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Abstract

:

The purpose of this paper is to investigate the feasibility of a wind–solar hybrid system on and off-grid power system for electricity generation at a selected location in Somalia using the renewable energy optimization software HOMER. The simulation model was successfully applied to find the best simulation results based on the energy-efficient system for the specific load. The technical and economic performance of an on-grid and stand-alone combination of 25 kW wind power and 60 kW solar photovoltaic was investigated. Since the city of Cadaado has not yet installed its own standard modern electricity grid and due to the great need to reduce energy costs in Somalia, a feasibility study was conducted on how to supply electricity to a sampled residential consumption. Based on the basic characteristics of renewable energy sources in central Somalia, the on-grid wind and solar photovoltaic systems could be economically feasible.
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1. Introduction


Electrical energy resources have been among the most important research topics of humanity for centuries. People’s interest and need for electricity after the industrial revolution has continued until today. The rapid development of technology increases the demand for electrical energy day by day [1].



In Africa, 650 million people do not have electricity, nor access to power, nor access to an industry [2]. If they had other means and capital, they would be very productive people. It is important that we do not lose sight of these people in our bid to grow economies and become more industrialized. One of the toughest problems in the world is as follows: how do you bring people out of extreme poverty without wrecking the climate in the process [3]? Conventional wisdom says it will require the burning of enough fossil fuels to cancel out any progress the developed world makes on emissions. However, in rural Somalia, a small experiment and simulation can be observed to see if it is possible to have green energy, decreasing the environmental catastrophe as well.



Somalia does not have enough generation facilities to provide electricity access to every household in the country [4]. The Somalians who have no power are based purely in rural areas. According to the latest report of IRENA [5], 34% of the total population has access to electricity [6]. The average electric power consumption per capita in Somalia is 20 kWh per year, which is less than 1 kWh per day for a household of five people [6]. This annual electricity consumption per capita is significantly lower than Nigeria and Sudan, which as of 2019 were 184 kWh per year and 395 kWh respectively, whereas the U.S.A. consumption per capita was 12,235 kWh in 2020 [7]. Once electricity is provided, the economic empowerment of people significantly increases [8]. With millions of rural Somalians still disconnected from power, a small green energy startup attempts to bridge the gap. Many villages can be operated at the microgrids level, and they can generate power from renewable energy sources; that energy can be stored in batteries. In the 1990s, the price per watt of a solar panel was USD five or six. Nowadays it is USD 0.20 [9]. This has opened up a huge opportunity in Africa to deliver energy. Schools and homes need electric light and internet service. Agricultural labor, such as maize milling, does not have to be done by hand anymore. Electric pressure cookers eliminate the need to chop down trees or burn charcoal to make meals. All of these things raise the standard of living.



What if wind, solar and grid technologies could work together on one site? This means less impact on the environment, better integration of fossil-free energy into the power system, and reduced costs [10].



Due to the intermittent nature of solar power, it alone cannot meet 24 h load requirements [11]. Similarly, a stand-alone wind power system cannot generate electricity for a significant part of the year because of low and high shear wind speeds. These weaknesses of renewable energy sources can be overcome by creating a hybrid energy system consisting of at least two different energy sources that complement each other. It usually consists of a conventional generator powered by fossil fuel and a renewable energy source, such as wind, photovoltaic or a combination of photovoltaic and wind. Since at least one of the hybrid energy systems in the plant will continue to produce energy, the total energy production capacity in the plant will also increase. The microgrid and solar energy production complement one another perfectly: there is more solar production in summer and during the daytime, and the grid can supply energy during the night time. Together, they ensure smoother generation and balance out the electricity fed into the grid; it uses a shared grid connection point; the battery plays a vital role. The grid is operated at 50 Hz. Conventional fossil-fuel power plants are able to balance frequency deviations to ensure a stable power supply. Due to the growing share of solar power in energy production, more flexibility is needed, which batteries can provide. The battery not only stores electricity generated by the wind or solar, but it also keeps the grid frequency stable at 50 Hz [12]. The battery is able to react to any imbalance between electricity production and demand—in a split second. If the frequency is too high, the battery takes power from the grid to charge itself up. If the frequency is too low, the battery discharges power into the grid. Power fluctuations caused by wind turbines can only be balanced with conventional power plants or battery groups. Sufficient spare capacity should be reserved for unexpected sudden losses in wind farm production due to network failure or power plant shutdown due to excessive wind speed. In order to keep the system frequency within the appropriate limits, it is necessary to increase the technical capabilities of the spare conventional power plants or battery groups [13].



Many studies have been conducted on the performance and economic feasibility of hybrid energy systems and hybrid power systems have been found to exhibit lower production costs and higher reliability than systems using only one energy source. There are several studies in which the integration of solar cells and wind power generation plants into power systems is evaluated in terms of technical and economic factors. In these studies, the factors to be considered in the integration of wind power plants into power systems are evaluated in different categories, technologies, and from different perspectives. Some studies on hybrid systems published in this way are summarized below.



In the work of Wu et al. [14], the capacity of the diesel and photovoltaic (PV) power plant was optimized to meet the electrical load demand of an independent region. The battery capacity, area of 15 PV systems, and the fuel consumption of the diesel generator were optimized to minimize the life cycle cost of the system in the proposed hybrid system. For this purpose, a power management strategy was designed, and an effective metaheuristic technique was used in the study. From the results obtained from the study, it was concluded that the battery–diesel-photovoltaic system is environmentally and economically advantageous compared to a single PV system or a single diesel system for the studied region.



Diaf and friends [15] investigated the optimal design of a hybrid wind/PV system considering various environmental conditions. It was reported that the energy cost for hybrid system configurations is largely dependent on the renewable energy potential. As the locations studied have almost the same solar energy potential, it was found that the wind energy potential strongly affects the energy cost.



Eteiba et al. [16] investigated the feasibility of a PV/biomass hybrid renewable energy system with battery support status to provide the demanded power for a small village. In the study, the optimal capacity was determined using four different meta-heuristic techniques. It was found that the firefly algorithm achieves the minimum computation time and the best performance among other investigated algorithms.



In the study of Le et al. [17], the integration of large-scale wind power generation plants into the grid provided numerous benefits but caused serious voltage fluctuations and stability problems that need to be resolved. For this purpose, the optimization of energy storage systems with renewable energy sources is discussed and the actual findings are stated.



Many literature references have discussed the economic cost analysis of hybrid power system combinations, using various software, such as TRNSYS (a transient systems simulation) [18,19], NEPLAN [20,21], EnergyPLAN [22,23], H2RES (energy planning of islands and isolated regions) [24,25], RAPSim [26], RETScreen [27], and SolSim [28]. In addition, there is a lot of literature on design and analysis in the context of renewable energy power generation using HOMER software [29,30,31,32].



In a hybrid system to be investigated using Homer software, the power management and capacity of each component must be optimally determined to have a reliable and cost-effective power system. Using Homer software, it is possible to create different hybrid power systems, such as solar/wind/diesel, solar/hydrogen, wind/hydrogen, solar/wind/hydrogen, solar/wind/battery/hydrogen, solar/battery, wind/battery, solar/wind/battery, solar/diesel, solar/diesel/battery, and wind/diesel sources are used together.



In this study, the most suitable type and size of a hybrid system based on wind and solar energy were investigated for the city of Cadaado in Somalia. The hourly and daily electrical load profile values used in this study were taken from the work of [33,34]. In addition, an economic and technical feasibility study of the solar–wind hybrid energy system was performed using wind and solar data values. Furthermore, the contribution of solar, wind, and storage unit to energy production, energy cost, and total system cost was investigated for different hybrid systems. Finally, the sensitivity analysis of the on-grid and off-grid hybrid power system was processed in multiple optimizations, each with a different set of input assumptions. The aim of the sensitivity analysis is to examine how various sources of uncertainty impact the model and contribute to the model’s overall uncertainty. This system was modeled in the HOMER simulation tool for comparison purposes based on economic energy analysis in order to fill the gap between the real-life operation and the simulation process of hybrid renewable energy systems projects.



It should be noted that there are no comprehensive feasibility studies on the optimal design of hybrid networks in Somalia’s different climatic conditions in the literature and that the component and fuel prices of previous studies are not up to date. To fill this research gap, the conditions of the Cadaado region of Somalia, which has climatic differences, were examined. In addition, previous studies did not consider the possibility of selling electricity to the grid. Although the grid in Somalia is not functional, it was shown that if a healthy grid can be established one day, profits can be made from the electrical energy sold to the grid. In some of the previous studies, economic parameters, such as inflation and interest rate, were not applied based on the reality of the Somali economy. This study performs the optimization problem based on current data.



The rest of the paper is organized as follows: Section 2 describes the selected site and renewable energy potential. The design specifications of the two models are detailed in Section 3, while Section 4 contains the results of the data analysis in two sections and a discussion of the results. Section 5 allows general conclusions to be drawn from specific observations.




2. Selected Site and Renewable Energy Resources


Many studies in the literature [35,36] have raised scientific awareness of the possibility of high renewable energy availability in Somalia. Wind and solar are the country’s main current renewable energy sources that can generate electricity. The combination of a diesel generator and two renewable energy sources are discussed in detail in the following subsections. Somalia is located in the Horn of Africa and has a total area of 637,657 km2 (246,201 sq mi) and lies between latitudes 2° S and 12° N, and longitudes 41° and 52° E. Somalia receives an average of 2900 to 3100 h of sunshine per year, and Somalia’s total daily radiation is one of the highest in the world [37]. The solar irradiance distribution all over Somalia is shown in Figure 1. Two different solar radiation zones can be identified; the northern and southern zones have different solar radiation range. Solar radiation in both zones can be roughly grouped as follows: 6.4–7.0 kW/m2/day with about 12 h of sunlight in the north, and 5.5–6.4 kW/m2/day in the south with about 11 days of sunlight hours per day [38].



For this study, a site in Cadaado city in the Galguduud region of Galmudug state in central Somalia, 600 km outside capital Mogadishu is selected. This place is located on latitude 6°07’ N and longitude 47°02’ E and at an elevation of about 311.75 m above sea level. Although the efficiency of the hybrid energy system depends on many parameters, it varies according to the material, production method, wind speed, and solar radiation, which are site-specific values that vary frequently. The monthly average daily global solar radiation values for the province of Cadaado were taken from NASA Surface Meteorology. Due to the monthly variation in global solar radiation, the monthly energy output value from solar PV differs every month. The clearness index is evaluated as the ratio of total solar radiation to total extraterrestrial radiation for the corresponding month [40]. The minimum value was observed in February and the maximum value in July. The monthly clearness index values varied between 0.58 and 0.68, and the fluctuations can be seen in Figure 2. Even the coldest months, January and February with temperatures around 20 °C, are the best months for energy production in Cadaado. In summer, the temperature is around 33 °C and it receives an average of 370.6923 h of sunlight per month. May and October are the rainiest months with 179.95 mm of precipitation. The weather mostly be considered clear.



Monthly average and hourly wind speed data for the city of Cadaado obtained from NASA are shown in Figure 3 and Figure 4, respectively. It is noticeable that the maximum measured wind speed is in the period of June–August and the average annual wind speed exceeds 8 m/s, and it is the lowest in April. Based on wind speed data, it is proven that in Cadaado, wind energy is available most of the year and can be used to generate energy by reducing the use of diesel fuel.




3. Electrical Load and Hybrid Energy Components


With hybrid energy systems, the electricity demand can be met by utilizing renewable energy sources for 12 months of the year. The electricity generation of photovoltaic solar panels and wind turbines varies according to climatic conditions. Therefore, they are not a very rich source of energy production on their own. In many applications and studies, planning and sizing of renewable energy systems, such as wind–solar, have been studied [14,15,16,17]. A hybrid electric system combines wind or solar photovoltaic technologies or can offer many advantages by using it over a single system. In the summer months, when the sun’s rays are strongest and brightest, and the wind speed is low. In winter, when there is less solar energy, the wind speed is high. In cases where two energy sources are insufficient, energy continuity can be ensured by connecting a battery or generator to the system.



The average daily electricity consumption used in this study was found to be approximately 26 kWh for each household in the research conducted by [33,34,41]. A typical daily electricity consumption pattern for the selected location is shown in Figure 5. Electrical energy consumption reaches different values both in seasons and in different time periods during the day. The consumption on weekdays increases compared to weekends, and the consumption between 06:00–09:00 in the morning and 17:00–22:00 in the evening is higher than other times of the day. In this study, the predefined ensemble load profile was used in the HOMER program. The daily electricity consumption of the community is taken as 2612 kWh and it was observed that the peak power value during the day is 426.49 kW.



Apart from this, it is assumed that there is a 15% difference between the daily electricity consumption profiles on weekdays and weekends. The simulation analysis is performed for the area assumed to have an electrical load of 2612 kWh/day with and without reliable grid access. A total of 100 households can benefit from this facility at an average consumption rate of 2.6 kWh per day.



The feasibility and optimization study is compared with and without a grid system which consists of diesel generators, battery packs, and wind and solar energy conversion systems. The schematic diagrams of the on-grid and the off-grid system are shown in Figure 4 and Figure 5. Detailed specifications of each used equipment in the plant along with the required input data are provided in the next sections.



3.1. Grid System


In this study, it is assumed that consumers will receive electricity from the grid at a price of 0.12 USD/kWh and if the plant has excess electricity and if the owner of the power facility sells that electricity to the grid; the price is assumed to be 0.08 USD/kWh. Unfortunately, currently, Somalia has no laws regulating the electricity industry. In the country, the cost of electricity is regulated by the Somaliland Energy Regulatory Commission. The cost of electricity in Somalia is amongst the highest in the world, at USD 0.5–1 per kWh [42]. Off-grid renewable energy can help to address the electricity affordability issues.




3.2. Photovoltaic and Converter


The cost of the solar modules is highly dependent on the power requirements, retailer, technology, brand, and size of the solar panel. The system consists of a 60 kW PV module that has 72 cell mono-crystalline and can produce a maximum of 1500 VDC. The typical lifetime of commercial PV panels is about 25 years, and at the end of this period, many panel companies give an 80% performance guarantee. The PV system’s initial investment cost is taken as USD 2000 per kW.



The effects of temperature on solar panels were factored into the derating modeling factor. In order to take into account factors, such as wiring losses, shading, contamination of panels, and aging, the derating factor was taken as 96%, ground reflection was taken as 20% and no tracking system was included in the PV system. In addition to these losses, losses in DC/DC converter and DC/AC inverter are also taken into account for the inefficiency calculations.



Since the alternating current is required to convert the generated DC electricity to AC electricity and to be compatible with the grid, an inverter is added to the system and the DC voltage is converted into a 220 V, 50 Hz sine wave.



The easy and quick response Solectria String Sizer Tool [43] was used when choosing the size of the converter, and it was found that an on-grid PV inverter system is created and modeled PVI 50 KW inverter model can provide the required AC power output. The cost of the inverter is taken as USD 1000, the average efficiency of 96%, and the lifetime of a unit is 10 years.




3.3. Wind Turbine


Wind power has become an increasingly preferred energy source for reasons such as being a domestic energy source compatible with human health and the environment, being inexhaustible, saving fossil fuels, and decreasing the installation and operating costs day by day [44,45]. In this study, the EOX S-16 type wind turbine in HOMER’s database was used and the technical data for this turbine are as in Table 1. The region’s wind energy data were taken from NASA’s database, which was integrated into the HOMER program. The turbine performance was analyzed by using the actual data obtained from manufacturers, and the power curve of the selected turbine is shown in Figure 6.




3.4. Diesel Generator


In this study, there are CAT brand two diesel generators with 160 kW and 44 kW capacities modeled, and their costs are USD 30,000 and USD 75,000, respectively. The price of diesel generators decreases inversely as their capacity increases, and the cost per kW of generators with larger capacity decreases. The large generator is assumed to be used for base load generation, while the small generator is used to meet peak demand. Various technical reports of CAT brand generators were obtained from the manufacturer’s data specification sheet [46]. The lifetime of generators is estimated at 40,000 h of operation. Although the large-capacity generation of the generator was chosen, the main purpose of this study is to find a commercially, cost-effective, and technically viable alternative to reduce the dependency on diesel generators. Therefore, optimized use of batteries was proposed, which can economically replace the use of diesel due to the intermittent nature of renewable energy sources. HOMER assumes that a 160 kW generator consumes 10 L, 12 L, 15 L of fuel per hour at 50% load, 75% load, and full load, respectively, while 440 kW generator consumes 15 L, 16 L, 17 L of fuel per hour at 50% load, 75% load, and full load, respectively. In this study, the price of diesel fuel was taken as 0.8 USD/L. The produced power/efficiency and fuel consumption curves for both generators supplied by HOMER are shown in Figure 7.




3.5. Battery


ESS 850V batteries with a capacity of 471 Ah were used in the simulation. The cost of a selected single battery is assumed USD 900, and a similar figure was taken as a possible replacement cost. The operation and management (O&M) cost is considered negligible and thus was set to 0. Because of the high battery prices, the battery cost has a very significant effect on the net present cost. If batteries are not used for backup power, the cost of renewable energy systems is reduced. The battery can be selected at large power as well as at small power; however, as soon as the power increases, the total costs will increase significantly. The technical data and capital costs for the subsystems used in the simulation are described in Table 2.




3.6. Financial Assumptions and Simulation Settings


The construction period of the project is assumed to be 2 years, and the lifetime of the project is taken to be 25 years. Although the real interest rate in Somalia has fluctuated significantly in recent years, it is not possible to reach certain information. In this study, the interest rate was determined as 11%. According to the latest available information, the inflation rate in Somalia is 4.1% [47].




3.7. HOMER Software


It was observed that deterministic data are used in the calculations of many systems established with renewable energy sources, and cost analyses were made according to annual average values. The stochastic changes in the nature of renewable energy were not added to the system [48,49].



In the present study, a hybrid system was modeled with HOMER software in order to meet the energy demands of the city of Cadaado, and the system is compared by making economic–technical analyses in accordance with the availability of the grid.



HOMER offers design options to the user by modeling the behavior of the energy system, the cost of installation, the income and expenses that may occur during life, resources which should be used in various situations, within the framework of technical and economic values. Among the software that can model hybrid systems, HOMER software comes to the fore due to reasons such as ease of use, the closeness of the results to reality, and more efficient calculation of resources. A lot of studies have been performed on the application of hybrid systems to examine the economic and technical feasibility analysis of various hybrid energy systems [28,29,30,31]. More detailed information regarding Homer software can be found in [50].



Moreover, it is important to validate the models developed using the HOMER software for their accuracy, as a different error range was found when performed using a weather database, different system, locations, and components compared to all the articles reviewed. For this reason, the accuracy rate of the existing hybrid energy systems models in the literature is taken as a reference to determine whether the error is acceptable or not, and to ensure that the output is reliable. The validation is done by simulating a system with approximately the same input parameters: features, output power, and components and comparing the output with real system data [51]. For system validation, the literature results from HOMER contain an error of 5.52% for monthly energy deviation [52].



In this study, the effect of time-varying inputs, such as electric charge, wind speed, and solar radiation, is also modeled by using the HOMER program. For each of these inputs, 8760 values (hourly data) are created for one year in the program. The data that need to be imported into the HOMER program are load, renewable resources, characteristics and costs of system components, and various information about optimization. These data are obtained from literature research and manufacturers. As a result, it is decided to plan the most suitable system model.





4. Findings and Discussion


Hybrid energy systems for the city examined within the scope of the study were examined in two different aspects as off-grid and on-grid systems. PV panels and wind turbines are used to obtain renewable energy in the on-grid system. In addition to the wind turbines and the PV panels, the batteries for energy storage, the diesel generators in cases where the electrical energy required by the system could not be met, were used.



4.1. Design of Stand-Alone and Hybrid Renewable Energy System


In this system, 23.8 m high 1140 kW wind turbine, 219 kW flat type PV panel, 58.5 kW converter, 160 kW, and 440 kW two diesel generators and 256 pieces of 400 kWh lithium-ion battery were selected. The schematic diagram of the stand-alone hybrid power generation system is shown in Figure 8.



In this scenario, most of the electrical load of the selected site is covered by solar PV. With HOMER, the most suitable generator power was found to be 160 kW. Using the values in Table 2, the NPC was found to be USD 1.35 million and the levelized cost of energy was found to be 0.108 USD/kWh for the project life of 25 years. Annual fuel consumption is 11,308 L/year and fuel cost is 118,342 USD/year, specific fuel consumption is 0.304 L/kWh and average electrical efficiency is 33.4%. The annual production and consumption results are given in Table 3 and Table 4, and the HOMER simulation results are given in Figure 9. The results reveal that the lowest wind option considered in the optimization was included in the optimal result, which allocates the wind energy to contribute more than 4% of the total electricity output, despite the almost steady availability of average monthly wind speed throughout the year. This is due to the high capital cost of the wind turbines that eventually makes them uncompetitive with other technology options considered on a utility scale. In contrast to wind, solar technology was the favorite electrical source of the total electricity output. This is due to Cadaado’s excellent wind speeds all year. The figure depicts high electricity generation from the solar panels almost all year. On the contrary, wind power generation meets about 4% of consumption throughout the year.




4.2. Design of On-Grid and Hybrid Renewable Energy System


In this system, a 23.8 m high 264 kW wind turbine, 871 kW flat type PV panel, 640 kW converter, 10 piece of 400 kWh lithium-ion battery, and grid line were selected. Figure 10 shows the renewable grid-tied energy system for electricity generation.



The installation cost is USD 4.18 million, the annual maintenance and operating cost is 315,658 USD/year, and the unit cost of the consumed energy is 0.000632 USD/kWh. It is assumed that the unit price of the mains electricity is 0.12 USD/kWh. A total of 85.1% of the generated energy, 5,427,497 kW, was sold to the grid; 3.73% of the consumed energy was produced from PV, 90.7% from wind turbines, and 5.53% was provided by the grid. The HOMER simulation results are shown in Figure 11.



The fact that the wind energy generation in the grid system has a higher share in electricity generation compared to the off-grid scenario shows the effect of the electricity sales and purchase price in the grid on the energy generation strategy. It was concluded that the grid system is better in terms of economy and greenhouse gas emissions, compared to the system that produces with a diesel generator. While the renewable energy usage rate is 97.2% in the off-grid system, it is 94.5% in the on-grid system. The fact that 94.5% of the electrical power of the system is provided by solar panels shows that the grid is not needed effectively, and that Somalia is rich in renewable energy resources.





5. Sensitivity Analysis


It is important to perform a sensitivity analysis on several statistically significant variables that affect the investment cost and technical feasibility of the proposed hybrid system. In the sensitivity analysis, the change in the optimal solution as a result of the value changes in the objective function and constraint coefficients can be examined. The analysis helps determine which risks or uncertainties may affect the project more economically. By specifying a range of values in the Homer program, it can be determined how much the variable affects the results. In the study, 20 different scenarios were simulated as all variables summarized in Table 5, and the results were evaluated.



Considering the situation in Cadaado for the suggested solar–wind–diesel energy system, first, it is still necessary to consider O&M as a precision variable during the design phase of HOMER modeling. This is because the wind turbine and solar panel technologies are not manufactured in Somalia and there are hardly any engineers who can fix any technical faults. Therefore, if specialists are called from abroad for any malfunction in the system, the O&M cost may increase. For this reason, it was decided to consider an O&M cost that is two and three times higher than the estimated cost in the simulation.



Furthermore, it is extremely important to have a system that can accurately measure weather data, as renewable energy data are based on a satellite estimate of the region. Accordingly, annual averages of renewable energy sources were changed with an increase and decrease of 15%.



The third variable to consider is the effect of interest rate on optimal system configurations. While the increase in interest rates increases investment costs, it affects investments negatively. The interest rate increased from 6% to 12% in increments of 2%.



The fourth variable to consider is the change in fuel price throughout electricity generation. Because the diesel generator is an important part of the microgrid system components. The prices of diesel raised from 0.7 USD/l to 1.4 USD/l in increments of 0.1 USD/l.



The cost of energy is most sensitive to the interest rate and O&M cost as the spider graph shown in Figure 12 which HOMER produced. The cost increase of the NPC is around USD 200,000 for every 2% interest rate change. For every wind turbine O&M cost multiplier, the NPC increases around USD 120,000. Consequently, investors should take out loans at the lowest rate and have a local mechanic and engineer for the wind turbine. On the other hand, a 15% decrease or increase in solar radiation and wind speed had an almost negligible effect on the total NPC as shown in Figure 12. Therefore, this is a key issue that these parameters should be taken into consideration during future investments.




6. Conclusions


In this study, a hybrid renewable energy system was designed in accordance with the electrical load requirement of Cadaado city, Somalia, and HOMER software was used in this design process. In this design, analysis was carried out according to the scenarios of off-grid and on-grid, and these two scenarios were compared with each other. During the design process solar energy, wind effects, and dynamic parameters of the region were taken into account.



Necessary costs were determined, and cost analyses were performed. As a result of this study, it has a positive effect on the economic cost of the networked system, compared to the off-grid system. In addition, it made a positive contribution to the environment by not using diesel fuel.



According to the simulation results, it was observed that the batteries should be used effectively in the hybrid system, and the installation cost of the selected system was USD 215,958, the operation cost was USD 18,029 and the net current cost of the whole project was USD 598,958. It was also revealed that the unit energy cost has decreased to USD 0.164.



Studies can be increased to make hybrid energy production systems, which support the use of domestic resources by increasing the rate of use of renewable energy sources, save fossil fuel consumption, and contribute positively to the environment by reducing greenhouse gas emissions; according to the results of the study, hybrid power generation systems can be applied in Somalia.



The reliable electricity supply through the use of hybrid systems can reduce poverty, improve economic growth and the standard of living of semi-urban inhabitants. The off-grid hybrid solar–wind hybrid system is well positioned to address the unique challenges presented reduction of greenhouse gas emissions, Somalia’s lack of infrastructure, high costs of resident services. Moreover, the reasons such as the high rate of use of renewable energy sources in the grid system and the insufficient need for fuel use in the diesel generator made the grid come to the fore.



The optimal design for the electricity generation system was analyzed by entering the existing market values into the HOMER simulation program. Then, within the scope of sensitivity analysis, 20 different scenarios were simulated, and the results were compared.



Furthermore, using the sensitivity analysis results, the findings of this study can be applied to evaluate other parts of Somalia and communities in neighboring countries with similar fuel prices, wind speeds, and global solar radiation data as in this study.



The power estimation algorithms performed in this study can be used as an estimation method for potential different locations using different data sets. On the other hand, the proposed algorithms for sizing the optimal hybrid power generation system can be used as a tool in the design stages of hybrid renewable energy power generation systems for systems that need energy, such as electric vehicle charging stations.







Author Contributions


H.H.C.: conceptualization, supervision, data curation, writing—original draft, software; A.R.: formal analysis, resources, writing—review and editing, investigation; A.M.: visualization, funding acquisition, writing—review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets generated during and/or analyzed during the current study are available from the corresponding author on reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rosenberg, N. The role of electricity in industrial development. Energy J. 1998, 19. [Google Scholar] [CrossRef]

	



Vulturius, G.; Tuhkanen, H. Matchmaking Power: Expanding Climate Finance for Off-Grid Solar Electricity; Stockholm Environment Institute: Stockholm, Sweeden, 2020. [Google Scholar]

	



Soergel, B.; Kriegler, E.; Bodirsky, B.L.; Bauer, N.; Leimbach, M.; Popp, A. Combining ambitious climate policies with efforts to eradicate poverty. Nat. Commun. 2021, 12, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Mohamed, M.A. Remittance and poverty in Somalia: Propensity score matching approach. J. Res. Econ. 2021, 5, 50–68. [Google Scholar] [CrossRef]

	



IRENA, Statistical Profiles, Somalia. Available online: https://www.irena.org/IRENADocuments/Statistical_Profiles/Africa/Somalia_Africa_RE_SP.pdf (accessed on 2 January 2022).

	



Ritchie, H.; Roser, M. Energy. Our World in Data. 2020. Available online: OurWorldInData.org (accessed on 3 January 2022).

	



BP Statistical Review of World Energy & Ember. Available online: https://ourworldindata.org/grapher/per-capita-electricity-consumption (accessed on 1 January 2022).

	



Wassie, Y.T.; Adaramola, M.S. Socio-economic and environmental impacts of rural electrification with Solar Photo-voltaic systems: Evidence from southern Ethiopia. Energy Sustain. Dev. 2021, 60, 52–66. [Google Scholar] [CrossRef]

	



Palm, J. Household installation of solar panels—Motives and barriers in a 10-year perspective. Energy Policy 2018, 113, 1–8. [Google Scholar] [CrossRef]

	



Farh, H.M.H.; Al-Shamma’A, A.A.; Al-Shaalan, A.M.; Alkuhayli, A.; Noman, A.M.; Kandil, T. Technical and economic evaluation for off-grid hybrid renewable energy system using novel bonobo optimizer. Sustainability 2022, 14, 1533. [Google Scholar] [CrossRef]

	



Akram, U.; Khalid, M.; Shafiq, S. Optimal sizing of a wind/solar/battery hybrid grid-connected microgrid system. IET Renew. Power Gener. 2017, 12, 72–80. [Google Scholar] [CrossRef]

	



Kumar, P.S. Applications of hybrid wind solar battery based microgrid for small-scale stand-alone systems and grid integration for multi-feeder systems. In Electrical and Electronic Devices, Circuits, and Materials; CRC Press: Boca Raton, FL, USA, 2021; pp. 517–533. [Google Scholar] [CrossRef]

	



Liu, W.; Li, N.; Jiang, Z.; Chen, Z.; Wang, S.; Han, J.; Zhang, X.; Liu, C. Smart Micro-grid system with wind/PV/battery. Energy Procedia 2018, 152, 1212–1217. [Google Scholar] [CrossRef]

	



Wu, B.; Maleki, A.; Pourfayaz, F.; Rosen, M.A. Optimal design of stand-alone reverse osmosis desalination driven by a photovoltaic and diesel generator hybrid system. Sol. Energy 2018, 163, 91–103. [Google Scholar] [CrossRef]

	



Diaf, S.; Notton, G.; Belhamel, M.; Haddadi, M.; Louche, A. Design and techno-economical optimization for hybrid PV/wind system under various meteorological conditions. Appl. Energy 2008, 85, 968–987. [Google Scholar] [CrossRef]

	



Eteiba, M.; Barakat, S.; Samy, M.; Wahba, W.I. Optimization of an off-grid PV/Biomass hybrid system with different battery technologies. Sustain. Cities Soc. 2018, 40, 713–727. [Google Scholar] [CrossRef]

	



Le, H.T.; Santoso, S. Analysis of voltage stability and optimal wind power penetration limits for a non-radial network with an energy storage system. IEEE Power Eng. Soc. Gen. Meet. 2007, 1–8. [Google Scholar] [CrossRef]

	



Kalogirou, S.A. Use of TRNSYS for modelling and simulation of a hybrid pv–thermal solar system for Cyprus. Ren. Energy 2001, 23, 247–260. [Google Scholar] [CrossRef]

	



Saleem, M.S.; Abas, N.; Kalair, A.; Rauf, S.; Haider, A.; Tahir, M.S.; Sagir, M. Design and optimization of hybrid solar-hydrogen generation system using TRNSYS. Int. J. Hydrogen Energy 2019, 45, 15814–15830. [Google Scholar] [CrossRef]

	



Shafik, M.B.; Rashed, G.I.; Chen, H. Optimizing energy savings and operation of active distribution networks utilizing hybrid energy resources and soft open points: Case study in Sohag, Egypt. IEEE Access 2020, 8, 28704–28717. [Google Scholar] [CrossRef]

	



Kamel, S.; Awad, A.; Abdel-Mawgoud, H.; Jurado, F. Optimal DG allocation for enhancing voltage stability and minimizing power loss using hybrid gray wolf optimizer. Turk. J. Electr. Eng. Comput. Sci. 2019, 27, 2947–2961. [Google Scholar] [CrossRef]

	



Tahir, M.F.; Chen, H.; Javed, M.S.; Jameel, I.; Khan, A.; Adnan, S. Integration of different individual heating scenarios and energy storages into hybrid energy system model of China for 2030. Energies 2019, 12, 2083. [Google Scholar] [CrossRef]

	



Coban, H.H. A 100% renewable energy system: The case of Turkey in the year 2050. İleri Mühendislik Çalışmaları Ve Teknol. Derg. 2020, 1, 130–141. [Google Scholar]

	



Segurado, R.; Krajacic, G.; Duić, N.; Alves, L. Increasing the penetration of renewable energy resources in S. Vicente, Cape Verde. Appl. Energy 2011, 88, 466–472. [Google Scholar] [CrossRef]

	



Gasparovic, G.; Krajačić, G.; Duić, N.; Baotić, M. New energy planning software for analysis of island energy systems and microgrid operations—H2RES software as a tool to 100% renewable energy system. Comput. Aid. Chem. Eng. 2014, 33, 855–1860. [Google Scholar] [CrossRef]

	



Pöchacker, M.; Khatib, T.; Elmenreich, W. The microgrid simulation tool RAPSim: Description and case study. In Proceedings of the 2014 IEEE Innovative Smart Grid Technologies-Asia (ISGT ASIA), Kuala Lumpur, Malaysia, 20–23 May 2014; pp. 278–283. [Google Scholar]

	



Parakh, D.S.; Leng, G.J. RETScreen: Clean Energy Management Software. In Canadian Energy Efficiency Outlook; River Publishers: Gistrup, Denmark, 2020; pp. 263–266. [Google Scholar] [CrossRef]

	



Schaffrin, C.; Knoblich, I. SolSim–A software tool for simulation of solar hybrid systems. In Sixteenth European Photovoltaic Solar Energy Conference; Routledge: London, UK, 2020; pp. 2440–2444. [Google Scholar]

	



Eko, J.O.; Paul, M.C. Integrated sustainable energy for Sub-Saharan Africa: A case study of machinga Boma in Malawi. Energies 2021, 14, 6330. [Google Scholar] [CrossRef]

	



Adalı, S.; Kılıç, M.Y. Evsel elektrik ihtiyacının hibrit yenilenebilir enerji sistemleriyle karşılanması: Bursa örneği. Niğde Ömer Halisdemir Üniversitesi Mühendislik Bilimleri Derg. 2021, 10, 520–526. [Google Scholar] [CrossRef]

	



Cabanero, A.; Nolting, L.; Praktiknjo, A. Mini-grids for the sustainable electrification of rural areas in Sub-Saharan Africa: Assessing the potential of keymaker models. Energies 2020, 13, 6350. [Google Scholar] [CrossRef]

	



Yimen, N.; Hamandjoda, O.; Meva’a, L.; Ndzana, B.; Nganhou, J. Analyzing of a photovolta-ic/wind/biogas/pumped-hydro off-grid hybrid system for rural electrification in Sub-Saharan Africa—Case study of Djoundé in Northern Cameroon. Energies 2018, 11, 2644. [Google Scholar] [CrossRef]

	



Abdi, A.H.; Zorlu, H. Rural Electrification with Solar Powered Mini-Grids and Stand-Alone Solar System Installations: Case of Somalia. In Proceedings of the 5th International Students Science Congress, Izmir, Turkey, 21–22 May 2021. [Google Scholar] [CrossRef]

	



Omosanya, L. Solving the Energy Challenges in Adado, Somalia. Bachelor’s Thesis, Helsinki Metropolia University of Applied Sciences, Helsinki, Finland, 2016. [Google Scholar]

	



Abdi, A.H. Remote Rural Electrification of Innovative Systems Based on Renewable Energy Sources: Case of Somalia; Mühendislik Bilimleri; Uluslararasi Öğrenci Dernekleri Federasyonu (UDEF): Eyüpsultan, İstanbul, 2021; pp. 28–35. ISBN 978-605-70435-8-0. [Google Scholar]

	



Dursun, S.; Aykut, E.; Dursun, B. Assessment of optimum renewable energy system for the Somalia–Turkish training and research hospital in Mogadishu. J. Renew. Energy Environ. 2021, 8, 54–67. [Google Scholar]

	



Regional Center for Renewable Energy and Energy Efficiency (RCREE). 2018. Available online: https://www.rcreee.org/node/4045/ (accessed on 8 November 2021).

	



Sunrise and Sunset in Somalia. Available online: https://www.worlddata.info/africa/somalia/sunset.php (accessed on 3 January 2022).

	



Solargis. 2020. Available online: https://solargis.com/maps-and-gis-data/download/somalia (accessed on 3 January 2022).

	



Duffie, J.A.; Beckman, W.A. Solar Engineering of Thermal Processes; John Wiley & Sons. Inc.: New York, NY, USA, 1991. [Google Scholar]

	



Abdilahi, A.M.; Yatim, A.H.M.; Mustafa, M.W.; Khalaf, O.T.; Shumran, A.F.; Nor, F.M. Feasibility study of renewable energy-based microgrid system in Somaliland’ s urban centers. Renew. Sustain. Energy Rev. 2014, 40, 1048–1059. [Google Scholar] [CrossRef]

	



Energy for Prosperity. Available online: https://www.lightingafrica.org/country/somalia-2/ (accessed on 4 January 2022).

	



Yaskawa—Solectria Solar. Available online: http://stringsizing.solectria.com/PVBuilderProd/PVBuilder/PVBuilder3.php (accessed on 5 January 2022).

	



Pandit, P.; Singha, K.; Jadhav, A.; Gayatri, T.; Dhara, U. Applications of composites materials for environmental aspects. In Composites for Environmental Engineering; John Wiley & Sons: New York, NY, USA, 2019; pp. 33–55. [Google Scholar] [CrossRef]

	



Williams, E.; Hittinger, E.; Carvalho, R.; Williams, R. Wind power costs expected to decrease due to technological progress. Energy Policy 2017, 106, 427–435. [Google Scholar] [CrossRef]

	



Cat Diesel Generator Sets. Available online: https://s7d2.scene7.com/is/content/Caterpillar/CM20160906-10803-13272 (accessed on 11 January 2022).

	



Inflation rate in Somalia. Available online: https://www.statista.com/statistics/863082/inflation-rate-in-somalia/ (accessed on 11 January 2022).

	



Zhang, L.; Barakat, G.; Yassine, A. Deterministic optimization and cost analysis of hybrid PV/wind/battery/diesel power system. Int. J. Renew. Energy Res. 2012, 2, 686–696. [Google Scholar]

	



Anoune, K.; Laknizi, A.; Bouya, M.; Astito, A.; Abdellah, A.B. Sizing a PV-Wind based hybrid system using deterministic approach. Energy Convers. Manag. 2018, 169, 137–148. [Google Scholar] [CrossRef]

	



Ani, V.A. Strategies for modeling and simulation of alternative energy systems for powering health facilities using HOMER application. Glob. J. Res. Eng. 2021, 21, 61–83. [Google Scholar]

	



Olaya, C. System dynamics: Engineering roots of model validation. In System Dynamics: Theory and Applications; Springer: Berlin/Heidelberg, Germany, 2020; pp. 109–117. [Google Scholar]

	



Komrit, S. Comparative Analyses of Solar Photovoltaic, Wind, and Hybrid Energy Systems: Case Study of Thailand. Ph.D. Thesis, California State University, Sacramento, CA, USA, 2020. [Google Scholar]








[image: Processes 10 00667 g001 550] 





Figure 1. Solar radiation map of Somalia [39]. 
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Figure 2. Averaged solar irradiance and clearness index for the selected area from Homer software. 
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Figure 3. Monthly variation of the mean wind speed. 
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Figure 4. Hourly variation of the mean wind speed. 






Figure 4. Hourly variation of the mean wind speed.



[image: Processes 10 00667 g004]







[image: Processes 10 00667 g005 550] 





Figure 5. Typical daily electricity demand profile of the household in Somalia. 
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Figure 6. The power–speed curve of the wind turbine. 
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Figure 7. The fuel consumption and efficiency curves of 440 kW (a) and 160 kW (b) diesel generators. 
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Figure 8. Schematic diagram of the off-grid hybrid system. 
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Figure 9. Monthly average electric production for the period of one year. 
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Figure 10. Schematic diagram of the on-grid hybrid system. 
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Figure 11. Monthly average electric production for the period of one year. 
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Figure 12. The spider graph of five sensitive variables. 
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Table 1. The technical specifications of the selected wind turbine.
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	Characteristic
	Specification





	Power Capacity
	25 kW



	Rated wind speed
	Average annual wind speed: 7.5 m/s (27 km/h) (17 mph)



	Operating temperature
	−20 °C to 40 °C (−4 °F to 104 °F)



	Cut-in wind speed
	2.75 m/s (9.9 km/h) (6 mph)



	Cut-out wind speed
	20 m/s (72 km/h) (45 mph)



	Blade Length
	7.6 m (24.9 ft)



	Hydraulic tower—hub height
	16.8 m (55.1 ft) or 23.8 m (78.1 ft)
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Table 2. The details of different system components used in this study.
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	Diesel Generator_1
	Diesel Generator_2
	Solar PV
	Inverter
	Battery
	Wind Turbine





	Capital Cost ($)
	75,000
	30,000
	2000
	1000
	900
	9000



	Size (kW)
	440
	160
	60
	30
	471 Ah
	25



	Replacement Cost ($)
	70,000
	28,000
	1000
	1000
	750
	7000



	O&M cost
	0.1 USD/h
	0.09 USD/h
	USD 10
	0
	0
	USD 200



	Model
	CAT 550 kVA
	CAT 200 kVA
	SMA-60
	Ideal-30 kW
	ESS 100 kW/400 kWh
	EOX S-16



	Lifetime
	40,000 h
	40,000 h
	25 years
	10 years
	20 years
	30 years
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Table 3. Annual electricity production.
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ON-GRID

	
OFF-GRID






	
Production

	
kWh/yr

	
%

	
Production

	
kWh/yr

	
%




	
Solar PV

	
253,687

	
3.73

	
Solar PV

	
94,882

	
7.24




	
Grid Purchases

	
376,321

	
5.53

	
Diesel_160kW

	
37,147

	
2.83




	
Wind Turbine

	
6,173,968

	
90.7

	
Wind Turbine

	
1,178,949

	
89.9




	
Total

	
6,803,975

	
100

	
Total

	
1,310,977

	
100
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Table 4. Annual electricity consumption.
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ON-GRID

	
OFF-GRID






	
Consumption

	
kWh/yr

	
%

	
Consumption

	
kWh/yr

	
%




	
AC Primary Load

	
953,380

	
14.9

	
AC Primary Load

	
953,123

	
100




	
DC Primary Load

	
0

	
0

	
DC Primary Load

	
0

	
0




	
Deferrable Load

	
0

	
0

	
Deferrable Load

	
0

	
0




	
Grid Sales

	
5,427,497

	
85.1

	
Total

	
953,123

	
100




	
Total

	
6,380,877

	
100
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Table 5. Summary of component and resource sensitivity variables used in the simulation.
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	O&M Cost
	Annual Average Wind Speed
	Annual Global Solar Radiation
	The Interest Rate
	Diesel Fuel Cost





	Unit
	USD/year
	m/s
	kWh/m2/d
	%
	USD/L



	Changes
	2,3 times

multiplier
	±15
	±15
	6, 8, 10, 12
	0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4
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