustainability 15 08264 g002 550] 





Figure 2. Hourly load profile on a typical day. 






Figure 2. Hourly load profile on a typical day.



[image: Sustainability 15 08264 g002]







[image: Sustainability 15 08264 g003 550] 





Figure 3. Existing distribution network schematic diagram on the study area. 
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Figure 4. Grid-connected hybrid solar PV–biogas with hybrid SMES-PHES schematic diagram. 
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Figure 5. An overview of the suggested system design and analysis methodology. 
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Figure 6. Diagram outlining how a proposed grid-connected hybrid system would operate. 
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Figure 7. Representation of data on the research area’s hourly load demand, solar irradiation, and temperatures per annum. 
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Figure 8. Financial parameters [NPC, COE, and LCOE] representations using NSWOA, MOGWO, and MOPSO techniques. 
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Figure 9. Reliability parameters [EENS, LOLP, and LOLE] representations using NSWOA, MOGWO, and MOPSO techniques. 






Figure 9. Reliability parameters [EENS, LOLP, and LOLE] representations using NSWOA, MOGWO, and MOPSO techniques.



[image: Sustainability 15 08264 g009]







[image: Sustainability 15 08264 g010 550] 





Figure 10. GHG emissions parameters [  C  O 2  E m i s s i o n s  ,    P  H R E S     and    P  E A    ] representations using NSWOA, MOGWO, and MOPSO techniques. 
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Figure 11. Contributions of each energy generation, component’s total life cycle cost, and GHG emissions to the proposed hybrid system. 
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Figure 12. Annual power output from PV, biogas plant, energy balance, surplus and deficit using NSWOA. 
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Figure 13. Represents the annual charging, discharging, and SOC of a SMES energy storage system using an NSWOA. 
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Figure 14. Represents the annual charging, discharging, and SOC of a PHES energy storage system using an NSWOA. 
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Table 1. Technical and financial specifications for HRES system’s component.






Table 1. Technical and financial specifications for HRES system’s component.





	
Solar panel [80]




	
Max power

	
380 Wp




	
Length width

	
1.976 × 0.991 m




	
Efficiency

	
19.41%




	
Temperature coefficient

	
0.41%




	
Initial cost

	
145.845 EUR/kW




	
O M cost

	
1% of initial cost




	
Life span

	
25 years




	
SMES [81]




	
Energy, ESMES

	
1 MJ




	
Inductance, LSMES

	
0.5 H




	
Current, ISMES

	
1 KA




	
Initial cost

	
5000 EUR/kW




	
Voltage, Vdc-link

	
2 KV




	
Capacitance, Cdc-link

	
0.01 F




	
PHES [82,83]




	
Overall efficiency

	
77%




	
Cost of power conversion

	
165–740 EUR/kW




	
Fixe OM cost

	
8.5 EUR/kW




	
Variable OM

	
0.8 EUR/MWh




	
Life Span

	
30 years




	
Biogas generator [84]




	
Initial cost

	
1342.5 EUR/kW




	
Fixed OM cost

	
71.65 EUR/kW




	
Variable OM

	
20.7 EUR/MWh




	
Inverter [85,86]




	
Model

	
UnderstandSolar




	
Initial cost

	
172 EUR/kW




	
OM cost

	
1% of initial cost




	
Efficiency

	
95%
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Table 2. Optimal sizing of HRES components by three metaheuristic optimization algorithms.
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Techniques

	
Type of Renewable Energy Resources




	
No of PV Panel

	
PHES Capacity (KW)

	
Reservoir Capacity (m3)

	
Capacity of Biogas (KW)

	
SMES Capacity (KWh)






	
NSWOA

	
5495.44

	
400.67

	
26,798.14

	
860.29

	
142.28




	
MOGWO

	
5228.58

	
378.97

	
25,296.88

	
936.94

	
142.28




	
MOPSO

	
5464.31

	
362.86

	
24,995.71

	
941.63

	
142.28
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Table 3. Optimized evaluation parameters using various metaheuristic optimization techniques.
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Optimization Techniques

	
NSWOA

	
MOGWO

	
MOPSO




	
Evaluation Parameters

	






	

	
NPC (EUR)

	
6.997 × 106

	
7.008 × 106

	
7.011 × 106




	
Financial

	
COE (EUR/kWh)

	
0.053102

	
0.053625

	
0.053743




	

	
LCOE (EUR/kWh)

	
0.046218

	
0.046897

	
0.046985




	

	
EENS

	
1.124 × 105

	
1.174 × 105

	
1.186 × 105




	

	
LPSP

	
0.0085

	
0.0089

	
0.0092




	
Reliability

	
IR

	
0.9915

	
0.9911

	
0.9908




	

	
LOLP

	
2.925

	
3.204

	
3.902




	

	
LOLE

	
10.605

	
11.502

	
14.201




	

	
  Existing   C  O 2  E m i s s i o n s      ( Kg C  O 2   )

	
1.6122 × 107

	
1.6122 × 107

	
1.6122 × 107




	
GHG

	
  HRES   C  O 2  E m i s s i o n s     ( Kg C  O 2   )

	
8.7536 × 106

	
8.7895 × 106

	
8.7945 × 106




	

	
  C  O 2  E m i s s i o n s      reduction   ( Kg C  O 2   )

	
−7.3679 × 106

	
−7.3325 × 106

	
−7.3275 × 106
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