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Abstract

:

The transportation sector accounts for more than 70% of Nigeria’s energy consumption. This sector has been the major consumer of fossil fuels in the past 20 years. In this study, the technical and economic feasibility of an electrical vehicle (EV) charging scheme is investigated based on the availability of renewable energy (RE) sources in six sites representing diverse geographic and climatic conditions in Nigeria. The HOMER Pro® microgrid software with the grid-search and proprietary derivative-free optimization techniques is used to assess the viability of the proposed EV charging scheme. The PV/WT/battery charging station with a quantity of two WT, 174 kW of PV panels, a quantity of 380 batteries storage, and a converter of 109 kW located in Sokoto provide the best economic metrics with the lowest NPC, electricity cost, and initial costs of USD547,717, USD0.211/kWh, and USD449,134, respectively. The optimal charging scheme is able to reliably satisfy most of the EV charging demand as it presents a small percentage of the unmet load, which is the lowest when compared with the corresponding values of the other charging stations. Moreover, the optimal charging system in all six locations is able to sufficiently meet the EV charge requirement with maximum uptime. A sensitivity analysis was conducted to check the robustness of the optimum charging scheme. This sensitivity analysis reveals that the technical and economic performance indicators of the optimum charging station are sensitive to the changes in the sensitivity variables. Furthermore, the outcomes ensure that the hybrid system of RE sources and EVs can minimize carbon and other pollutant emissions. The results and findings in this study can be implemented by all relevant parties involved to accelerate the development of EVs not only in Nigeria but also in other parts of the African continent and the rest of the world.
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1. Introduction


The overall increase in population worldwide, accompanied by the contemporary technological revolution, has given rise to an excessively high rate of electricity consumption, a critical problem that necessitates sustainable energy solutions [1,2]. In the Nigerian power sector, most of the electricity supply is being secured through fossil fuels, namely natural gas, which accounts for about 80% of the total fossil sources, and oil, from which most of the remaining fossil power generation originates [3]. In fact, 80% of the country’s energy mix takes the form of thermal generation sources, with the remaining 20% being derived from hydropower and other renewable energy (RE) sources. The per capita CO2 emissions in Nigeria had dramatically risen from about 0.08 metric tons in 1960 (when Nigeria attained independence from Britain) to 0.67 metric tons in 2018 [4]. In fact, the contribution of the country to the global pollutant emissions level has increased considerably over the past few decades. Nigeria’s total energy consumption in 2020 is about 164,013 kilotonne of oil equivalent (ktoe), with the transportation sector alone contributing about 16,554 ktoe [5]. The transportation sector accounted for over 70% of Nigeria’s energy use [6]. This sector has been the major consumer of fossil fuels in the past 20 years. Many countries, including Nigeria, are looking toward mitigating the usage of conventional energy sources where greenhouse gas (GHG) emission poses serious climate and environmental challenges. The Nigerian government strives to promote the use of electric vehicles (EVs) in the country to mitigate noise and air pollution, and in its effort toward that end, it is incorporating Evs in its development plan for the National Automotive Industry [7]. Environmental and noise pollution concerns, unstable cost and supply of petroleum products as well as efficiency are the driving factors for the development and implementation of alternative means of running vehicles in Nigeria.



Furthermore, the EV named Kona, which was the first one assembled in Nigeria, was unveiled in 2020 [8], and it was stated [9] that it can be charged anywhere within the five-year life of its storage device. The Nigerian JET Motor firm (JMF) launched its electric van JET EV [10,11] with a moving range of more than 250 km [12], and meanwhile, the Nigerian Siltech company introduced its electric bikes with a battery swapping technology. Recently, the National Automotive Design and Development Council (NADDC) of Nigeria, under the EV pilot program, has launched two solar energy-based EV charging stations (EVCSs) in the western Nigerian cities of Lagos and Sokoto with a capacity of 86.4 kilowatts per hour each [13]. The EVCS in the southeastern Nigerian city of Enugu is expected to be unveiled soon to boost the Nigerian government’s commitment to efficient, cost-effective, and eco-friendly vehicles [14,15]. The Lagos state government has given assurance towards providing EVCSs to support the full utilization of EVs in the state [16]. The partnership between JMC and GIG logistics (the country’s leading logistics company) to introduce the first electric vans (Jet Mover) has resulted in the installation of EV charging station infrastructures on the premises of this latter company. A charging station is capable of charging two EVs at the same time to full capacity with two hours of charging. Each EV van has a 107.8 kWh lithium-ion battery and can go a distance of about 300 km [17]. This shows that the government and the private sectors are highly committed to the establishment of EV pilot projects that support carbon neutrality. However, insufficiency in electrical power supply, which is essential for the utilization of EVs, and the shortage in EV charging station (CS) infrastructures are obstacles to a bright future for EVs in Nigeria.



In addition, wind and solar power have become essential and common technologies for electricity production due to the recent technological advancements in power electronic storage systems as well as the price reduction of the required devices [18]. According to Aliyu et al. [19], with an average of 6 h of daily sunshine being captured over 1% of land size for the solar photovoltaic (PV) system, Nigeria has the potential to generate annual electrical energy of about 1,850,000 GWh. The coastal and offshore regions, hilly areas of the north, middle belt mountainous terrains, as well as northern fringes of the country are windy with the potential for harvesting great wind power all over the year [20]. Moreover, it was indicated by Nehrir et al. [21] that renewable energy sources (RESs) such as solar energy (SE) and wind energy (WE) have more benefits in terms of electricity generation compared to other sources in addition to being freely available in nature. The integration of solar and wind systems with storage devices, either as standalone microgrids or with a utility grid network, has proven to save a substantial amount of carbon dioxide (CO2) and other pollutant emissions, thereby making such microgrids environment-friendly [22]. The microgrid could serve as a green solution for the EVCS energy demand. The utilization of solar and wind energies incorporated with a better end-use efficiency will almost definitely be needed to cope with the increasing energy charging demand from EVs for sustainable, eco-friendly, and affordable power supply as the use of fossil fuels is gradually destroying the atmosphere and creating adverse and alarming climatic conditions.



Additionally, to solve the problem of everyday power outages, which could affect the operational time and efficiency of EVs in the country due to insufficient generation, the Nigerian government has unveiled plans to increase the power generation from fossil fuels to 18,200 MW [23] and targeted 30% of the gross electricity generation from renewable energy (RE) resources by the year 2030 [24]. This shows that the future energy plan still targets enormous electricity generation from resources that pollute the environment and put the ecosystem in danger [25]. The sustainable development goal of the country can be accomplished via the adequate provision of reliable and affordable electricity supply from RE sources for various applications, including EVCS systems, in addition to preserving environmental integrity [26].




2. Literature Review


Various studies have been carried out to optimally design and techno-enviro-economically investigate the performance of EVCS systems and the Vehicle-to-Grid (V2G) technology strategy using different techniques and tools. Among the works assessed in the literature, few have simultaneously considered locations with diverse geographical characteristics and climatic conditions for the design and analysis of EVCS systems. The system topology, operating mode, locations, sensitivity, and evaluation variables using different optimization strategies and methodologies for electric vehicle charging station (EVCS) design in many other parts of the world are given in Table 1. Both grid-tied, hybrid models and standalone systems for meeting EV charge demand have been effectively studied for EV charging applications, but at a smaller number in a few locations around the world. Some studies have shown the technical and economic advantages of using an off-grid system based on RESs for EV charging to mitigate the burden and protect the utility grid network [14], while others have indicated the environmental benefits of a standalone EVCS [26]. Observation of the various system designs in Table 1 for the power supply of an EVCS conforms to our belief that no study has been conducted so far in the whole of Africa, particularly in the Nigerian context, to design and conduct a detailed performance assessment of a standalone system based on available RESs for EV charging. Furthermore, a few studies (Table 1) have performed a sensitivity analysis to check the resilience of the optimized system against uncertain variables. However, none of the few studies that actually performed some sort of sensitivity evaluation has performed so as an in-depth sensitivity analysis considering variations in diverse, uncertain, and critical parameters against the technical and economic performance of the selected EV charging system.



By utilizing bio-gas sources, Karmaker et al. [27] designed a 20 kW EVCS with a detailed feasibility assessment. The technical, environmental, and financial perspectives relating to their proposed EV charging points were studied with the aid of the HOMER optimization tool. Their outcome reveals the economic and environmental benefits of the proposed EVCS system as compared to the utility grid-based charging points in Bangladesh. The design and viability study of a specialized EV charging station model was investigated using the grid analysis software tool known as HOMER (short for “Hybrid Optimization of Multiple Energy Resources”). Based on three various cases of EV charging points analyzed, a yearly profit of USD63,680 was provided in addition to recovering the charging station’s installation costs in less than three years. The level-2 EVSE is the most effective, reducing greenhouse gas emissions by 104 t [28]. The investigation of the environmental effect of the carbon dioxide (CO2) emissions point of view embedded in green off-grid power schemes and the assessment of the environmental impact of their execution in the electricity supply of EVCS was conducted by Filote and Felseghi [29]. Their outcomes show that the clean power schemes represent viable solutions for the autonomous electricity support of EVCSs, being capable of supplying electric power based on 100% availability of on-site alternative energy resources. Moreover, the mean cost of 1 kWh of energy produced by the evaluated configurations is 4.3 times the mean unit cost of the EU electric distribution network electricity. Machado et al. [30] investigated the techno-economic viability evaluation on EV and RE integration as a case study, where three possible scenarios varying between a grid-alone operation, the integration of RESs for providing electric power to the EVs and a utility grid, together with the vehicle-to-grid (V2G) strategy were presented. The V2G scheme and the RE integration outcome indicated cost benefits along with minimal power intake during the peak loading time of the design. The HOMER software was used by Boddapati and Venkatesh [31] for the design of an EVCS by utilizing hybrid power sources such as solar photovoltaic, wind, and diesel plants (DG). They indicated that the utility power network-tied EVCS is more cost-effective than the standalone charging scheme. Moreover, they also conducted a sensitivity evaluation to check the impact of some variable parameters on the EVCS.



Furthermore, another study by Ye et al. [32] assessed the feasibility of a solar-based EVCS model for application in Shenzhen City in China. The results of this study reveal prospects of the proposed model in terms of emissions minimization and the satisfaction of the huge demand needed for electric vehicles. The study also recommends that carbon pricing promotes RE only when the cost of carbon is more than USD20/t. Moreover, a technical and economic investigation of a standalone renewables-based EVCS to find the optimum system to produce the needed charging demand per day was performed [33]. The outcomes of this investigation revealed that the optimized solution for the chosen locations comprises a 250-kilowatt wind system with a 60 m hub height. Furthermore, the optimum scenarios’ gross net present cost (NPC) varies between USD2.53M to USD2.92M, while the cost of energy (COE) varies between USD0.285 and USD0.329 per kWh. Based on the change in the feed-in tariff technique, a techno-economic performance investigation of the V2G system model in Indonesia’s largest electricity grid network was performed [1]. The investigation indicated that the utilization of EVs can potentially reduce the peak hour supply by about 2.8% and 8.8%, respectively, for coal and gas. From the electricity company’s point of view and because of fuel replacement, the annual revenue can be improved by around 3.65% with the vehicle-to-grid approach. The design and viability evaluation of a RE-based hybrid EVCS system was carried out to lessen the stress on the electric utility network system owing to the fast rise in electrical vehicles in Bangladesh [34]. The EVCS system in [32] is designed using solar PV and a biogas system. The system configuration estimates an energy cost of USD0.1302/kWh and a gross net present cost of USD56,202 at a running cost of USD2540. Moreover, the system model minimizes carbon dioxide emission by 34.68% in comparison to a traditional electric utility network-based CS.



Efficient, reliable, and cost-effective EV charging infrastructure is one of the main factors that can facilitate the utilization and adoption of electric vehicles in Africa, particularly in Nigeria, to support the decarbonization of the economy and environment. It is difficult to achieve an efficient and reliable EVCS in Nigeria with the current utility grid network because of the so-far erratic and unreliable nature of that network. Therefore, an autonomous RE-based system could provide clean, reliable, and cost-effective electricity for EV charging. Moreover, since the adequate and effective use of RE sources for power generation depends on the climatic conditions of a place and the massive and successful roll-out of EVs is a function of the availability of reliable and cost-effective EV charging infrastructures, it is important to come up with an alternative approach to designing an efficient EVCS that can generate reliable, clean and cost-effective electricity. Currently, there is no grid-independent hybrid EV charging station scheme under Nigerian conditions that are readily available in the open literature. Therefore, this study strives to carry out the design and performance assessment of a hybrid RE-based system to provide reliable, eco-friendly, cost-effective electricity with enhanced efficiency for EV charging stations. The proposed robust methodology intends to accurately investigate the establishment of EV charging stations in Nigeria. This methodology is examined by considering different optimal system configurations across the six geo-political zones with diverse geographical characteristics and climatic conditions.



The operational behavior of the charging system was tested via sensitivity analysis to check the robustness of the optimal charging scheme by varying some critical sensitivity parameters. The HOMER Pro® software has been employed for the sizing and performance assessment of the proposed charging station scheme owing to its precision, performance, and efficiency in evaluating the optimum hybrid energy system configuration [35]. The grid-search and proprietary derivative-free optimization (GPDO) techniques were used in the microgrid analysis tool to obtain the cost-effective, viable charging system.
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Table 1. The EVCS system designs and sensitivity analyses conducted in previous works in the open literature.






Table 1. The EVCS system designs and sensitivity analyses conducted in previous works in the open literature.





	System Configuration
	Operating Mode
	Country
	Sensitivity Variables
	Year
	Evaluation Parameters
	Refs





	PV/Wind/Fuel cell/battery
	Off grid
	India
	Nil
	2022
	NPC/OPEX/COE
	[36]



	PV/Grid/battery
	On/Off-grid
	Vietnam
	Solar EVCS
	2021
	NPC/COE/RF
	[37]



	CPV/WT/Bio-Gen/FC/Battery
	Stand-alone
	Qatar
	WT hub heights.
	2021
	NPC/COE/Unmet load
	[33]



	PV/Grid/Battery
	Grid-based
	India
	Nil
	2021
	RF/COE/Prod./GHG
	[28]



	Wind/PV/battery
	Stand-alone
	Turkey
	Nil
	2020
	NPC/Prod./COE
	[38]



	PV/Wind/Fuel cell/battery
	Off grid
	Romania
	Nil
	2020
	COE/NPC/GHG
	[29]



	PV/WT/Grid/V2G
	Grid-tied/V2G
	Brazil
	Nil
	2020
	LCOE/Prod./NPV
	[30]



	V2G technology
	Grid-based
	Indonesia
	Nil
	2020
	GHG/Energy-supply/cost
	[1]



	PV/Biogas Gen/Grid/Battery
	On/Off-grid
	Bangladesh
	Nil
	2018
	NPC/COE/GHG
	[34]



	DG/PV/Grid/Battery
	On/Off-grid
	Canada
	Nil
	2017
	NPC/COE/GHG
	[39]



	PV/Grid/Battery
	Grid-tied
	Bulgaria
	Nil
	2016
	COE/NPC/GHG
	[40]



	PV-Grid based
	Grid-tied
	China
	Economic variables
	2015
	COE/GHG/NPC
	[32]









3. Methodology


3.1. Microgrids Design and Optimization Tool (HOMER)


The hybrid optimization model for electric renewable (HOMER) simulation tool is an important and widely used simulation software tool. It was developed in 1993 by the National Renewable Energy Laboratory (NREL) in the USA [41]. The software is utilized for analyzing various system design alternatives for both standalone and grid-tied designs in a simplified way for different applications. The optimal evaluation simulation procedure of the charging station models in the HOMER Pro® software is illustrated in Figure 1. Three major tasks are accomplished here: simulation, optimization, and sensitivity evaluation. For the simulation, HOMER models hourly the performance of each of the system subunits to ensure the optimal possible matching between the energy demand and supply. It models various system designs in the optimization section to find the systems that meet the technical constraints as well as fulfill the charge demand at a low life-cycle cost.



Lastly, HOMER performs numerous optimization operations with various ranges of input variables to check the effects of changes in input parameters on the selected system in the sensitivity analysis section [42]. The input data required by HOMER are load profile, meteorological resources, economic constraints, and system component specifications (prices and sizes), which are used to provide a list of ranked feasible systems according to the least total NPC and energy cost [43]. The modeling and optimization of different hybrid energy systems were previously studied in the literature in terms of diverse techno-economic and environmental parameters. Such a study was accomplished with the aid of the HOMER analysis tools for both grid-connected and off-grid applications in different parts of the world are presented in Table 2. This shows that HOMER software is an important and widely used tool for the design and assessment of hybrid energy systems worldwide. Therefore, the HOMER Pro® simulation tool is employed in the present analysis for the optimal design and techno-economic viability analysis of the proposed renewable energy-based EV charging station. In order to obtain a cost-effective feasible system, the simulation tool utilizes the GPDO techniques [44].
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Table 2. Hybrid renewable energy-based system models that were studied in different parts of the world with the aid of the HOMER simulation tool.






Table 2. Hybrid renewable energy-based system models that were studied in different parts of the world with the aid of the HOMER simulation tool.





	System Configuration
	Application
	Country
	Simulation Tool/
	Year
	Parameters
	Refs.





	PV/WT/DG/BES
	Rural load
	Nigeria
	HOMER
	2021
	NPC/COE/GHG
	[45]



	WT/DG/FC/BES
	Standalone
	Saudi Arabia
	HOMER
	2021
	NPC/COE
	[46]



	WT/BES/PV/DG
	Off-grid
	Malawi
	HOMER
	2021
	COE/RF/NPV
	[47]



	PV/BES/GRID
	On/Off Grid
	Iraq
	HOMER
	2020
	NPC/GHG/RF
	[48]



	PV/BES
	Off-grid
	Morocco
	PVsyst/HOMER
	2019
	LCC/RF/COE
	[49]



	WT/DG/BES
	Off-grid
	Pakistan
	HOMER/MATLAB
	2019
	THD/GHG/COE
	[50]



	WT/PV/BES/DG
	Off-grid
	Bangladesh
	HOMER
	2018
	NPC/COE/GHG/
	[51]



	GRID/PV
	On-grid
	Saudi Arabia
	HOMER
	2018
	RF/NPC/COE
	[52]



	PV/WT/BES/FC
	Off-grid
	UAE
	HOMER
	2017
	NPC/COE/GHG
	[53]



	WT/PV/DG/BES
	Off-grid
	Canada
	HOMER
	2016
	GHGepc/COE
	[54]



	WT/PV/BES/DG
	Off/On-grid
	Sri Lanka
	HOMER
	2015
	TNPC/LCOE
	[55]



	PV/DG/BES
	Off-grid
	India
	HOMER
	2014
	NPC/RF
	[56]



	PV/DG/BES
	Off-grid
	Saudi Arabia
	HOMER
	2010
	COE/RF
	[57]









3.2. Sites Details and Operating Strategy


The six locations selected in this study for the set-up of the proposed EV charging station are shown on the map of Nigeria displayed in Figure 2. The considered case study sites were selected from the North-Central (Minna), North-East (Maiduguri), North-West (Sokoto), South-West (Ikeja), South-East (Enugu), and South-South (Port-Harcourt) geo-political zones. The geographical coordinates of the case study sites are given in Table 3. The selected and investigated locations are among the sites that the National Automotive Design and Development Council (NADDC) of Nigeria is considering for the EV pilot program initiatives.



The power flow diagram of the proposed hybrid RE-EV charging station is depicted in Figure 3. The wind turbines (WTs) are integrated into the hybrid charging station system via the alternating current (AC) link, while the PV panels and the batteries storage are connected through the direct current (DC) bus. The bi-directional converter keeps the flow of electric power between the AC bus and DC link devices. It converts the electrical power from DC to AC. In the inverter mode, it changes the electricity from DC to AC and from AC to DC while operating as a rectifier.



The flowchart for the assessment and the optimization evaluation utilized in the HOMER Pro® microgrid software is illustrated in Figure 4. The objective function is to find the sizes and working scenarios with the least lifespan and set up running costs among the viable systems that satisfy the charging point demand. The minimization of the objective function is based on certain constraint conditions. In this study, the following constraints are considered: the maximum yearly capacity shortage, the minimum renewable fraction, the renewable energy power output, and other standard technical constraints. The decision parameters explored in this analysis are the sizes of the integrated components, including the RE components, the battery storage device, and the converter. The values and specifications of the system control variables, economics, and constraints utilized in the analysis tool are given in Table 4. Because of the large financial cost produced by the battery device replacement, a charging control technique and control approach is needed to protect the storage device from over-charging and over-discharging [58]. The optimization evaluation and the outcomes are based on the constraints, objective function, and decision parameters. After calculating and modeling the load profile, inputting the resource data based on the geographical location of the case study sites, and identifying and specifying the predefined constraints and system components’ technical and cost details, the analysis tool begins the simulation procedure. The simulation process ensured (via the optimization section) that the charging station models that satisfy the technological constraints and meet the EV charge demand at a low total net present costs are realized.



The other part of this study assesses and discusses sensitivity evaluation through the variation of some system variables. Sensitivity analysis is capable of identifying the most important variables of an investment due to the possibility of knowing in advance the effect of input parameters with uncertainty on the system cost variables and can be utilized in different contexts as well as in the assessment of investment projects [61]. The intermittent nature of RESs [62] and the change in load demand are the two major parameters that influence the reliability and consistency in the power generation of any renewable-based energy system. These variables can also impact the present and future financial aspects of the system. Hence, sensitivity analysis is a more realistic and easier technique for determining whether a specific investment is feasible or not. In the present study, the wind speed, solar radiation, battery energy storage minimum state of charge (BES SOCmin), maximum yearly capacity shortage, and EV charge demand are used as sensitivity parameters.




3.3. Renewable Sources at the EVCS Case Study Locations


3.3.1. Wind Power Sources


In Nigeria, coastal, mountainous, and offshore sites are endowed with huge wind power resources. The wind speed over the complex landscapes and the plain surface ranges between 3.60 and 5.40 m per second in the north, whereas the south is characterized by small wind resources with speeds ranging between 1.4 to 3.0 m per second. The wind speed (WS) information obtained from the NASA Prediction of Worldwide Energy Resources (POWER) database [63] over thirty years is given in Table 5. The wind data show that there is a great change in the wind speed reported from November to March of each year in the different locations. Observation of the wind speed information reveals that the minimum and maximum wind speeds are reported in different months due to distinctions in the geographical characteristics and climatic conditions of each site. The lowest wind speed recorded in Sokoto is 3.78 m/s (September), while those of Ikeja, Enugu, Port-Harcourt, Maiduguri, and Minna were obtained at 2.65 m/s (December), 2.83 m/s (November), 2.43 m/s (December), 3.96 m/s (September), and 2.75 m/s (October), respectively. Furthermore, the highest average wind speed values of 7.25 m/s (January), 4.9 m/s (August), 5.03 m/s (August), 4.0 m/s (August), 7.12 m/s (February), and 5.69 m/s (January) were reported in Sokoto, Ikeja, Enugu, Port-Harcourt, Maiduguri and Minna, respectively with a yearly average of 5.44 m/s, 3.81 m/s, 4.09 m/s, 3.15 m/s, 5.50 m/s, and 3.97 m/s, respectively.




3.3.2. Solar Power Resources


Nigeria lies between latitudes 4° and 14° N (slightly north of the equator), and longitudes 2° and 15° E (slightly east of the prime meridian). The whole country falls within an area where sunshine is plentiful. Due to its location, the country’s solar radiation is relatively well distributed, and the yearly daily mean varies from about 3.5 kWh/m2 in the coastal part to 7.0 kWh/m2 in the far northern part [64]. The solar irradiation details of the selected sites are again retrieved from the NASA POWER database (for a period of twenty-two years) [63] by specifying the coordinates of the selected zones for the planned installation of RE-based EV charging schemes. The changes in the monthly mean solar irradiation of the different locations are presented in Table 6. The annual average values of 6.24, 4.74, 4.93, 4.13, 5.90, and 5.49 kWh/m2/day were obtained for Sokoto, Ikeja, Enugu, Port-Harcourt, Maiduguri, and Minna, respectively. The corresponding minimum and maximum radiations of 5.25, 3.95, 3.91, 3.11, 5.14, and 4.36 kWh/m2/day at a clearness index of 0.64, 0.394, 0.381, 0.315, 0.491, and 0.419 and 7.15, 5.49, 5.74, 5.24, 6.7, and 6.26 kWh/m2/day at a clearness index of 0.678, 0.556, 0.58, 0.550, 0.661, and 0.611 were reported in various months. Moreover, the yearly mean air temperatures of 27.92, 25.92, 25.21, 25.59, 28.00, and 25.01 °C were reported for Sokoto, Ikeja, Enugu, Port-Harcourt, Maiduguri, and Minna for about 30 years [63] as depicted in Table 7.





3.4. Mathematical Representation and Specifications of the Hybrid System Components


3.4.1. Wind Turbine System


The detailed technical information of the considered wind turbine (WT) is given in Table 8, while its cost data are presented in Table 9 [44]. The Weibull k parameter is a measure of the long-period distribution of wind speed (WS) for a year, taken herein as 2. The diurnal pattern strength, specified as 0.25, is a measure of how strong WS depends on the daytime, while the 1 h autocorrelation factor in the HOMER Pro® software is a measure of the hour–hour randomness of WS, considered as 0.85. The hour of peak WS is taken as 15. The quantities of WTs needed to reliably satisfy the EV charging requirement at a low cost are optimized. The relationship between the output power and the WS is illustrated via the WT power curve in Figure 5. The mechanical power    P m    of the WT with regard to the air density ρ (1.22 kg/m3), surface area A swept by the rotor (m2), and velocity V are evaluated as:


   P m  =  1 2  × ρ × A ×  V  3    



(1)







The electrical power    P e    in terms of the power coefficient    C p    is given as:


   P e  =  1 2  × ρ ×  C p  × A ×  V 3  ×   10   − 3   ,  



(2)








3.4.2. Solar Photovoltaic System


In this study, the SunPower X21-335-BLK PV panel was selected due to its high efficiency. The details of the cost variables associated with the PV panel are given in Table 9. The mean efficiency of the solar panel is 21%. The technical specification of the solar photovoltaic is presented in Table 10 [41]. The panel has 96 monocrystalline cells at nominal power and operating cell temperature of 0.335 kW and 43 °C, respectively. The sizes of PV panels needed to efficiently meet the EV charge demand are optimized. The output power    P  P V     of the PV module is analyzed in terms of the solar irradiation, de-rating factor, and temperature influence as follows [65]:


   P  P V   =  Y  P V    ƒ  P V    (     G T     G  T , S T C      )   [  1 +  α P   (   T C  −  T  C , S T C    )   ]   



(3)




where    Y  P V     refers to the PV power output under standard test conditions (STC) in kW,    ƒ  P V     represents the PV de-rating factor (%),    G T    is the solar radiation incident on the PV panel in the current time step (kW/m2),    G  T , S T C     refers to the incident radiation under standard test conditions (1 kW/m2),    α P    is the temperature coefficient of power (%/degree Celsius),    T C    is the temperature of the PV cell (_C), and    T  C , S T C     is the PV cell temperature at STC (25 degree Celsius) [42].




3.4.3. Battery System


The economic data and technical specifications, including the storage properties of the selected battery bank, are presented in Table 9 and Table 11 respectively. The string of the battery storage consists of 20 batteries per string. The maximum capacity of the battery is 408 Ah at a capacity ratio of 0.0699. The peak charge and discharge current are 74 A and 300 A at a maximum charge rate of 1 A/Ah. The SOCminimum value of 20% was considered in the study. The battery capacity    C  B a t     is calculated by utilizing the daily load energy    E L    and autonomy days (AD) as stated in Equation (4) below [49,66]. The battery state of charge (SOC)   S O  C B   ( % )    is determined as a percentage of the ratio of its charge    q b    to its maximum charge    q  b m     using Equation (5) [67].


   C  B a t   =    E L  A D    η  i n v   D O D  η  b a t      



(4)




where    η  i n v     denotes inverter efficiency, DOD is the battery’s depth of discharge and    η  b a t     refer to the battery efficiency.


  S O  C B   ( % )  =    q b     q  b m     × 100  



(5)








3.4.4. Converter


The converter keeps the flow of electric power between the alternating current (AC) link and direct current (DC) link devices. It converts the electrical power from DC to AC. In the inverter mode, it changes the electricity from DC to AC and from AC to DC while operating as a rectifier. The costs of the economic variables of the power converter are given in Table 9. The technical data of the selected converter are given in Table 12 [50]. The converter capacity level is obtained using:


  C =  (  3 ×  L i   )  +  L r   



(6)







Here,    L i    and    L r    refer to the inductive and resistive loads.





3.5. Evaluation Criteria


3.5.1. The Net Present Cost (NPC)


The NPC comprises the initial cost, cost of replacement of individual devices, operation cost, maintenance cost, etc. It is an economic variable used to assess the optimum system of different combinations of system configurations. The following equation is used to analyze the NPC (for convenience, denoted as    C  N P C    ) [68]:


   C  N P C   =   T A C   C R F  (  i , N  )     



(7)







Here, the total annualized cost (USD/year) is denoted by TAC, N represents the number of years, and i refers to the yearly real discount rate in percent. The capital recovery factor (CRF) is calculated using Equation (8) below:


  C R F  (  i , N  )  =   i    (  1 + i  )   N       (  1 + i  )   N  − 1    



(8)







The yearly real discount rate with regard to the anticipated inflation rate (ƒ) and nominal discount rate (i′) is obtained from Equation (9) below:


  i =    i ′  − f   1 + f    



(9)








3.5.2. The Cost of Energy (COE)


The COE is defined as the mean cost per unit of effective electricity generated by the system configuration [69] over the system’s whole lifespan. The COE is computed with regard to the total annualized cost (USD/year) (TAC) and total annual load (kWh) served by the system (Eanloadserved) as:


  C O E =   T A C    E  a n l o a d s e r v e d      



(10)








3.5.3. The Renewable Fraction (RF)


The RF is the gross amount of electricity produced by sustainable resources compared to the gross energy generated from the whole hybrid EV charging scheme [70]. The RF is computed with regard to the output power of the sustainable resources as illustrated below:


  R F  ( % )  =  (  1 −    ∑   P  d i e s e l      ∑  P r e n    )  × 100  



(11)








3.5.4. The Unsatisfied Load


The unsatisfied load is the electric charging load that the hybrid EV charging station system model cannot fulfill. This occurs when the load requirement is greater than the electric supply. The unfulfilled load is computed as a ratio of the annual non-served load to the gross annual demand as given below [67]:


   Unfulfilled   load  =    Annual   Non  −  served   Load     Annual   Entire   Load     



(12)










4. Results Analysis and Discussion


In this study, an EV charging scheme based on renewable energy resources and storage devices is designed and analyzed using the HOMER Pro® software. The simulation software utilizes the GPDO techniques to secure the most economically feasible system configurations that can sufficiently supply the EV charging demand. Nigeria is divided into six geo-political zones with different meteorological features, and the renewable energy resources are weather dependent. Therefore, to conduct a more comprehensive investigation and to have a detailed overview of the operational performance of the proposed system, six different locations, each from one of the six geo-political regions, are considered. Furthermore, three different combinations of energy sources with storage systems were investigated for the hybrid EV charging station system in the six sites.



4.1. Load Data Estimation


In this study, the electric load analyzed is implemented under hypothetical states. The load profile of small-scale charging stations for the six locations is illustrated in Figure 6. The demand profile of the EV charging schemes is forecasted due to the small number (below 10 charging points) of EVCSs presently installed in Nigeria at the moment. According to the hypothetical daily, seasonal and annual load description of the selected six locations, about 20–30 EVs can be charged in a station. In the morning till the afternoon, between 06:00 and 16:00, up to 20 EVs can be recharged at an average load of 80 kW, whereas the hybrid charging scheme can provide energy to charge about 10 EVs averaged at 40 kW in the latter hours of the day from 16:00 until 22:00. The daily capacity of each EV was assumed to be 35 kWh of battery energy; therefore, the total average and peak load demand of 30 EVs is 1050 kWh/day and 104.99 kW at a load factor of 0.42. To establish an accurate estimation of the highest demand and depict a realistic load requirement of the proposed charging system, a time-step and day-to-day random variability of 10% and 5% were used in the EV load data analysis.




4.2. Performance Assessment of the Proposed Charging Station Schemes


The economic and technical outcomes, including the optimum component sizes of different feasible charging station models in the six considered sites, are illustrated in Table 13 and Table 14. The combination of PV and WT with battery storage is economically the best system architecture for the charging station in all six sites. It is clear from Table 13 that the PV/WT/battery charging station had the least energy cost in all the simulated sites. The COE and NPC are also very competitive, even if it is difficult to install WT in the considered locations, as seen with the PV/battery charging station scenario. However, the unavailability of a PV system in the PV/WT/battery design architecture is not economically viable, as indicated in the case of the WT/battery changing station, which has the maximum NPC and COE values of USD3,318,763 and USD1.28/kWh in the Port-Harcourt site. In general, the PV/WT/battery charging station (2 qty. of WT, 174 kW of PV panels, 380 qty. of batteries storage, and a converter of 109 kW) in Sokoto provide the best economic metrics with the lowest NPC, electricity cost, and initial costs of USD547,717, USD0.211/kWh, and USD449,134, respectively. Moreover, the charging station presented competitive annual operating and maintenance costs of USD14,344 and USD67,195.



The wind energy-based charging stations in all the case study sites had the highest operating and maintenance costs because of the large number of WTs needed to fulfill the EV charging requirement. Most of the WTs need maintenance once every two years at the minimum. Therefore, the maintenance of the key parts of the WTs by carrying out tasks such as turbine inspecting, lubricating, repairing, and cleaning also contributed to high maintenance costs. The optimal charging station (PV/WT/battery in Sokoto) model had the lowest PV Levelized cost (USD0.118/kWh) with a competitive WT Levelized cost (USD0.0594/kWh). The battery wear cost is constant at USD0.1/kWh throughout the simulated year in all the sites considered.



Furthermore, according to Table 14, the highest and lowest values of the maximum penetration of renewables were reported in Minna and Sokoto. Therefore, the maximum total annual electricity is produced at 2,204,533 kWh by the WT/battery-based charging station in Minna, whereas the minimum is generated at 495,306 kWh in Sokoto by the PV/battery charging station at a capacity shortage of only about 2%. The PV/WT/battery CS at the Sokoto site was able to reliably satisfy most of the EV charge demand as it presented a small percentage of the unmet load of 1.38%, which is the lowest when compared with the corresponding values of the other charging stations. Moreover, the optimal charging station schemes in all six locations were able to sufficiently meet the EV demand with a maximum uptime as the percentages of the unfulfilled electric load were below 2% with a capacity shortage of only approximately 2%.



The monthly electric generation by the PV/WT/battery-based charging station in the six case study sites is illustrated in Figure 7. Generally, the solar PV panel generated most of the electricity needed to meet the EV charging requirement in Ikeja, Port-Harcourt, and Minna as compared to the WT production. However, in Ikeja and Port-Harcourt, the WT electric production was only competitive between June and September. The overall energy production (from both PV panel and WT) in Sokoto and Maiduguri were low from April until October. The total electric production started to increase in November and maintained a continuous maximum value until March. The gross monthly electricity generated in Enugu maintained a constant value for the whole of the simulated year, with the highest production reported in July and August. Furthermore, the annual electricity production of the optimal charging station schemes (PV/WT/battery) in the case study sites is illustrated in Figure 8, where the highest excess electricity and gross electric energy is produced in Sokoto due to the enormous presence of RE resources. The surplus electricity can be sold directly to the utility grid via a CS-to-grid connection. Moreover, since the proposed charging stations are located in cities/urban areas, this will facilitate any future connection of the charging stations to the grid network to enable the buy/sell electricity approach.



In addition, Figure 8 reveals that the maximum PV production (506,181 kWh/year) is encountered in Minna, while the Maiduguri site reported the minimum PV generation at 319,137 kWh/year. The Maiduguri site recorded the highest annual electricity production from WT at 348,860 kWh, whereas a small yearly minimum value of about 73,484 kWh from the WT was reported in the Minna site. The environmental benefit of the proposed EV charging stations is that there is no carbon footprint and there is zero greenhouse gas while other harmful emissions are mitigated. This kind of system can be used to facilitate the global adoption of electric vehicles, which are often used to support economic decarbonization. Moreover, the provision of EV charge demand via the utilization of freely and readily available renewable energy resources will help to effectively promote the use of EVs as a mechanism to bring about a green solution in the transportation sector.



The optimal EVCS system designed in this study is further compared with the results of the existing EVCS designs for diverse application places using various simulation tools and approaches in the literature. The different combinations of energy resources and storage equipment and the economic and environmental results are presented in Table 15. Observation of the outcomes of the various studies revealed that the net present cost ranges approximately between USD21,000 and USD3,580,000, while the energy cost varies between about USD0.06/kWh and USD0.90/kWh. For comparison, the NPC and COE of the optimal EVCS system obtained in this study are USD547,717 and USD0.211/kWh, respectively. This provides evidence that the proposed standalone EVCS system presented herein is acceptable and possesses competitive economic metrics when compared with the previously published EVCS systems shown in Table 15. As regards the environmental benefits of the proposed standalone EV charging station, the majority of the existing works presented in Table 15 reported some non-negligible figures for greenhouse gas emissions. This highlights the drawbacks of some of the previously designed EVCS systems in terms of environmental preservation from carbon emissions. This study is claimed to be environmentally friendly indeed, as it presents no greenhouse gas emissions (i.e., no carbon footprint) whatsoever. This could facilitate the decarburization of the economy via the adoption of electric vehicles by providing fully renewable energy charging points for EVs in different parts of the country.




4.3. Sensitivity Evaluation


The sensitivity assessment was conducted in this analysis to examine the effect of some important variables on the technical and economic performance of the PV/WT/battery charging system in Sokoto. The sensitivity analysis was investigated and discussed via the variation of key system variables. Sensitivity evaluation is capable of identifying the most important variables of an investment due to the possibility of knowing in advance the effect of input parameters with uncertainty on the system cost variables and can be utilized in different contexts as well as in the assessment of investment projects [61]. The wind speed, solar radiation, battery energy storage minimum state of charge (BES SOCmin), maximum yearly capacity shortage, and EV charge demand varied at different minimum and maximum levels with respect to the base value, as sensitivity variables are shown in Table 16. The techno-economic impact of the sensitivity variables on the PV/WT/battery-based charging scheme in the Sokoto site is further elucidated below.



4.3.1. Economic Impact of Sensitivity Variables


The influence of the sensitivity parameters on the cost of the charging station in Sokoto is discussed in this section. The examined economic metrics of the optimal EV charging scheme are the NPC and COE. The overall outcome of the investigations shows that the economic parameters change with the variation in the value of the sensitivity variables. For instance, in Figure 9, the NPC of the charging scheme rises from USD288,592 to USD864,954 when the EV charge demand rises from 550 kWh/day to 1600 kWh/day. During this process, the cost of electricity remains unstable as it alternates around USD0.212/kWh. Nonetheless, the minimum COE value was realized at USD0.208/kWh when the EV load reached 1500 kWh/day, whereas the maximum COE value was obtained at USD0.218/kWh as the load rose further to 1600 kWh/day. It can be observed here that the charging station becomes more economically unattractive as the number of EVs increases. However, the system at some certain load demand would become economically feasible.



The effect of wind speed change on the system costs of the charging scheme in Sokoto (Figure 10) reveals that both the NPC and the COE experience a cost drop as the wind speed at the selected location increases. The COE, for example, reduces from USD0.273/kWh to USD0.138/kWh, while the NPC reduces from USD708,751 to USD360,653 as the wind speed rises from 2 m/s to 8.8 m/s. This means that the NPC and the COE decreased by about 47.1% and 47.2%. Similarly, it is clear from the influence of solar radiation change on the economic viability of the charging station depicted in Figure 11 that both the NPC and COE decrease due to a rise in the values of solar irradiation. It is clear from the results that with more renewable energy resources penetration, the charging station will become more economically competitive and will provide more cost benefits to both the developers and the users as the economic feasibility status has improved.



Furthermore, the effect of varying the battery SOCminimum on the NPC and the electricity cost of the charging station in Sokoto has illustrated in Figure 12. The increase in the value of this sensitivity variable resulted in a rise in the values of the NPC and the COE. The NPC increases from USD541,550 to USD612,854, and the COE rises from USD0.208/kWh to USD0.236/kWh as the battery minimum state of charge rises from 5% to 60%. Increasing the battery’s minimum state of charge, therefore, makes the charging station more expensive, which could create difficulties during the development and installation phase as the initial capital cost and the NPC increase due to this impact.



Finally, the change in the maximum annual capacity shortage and EV charge demand on the total NPC and the cost of electricity of the optimum EV charging scheme is depicted in Figure 13. At a particular value of the load demand, the rise in the percent value of the capacity shortage causes a reduction in the NPC and the COE values of the charging system. It is clear from the chart interface that the NPC reduces from USD730,640 to USD442,148, while the electricity cost, on the other hand, reduces from USD0.292/kWh to USD0.185/kWh as the capacity shortage increases from 0% to 8%. This has indicated that the increase in the capacity shortage can enhance the economic feasibility of the EV charging station. However, this can also create some reliability issues for the system as the charging system might not be able to adequately meet some charge demand of some EVs.




4.3.2. Technical Impact of Sensitivity Variables


The influence of sensitivity variables on the technical performance behavior of the optimum EV charging station is investigated via the excess electricity and unmet electric load. The overall results show that the excess energy and the unmet load are sensitive to the change in wind speed, solar radiation, battery minimum state of charge, capacity shortage, and EV charge demand. The effect of variation in the EV charge demand on the excess energy and unmet load of the optimal charging station in Sokoto (Figure 14) reveals that the annual unmet load rises from 2823 kWh to 7623 kWh when the daily charging station load increases from 550 kWh to 1600 kWh. The excess electricity, on the other hand, remains constant at certain numbers of EVs before varying around 250,000 kWh/year. Its minimum value (125,123 kWh/year) was obtained at 900 kWh daily load, while its maximum value of 480,473 kWh/year was achieved when the daily EV load peaked at 1600 kWh. We can deduct from this that the greater the number of electric vehicles, the less reliable the charging system becomes.



Figure 15 illustrates the effect of wind speed change on the technological performance of the optimal charging scheme. The unmet load decreases from 5588 kWh/year to 4612 kWh/year when the average wind speed rises from 2 m/s to 8.8 m/s. In the beginning, the excess energy maintains a constant minimum value before a slight fluctuation occurs around 200,000 kWh/year. The wind speed range of 2–4 m/s gives the lowest annual excess energy of 68,133 kWh, while the highest annual excess electricity of 483,326 kWh is obtained at 8.8 m/s. The excess energy and the unmet load experience fluctuation due to the impact of the solar radiation variation, as shown in Figure 16. The unmet load fluctuates around 5200 kWh/year, while the excess energy varies around 260,000 kWh/year. The annual value of the excess energy and unmet load decreases from 371,453 kWh to 132,401 kWh and from 5191 kWh to 4848 kWh when the solar irradiation rises from 2.7 to 10.2 kWh/m²/day. This indicates an improvement in the EV charging station utility as the system becomes able to meet more EV demand.



Figure 17 illustrates the impact of changing the battery SOCmin value on the technological performance of the optimum charging system. The figure shows that the yearly excess energy increases from 147,256 to 317,796 kWh, whereas the annual unmet load reduces from 5140 kWh to 4884 kWh when the battery SOCmin increases from 5% to 60%. Finally, the chart interface showing the variation in the EV load and the capacity shortage (Figure 18) reveals that at a certain EV load and when the capacity shortage rises from 0 to 8%, the annual unmet load rises from 286 kWh to 18,151 kWh, while the excess electricity in this condition increases from 59,135 kWh/year to 210,334 kWh/year. It can be deduced from the outcomes that increasing the capacity shortage would lower the utility of the optimal charging scheme.






5. Conclusions


This paper has investigated the feasibility of EV charging stations based on RE sources in Nigeria using the HOMER optimization software by considering six different locations with diverse geographical characteristics and climatic conditions. The hybrid charging station system is configured by solar and wind resources with storage devices to charge about 20–30 EVs with a daily capacity of 35 kWh each and applied in different locations in Nigeria, namely, Sokoto, Minna, Port-Harcourt, Enugu, Maiduguri, and Ikeja. The annual average solar radiations and wind speeds used to investigate the optimum hybrid system are 6.24, 4.74, 4.93, 4.13, 5.90, and 5.49 kWh/m2/day and 5.44, 3.81, 4.09, 3.15, 5.50 and 3.97 m/s for Sokoto, Ikeja, Enugu, Port-Harcourt, Maiduguri and Minna, respectively. The feasibility of the hybrid charging station system is assessed by using appropriate technical performance indicators, namely, unmet electric load, capacity shortage, excess electricity, monthly electric generation, individual system components electric production, battery energy out, and maximum renewable penetration, as well as pertinent economic performance indicators, namely, NPC, COE, operating cost, initial capital cost, the battery wear cost and Levelized cost of system components.



The optimization results showed that the combination of PV and WT with battery storage is economically the best system architecture for a charging station in all six sites. The PV/WT charging scheme integrated with battery storage had the least energy cost of all the simulated sites. The COE and the NPC are also very competitive even when it is difficult to install WTs in the considered locations, as seen with the PV/battery charging station scenario. However, the unavailability of a PV system in the PV/WT/battery system architecture is not economically feasible, as indicated in the case of the WT/battery charging station, which has the maximum NPC and COE values of USD3,318,763 and 1.28 USD/kWh in Port-Harcourt site. In general, the PV/WT/battery charging station (2 qty. of WT, 174 kW of PV panels, 380 qty. of batteries storage, and a converter of 109 kW) in Sokoto provides the best economic metrics with the lowest NPC, energy cost, and initial capital costs of USD547,717, USD0.211/kWh, and USD449,134, respectively. Moreover, the charging station presented competitive annual operating and maintenance costs of USD14,344 and USD67,195. The PV/WT/battery CS at the Sokoto site was able to reliably satisfy most of the EV charge demand as it presented a small percentage of the unmet load of 1.38% (In fact, the lowest when compared with corresponding values for the other charging stations). Moreover, the optimal charging station schemes in all six locations were able to sufficiently meet the EV demand with maximum uptime as the percentages of the unfulfilled electric load were below 2% with a capacity shortage of only approximately 2%. The surplus energy produced can be sold directly to the utility grid via a CS-to-grid connection. Moreover, since the proposed charging stations are located in cities/urban areas, this will facilitate any future connection of the charging stations to the grid network to enable the buying/selling electricity approach. The sensitivity analysis conducted to check the robustness of the optimal charging scheme reveals that the technical and economic performance indicators of the optimum charging station are sensitive to the changes in the sensitivity variables.



Furthermore, the outcomes ensure that the hybrid system of RE sources and EVs can minimize carbon and other pollutant emissions. As for further research, the feasibility of the hybrid charging station system can be investigated by considering distributed generation and load uncertainties. The major limitation of this study is the high initial investment cost needed to install the proposed charging system in the suggested locations. This is often the major obstacle that hinders the widespread use of a standalone renewable energy-based system in most parts of the world, particularly those parts with limited finances, such as most countries in Africa. However, with the recent technological breakthrough in renewable energy technologies as well as the numerous initiated governmental economic programs, this obstacle could be surmounted in the near future.
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Figure 1. The evaluation process of the hybrid RE-based charging stations in HOMER Pro®. 
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Figure 2. The map of Nigeria showing the case study sites. The star in the middle denote Abuja, the Capital of Nigeria. 
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Figure 3. The energy flow schematic diagram of the suggested hybrid RE-based charging stations. 
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Figure 4. Assessment flowchart and optimization process utilized in the HOMER Pro® microgrid tool. 
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Figure 5. The WT power curve. 
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Figure 6. EV charging station system load profile. 
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Figure 7. Monthly electricity generated by the PV/WT/battery-based charging station in the six selected sites. 






Figure 7. Monthly electricity generated by the PV/WT/battery-based charging station in the six selected sites.



[image: Energies 16 00397 g007]







[image: Energies 16 00397 g008 550] 





Figure 8. Yearly electric generation of the optimal charging station schemes (PV/WT/battery) in the considered locations. 
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Figure 9. The effect of variation in the number of EVs or charge demand on the economic metrics NPC and COE of the PV/WT/battery charging system in Sokoto. 
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Figure 10. The effect of wind speed variation on the system costs of the Sokoto PV/WT/battery charging scheme. 
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Figure 11. Impact of change in solar radiation value on the PV/WT/battery charging station costs in Sokoto. 
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Figure 12. Effect of varying the battery SOCminimum on the NPC and the COE of the optimal charging system. 
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Figure 13. Effect of the sensitivity parameters on the (a) total NPC, and (b) cost of electricity of the optimal charging station. 






Figure 13. Effect of the sensitivity parameters on the (a) total NPC, and (b) cost of electricity of the optimal charging station.



[image: Energies 16 00397 g013]







[image: Energies 16 00397 g014 550] 





Figure 14. The effect of charge demand or EV number variation on the technical performance of the optimal charging system. 
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Figure 15. The effect of wind speed variation on the technical performance of the Sokoto PV/WT/battery EV charging model. 
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Figure 16. The impact of changing the solar radiation value on the excess energy and unfulfilled electric load of the optimal EV charging scheme. 
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Figure 17. The effect of varying the battery SOCminimum percent value on the technical performance of the optimal charging system. 
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Figure 18. Impact of the sensitivity parameters on (a) the excess energy, and (b) the unmet electric load of the optimal charging station. 
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Table 3. Geographical coordinates of the case study sites.
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	State
	City
	Geo-Political Zone
	Latitude (°N)
	Longitude (°E)
	Altitude (m)





	Sokoto
	Sokoto
	North-West
	13.0059
	5.2476
	293.00



	Lagos
	Ikeja
	South-West
	6.6018
	3.3515
	46.00



	Enugu
	Enugu
	South-East
	6.4483
	7.5139
	200.00



	Rivers
	Port-Harcourt
	South-South
	4.8472
	6.9746
	13.00



	Borno
	Maiduguri
	North-East
	11.8311
	13.1510
	325.00



	Niger
	Minna
	North-Central
	9.5836
	6.5463
	446.00
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Table 4. The control variables, economics, and constraints utilized in the optimization tool [41,59,60].
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Variables

	
Unit

	
Value






	
Initial state of charge (SOCinitial)

	
%

	
100




	
Minimum SOC (SOCminimum)

	
%

	
20




	
Consider ambient temperature impact

	
Yes

	
Yes




	
Tracking system

	
No

	
No




	
Considered PV panel slope

	
Yes

	
Yes




	
Allowing system with multiple sources

	
Yes

	
Yes




	
System design precision

	
-

	
0.010




	
NPC precision

	
-

	
0.010




	
Economics




	
Real discount rate

	
%

	
14




	
Project lifetime

	
years

	
25




	
Constraints




	
Minimum renewable fraction (RFminimum)

	
%

	
0




	
Load in current time step

	
%

	
10




	
Solar power output

	
%

	
25




	
Wind power output

	
%

	
50
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Table 5. Wind speed data of the case study sites for EVCS (m/s) [40].
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Month

	
Locations

	

	

	

	

	




	

	
Sokoto

	
Ikeja

	
Enugu

	
Port-Harcourt

	
Maiduguri

	
Minna






	
January

	
7.25

	
3.07

	
3.83

	
2.81

	
6.78

	
5.69




	
February

	
7.07

	
3.61

	
3.76

	
3.01

	
7.12

	
5.01




	
March

	
6.25

	
4.04

	
4.14

	
3.12

	
6.77

	
4.00




	
April

	
5.23

	
4.10

	
4.40

	
3.05

	
5.49

	
3.75




	
May

	
5.10

	
3.78

	
4.18

	
2.95

	
4.96

	
3.45




	
June

	
5.19

	
4.16

	
4.55

	
3.36

	
5.20

	
3.37




	
July

	
4.79

	
4.84

	
5.00

	
3.83

	
4.97

	
3.54




	
August

	
3.97

	
4.90

	
5.03

	
4.00

	
4.21

	
3.51




	
September

	
3.78

	
4.28

	
4.41

	
3.60

	
3.96

	
2.86




	
October

	
4.09

	
3.50

	
3.65

	
3.05

	
4.11

	
2.75




	
November

	
5.68

	
2.74

	
2.83

	
2.56

	
5.86

	
4.23




	
December

	
6.90

	
2.65

	
3.33

	
2.43

	
6.56

	
5.48




	
Average

	
5.44

	
3.81

	
4.09

	
3.15

	
5.50

	
3.97
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Table 6. Solar radiation data of the case study sites for EVCS (kWh/m2/day) [40].
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Month

	
Locations

	

	

	

	

	




	

	
Sokoto

	
Ikeja

	
Enugu

	
Port-Harcourt

	
Maiduguri

	
Minna






	
January

	
5.47

	
5.28

	
5.68

	
5.24

	
5.61

	
5.72




	
February

	
6.41

	
5.49

	
5.74

	
5.13

	
6.30

	
6.01




	
March

	
6.87

	
5.46

	
5.57

	
4.73

	
6.70

	
6.26




	
April

	
7.15

	
5.21

	
5.25

	
4.50

	
6.62

	
6.12




	
May

	
7.03

	
4.76

	
4.94

	
4.09

	
6.36

	
5.73




	
June

	
6.91

	
4.04

	
4.54

	
3.45

	
5.97

	
5.17




	
July

	
6.26

	
3.95

	
4.14

	
3.11

	
5.43

	
4.64




	
August

	
5.73

	
3.98

	
3.91

	
3.42

	
5.14

	
4.36




	
September

	
6.01

	
4.09

	
4.19

	
3.22

	
5.57

	
4.82




	
October

	
6.03

	
4.55

	
4.57

	
3.60

	
5.89

	
5.42




	
November

	
5.79

	
4.95

	
5.11

	
4.18

	
5.84

	
5.85




	
December

	
5.25

	
5.17

	
5.46

	
4.88

	
5.35

	
5.73




	
Average

	
6.24

	
4.74

	
4.93

	
4.13

	
5.90

	
5.49
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Table 7. Air temperature data of the case study sites for EVCS (degree celsius) [40].
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Month

	
Locations

	

	

	

	

	




	

	
Sokoto

	
Ikeja

	
Enugu

	
Port-Harcourt

	
Maiduguri

	
Minna






	
January

	
23.03

	
25.90

	
24.02

	
25.40

	
23.35

	
22.90




	
February

	
25.91

	
26.94

	
25.68

	
26.43

	
26.16

	
25.19




	
March

	
29.71

	
27.22

	
26.60

	
26.73

	
29.98

	
27.20




	
April

	
32.84

	
26.99

	
26.62

	
26.53

	
32.77

	
27.49




	
May

	
33.00

	
26.53

	
26.16

	
26.19

	
32.77

	
26.52




	
June

	
31.06

	
25.59

	
25.29

	
25.31

	
30.94

	
25.41




	
July

	
28.48

	
24.65

	
24.60

	
24.61

	
28.17

	
24.48




	
August

	
26.80

	
24.41

	
24.58

	
24.52

	
26.61

	
24.23




	
September

	
27.09

	
24.92

	
24.78

	
24.83

	
27.23

	
24.82




	
October

	
27.86

	
25.55

	
25.05

	
25.26

	
28.22

	
25.19




	
November

	
25.91

	
26.27

	
25.27

	
25.77

	
26.16

	
24.04




	
December

	
23.37

	
26.01

	
23.92

	
25.53

	
23.64

	
22.65




	
Average

	
27.92

	
25.92

	
25.21

	
25.59

	
28.00

	
25.01
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Table 8. Technical specification of the WT.
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	Wind Turbine
	Values





	Name/Model
	XANT M-21



	Rated capacity
	100 kW



	Rotor diameter
	21 m



	Hub height
	31.8 m



	Cut-in WS
	3 m/s



	Rated WS
	11 m/s



	Lifetime
	20 years
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Table 9. Economic data of the hybrid energy system components.
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	Components
	Capital Cost
	Cost of Replacement
	Maintenance Cost
	Reference





	PV panels
	USD1500/kW
	USD1000/kW
	USD10/kW/year
	[65]



	Wind turbine
	USD50,000/unit
	USD50,000/unit
	USD2500/year/unit
	[44]



	Converter
	USD200/kW
	USD200/kW
	-
	[50]



	Batteries
	USD176/unit
	USD176/unit
	USD8/unit/year
	[50]
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Table 10. Technical data of the PV panel.
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	PV Panel
	Values





	Name/model
	SunPower SPR X21



	Panel type
	Flat plate



	Rated capacity
	335 W



	Temperature coefficient
	−0.3



	Operating temperature
	43 °C



	Efficiency
	21%



	De-rating factor
	88%



	Ground reflectance
	20%



	Tracking system
	-



	Lifetime
	25 years
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Table 11. Technical details of the selected battery.
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	Battery Storage
	Values





	Nominal voltage
	6 V



	Nominal capacity
	2.45 kWh



	Roundtrip efficiency
	80%



	Maximum capacity
	408 Ah



	Lifetime (Throughput)
	1958 kWh



	Capacity ratio
	0.0699



	Rate constant (1/h)
	6.01



	Minimum state of charge
	20%
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Table 12. The technical data of the selected converter.
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System Converter

	
Values






	
Inverter input




	
        Efficiency

	
95%




	
        Lifespan

	
15 years




	
Rectifier input




	
        Relative capacity

	
100%




	
        Efficiency

	
85%




	
Rated capacity

	
1 kW
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Table 13. Summarized cost details of the optimal systems for the proposed charging stations.
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	Locations
	System Design
	NPC

(USD)
	COE

(USD/kWh)
	Initial Capital

(USD)
	Operating Cost

(USD/year)
	Replacement Cost (USD)
	O&M Cost (USD)
	Salvage (USD)
	PV Levelized Cost (USD/kWh)
	Battery Wear Cost (USD/kWh)
	WT Levelized Cost (USD/kWh)





	Sokoto
	WT-Battery
	950,164
	0.366
	689,561
	37,917
	56,285
	222,408
	(18,090)
	0.000
	0.100
	0.0594



	
	PV-WT-Battery
	547,717
	0.211
	449,134
	14,344
	35,383
	67,195
	(3995)
	0.118
	0.100
	0.0594



	
	PV-Battery
	601,381
	0.232
	504,056
	14,161
	52,589
	48,435
	(3699)
	0.118
	0.100
	0.0000



	Ikeja
	WT-Battery
	2,527,137
	0.976
	1,853,466
	98,018
	108,684
	607,567
	(42,580)
	0.000
	0.100
	0.1570



	
	PV-WT-Battery
	769,360
	0.296
	638,560
	19,031
	43,457
	95,645
	(8302)
	0.155
	0.100
	0.1570



	
	PV-Battery
	916,480
	0.354
	800,973
	16,806
	34,571
	82,231
	(1295)
	0.155
	0.100
	0.0000



	Enugu
	WT-Battery
	1,723,874
	0.666
	1,258,560
	67,703
	89,363
	412,238
	(36,287)
	0.000
	0.100
	0.1260



	
	PV-WT-Battery
	745,574
	0.287
	609,430
	19,809
	43,972
	99,752
	(7580)
	0.150
	0.100
	0.1260



	
	PV-Battery
	892,200
	0.344
	775,546
	16,973
	26,925
	94,599
	(4871)
	0.150
	0.100
	0.0000



	Port-Harcourt
	WT-Battery
	3,318,763
	1.280
	2,448,673
	126,597
	135,871
	790,937
	(56,717)
	0.000
	0.100
	0.2920



	
	PV-WT-Battery
	1,039,660
	0.400
	879,552
	23,296
	40,380
	125,193
	(5464)
	0.179
	0.100
	0.2920



	Maiduguri
	PV-Battery
	1,119,727
	0.432
	995,943
	18,010
	31,956
	94,090
	(2263)
	0.179
	0.100
	0.0000



	
	WT-Battery
	871,596
	0.336
	630,228
	35,119
	53,334
	204,126
	(16,092)
	0.000
	0.100
	0.0579



	
	PV-WT-Battery
	563,527
	0.217
	466,222
	14,156
	30,697
	72,731
	(6122)
	0.125
	0.100
	0.0580



	Minna
	PV-Battery
	683,409
	0.264
	587,219
	13,995
	45,806
	50,910
	(526)
	0.125
	0.100
	0.0000



	
	WT-Battery
	2,405,558
	0.930
	1,734,752
	97,601
	138,853
	578,151
	(46,198)
	0.000
	0.100
	0.1370



	
	PV-WT-Battery
	758,248
	0.292
	648,588
	15,955
	32,180
	79,281
	(1801)
	0.133
	0.100
	0.1370



	
	PV-Battery
	774,679
	0.299
	669,719
	15,272
	33,213
	72,593
	(845)
	0.133
	0.100
	0.0000
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Table 14. Optimal sizes and technical performance results of the optimized systems for the EV charging station.
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	Locations
	System Design
	WT

(Qty.)
	PV

(kW)
	Converter

(kW)
	Batteries

(Qty.)
	Total Renewable Production (kWh/Year)
	Total EV Consumption (kWh/Year)
	Capacity Shortage (%)
	Unmet Electric Load (%)
	Maximum Renewable

Penetration

(%)





	Sokoto
	WT-Battery
	10
	-
	138
	920
	1,699,130
	377,369
	2.10
	1.53
	3310



	
	PV-WT-Battery
	2
	174
	109
	380
	674,904
	377,945
	2.07
	1.38
	763



	
	PV-Battery
	-
	257
	102
	560
	495,306
	377,662
	2.06
	1.46
	441



	Ikeja
	WT-Battery
	28
	-
	243
	2300
	1,795,360
	376,858
	2.06
	1.67
	7409



	
	PV-WT-Battery
	2
	252
	102
	800
	497,701
	377,901
	2.06
	1.40
	675



	
	PV-Battery
	-
	396
	152
	1000
	582,115
	377,110
	2.09
	1.60
	652



	Enugu
	WT-Battery
	19
	-
	170
	1560
	1,523,727
	376,545
	2.09
	1.75
	5574



	
	PV-WT-Battery
	3
	221
	109
	600
	578,502
	377,842
	2.09
	1.41
	943



	
	PV-Battery
	-
	352
	108
	1280
	537,915
	377,139
	2.08
	1.59
	597



	Port-Harcourt
	WT-Battery
	34
	-
	435
	3760
	1,176,967
	376,152
	2.10
	1.85
	6419



	
	PV-WT-Battery
	3
	368
	117
	880
	573,566
	377,881
	2.10
	1.40
	667



	Maiduguri
	PV-Battery
	-
	521
	139
	1060
	665,846
	377,110
	2.08
	1.60
	849



	
	WT-Battery
	9
	-
	109
	900
	1,569,870
	377,514
	2.10
	1.50
	3020



	
	PV-WT-Battery
	2
	174
	102
	480
	667,997
	377,894
	2.10
	1.40
	707



	Minna
	PV-Battery
	-
	309
	145
	540
	565,530
	377,290
	2.09
	1.56
	526



	
	WT-Battery
	30
	-
	171
	1140
	2,204,533
	376,563
	2.08
	1.74
	8872



	
	PV-WT-Battery
	1
	296
	108
	760
	579,666
	377,570
	2.10
	1.48
	618



	
	PV-Battery
	-
	320
	137
	920
	548,455
	377,107
	2.08
	1.60
	550
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Table 15. Comparison of the proposed EVCS system with other existing EVCS.
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	Optimal System
	Country
	Methodology
	Emissions
	NPC
	COE
	References





	Wind/CPV/FC/Bio-Gen/Battery
	Qatar
	HOMER Pro
	xxxx
	USD2.53M–USD2.92 M
	USD0.285–USD0.329/kWh
	[33]



	PV/Battery system
	Romania
	iHOGA
	CO2 (430 kg/year)
	USD135,524
	USD 0.9//kWh
	[29]



	PV/Wind/Battery
	China
	HOMER Pro
	xxxx
	USD831,540
	USD0.294/kWh
	[44]



	PV/Wind/Fuel cell/Battery
	India
	HOMER
	Hydrogen (0.198 kg/h)
	USD1,519,040
	USD0.264/kWh
	[36]



	PV/Biogas-Gen/Battery
	Bangladesh
	HOMER Pro
	CO2 (222 G/kWh)
	USD56,202
	USD0.1302/kWh
	[34]



	Diesel/PV/Battery system
	Canada
	HOMER
	Total (73,450 kg/year)
	USD0.835/0.945 M
	USD0.551/0.625/kWh
	[39]



	PV-based system
	Bulgaria
	Mathematical Approach
	xxxx
	USD21,034
	0.111/kWh
	[40]



	PV/Grid/Battery
	Vietnam
	HOMER GRID
	CO2 (28,456–42,021 kg/year)
	USD97,227–113,785
	USD0.08–0.102/kWh
	[37]



	PV-based
	China
	HOMER
	Total (463,091 kg/year)
	USD3,579,236
	USD0.098/kWh
	[32]



	Wind/PV/Battery
	Turkey
	HOMER Pro
	xxxx
	USD697,704
	USD0.064/kWh
	[38]



	PV/WT/Battery
	Nigeria
	HOMER Pro
	xxxx
	USD547,717
	USD0.211/kWh
	This study
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Table 16. Ranges of the sensitivity analysis parameters considered for the optimal charging station.
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Sensitivity Parameters

	
Unit

	
Variation Range Values






	
EV charge demand

	
kWh/day

	
550:50:1600




	
Wind speed (Annual average)

	
m/s

	
2:0.4:8.8




	
Solar radiation (Annual average)

	
kWh/m2/day

	
2.7:0.3:10




	
Battery minimum state of charge Maximum yearly capacity shortage

	
%

	
5:5:60




	
%

	
0:1:8
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