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Abstract: Electric vehicles (EVs) are the most interesting and innovative technology in the 21st century because of their enormous advantages, both technically and economically. Their emissions rate compared to fuel-based vehicles is negligible as they do not consume fuel and hence do not emit any harmful gases. However, their bulk production, adoption and lack of charging stations increase the stress of power stations due to modern-day lifestyles. If Electric vehicles demand increases drastically then conventional power stations will not bear their demand and if they generate electricity by conventional means it will be very costly and may further add greenhouse gases. Therefore, this research provides the techno-economic assessment of a stand-alone renewable-dependent electric vehicle charging station, excluding any burden on electrical utility. The proposed study is carried out in Bahria Town, Karachi, a city in Pakistan. In this study, HOMER Pro software was utilized for techno-economic assessment. A hybrid system comprising solar Photovoltaic/Wind Turbine/Fuel cells and battery storage is included in the model. Solar and wind resources were taken from NASA’s website, where charging stations will be integrated. The overall results show promising in terms of total Net Present Cost and the Cost of Energy which are 2.72M $ and 0.237 $, respectively. The total system generation is 3,598 Megawatt hours per year, and the total energy consumption is 885 Megawatt hours per year.

Keywords: Electrical vehicle; techno economic analysis; solar energy; wind energy; hydrogen energy





Nomenclature



	NPC
	Net present cost



	COE
	Cost of energy



	WT
	Wind turbine



	FC
	Fuel cell



	CC
	Charging cycle



	GHI
	Global horizontal irradiance



	PVS
	Photovoltaic system



	OP
	Operating cost



	COH
	Cost of hydrogen





1  Introduction

Today, electrical energy is a vital commodity. In many regions across the globe, the energy is obtained from fossil fuel sources. The conventional sources of obtaining energy have low energy conversion efficiency. The energy-balanced equation must be satisfied. The non-conventional resources of energy are an important aspect of balancing energy supply and demand. The supply and demand side management process can be a key part of energy balance. In the same way, electric vehicles (EVs) have many pros and can be crucial for supply and demand side management and will obviously help reduce the energy demand when they act as vehicle-to-grid technology. Electric vehicles nowadays have huge impacts over fuel-based vehicles for many reasons, including zero or negligible emissions, low cost, more efficient, reliable operation, and negligible maintenance costs [1,2]. It is worthwhile to note that by 2030, the sales of EVs will increase by 230 million units [3]. With such a huge surge, it is necessary to have electric charging stations everywhere therefore people can travel without any difficulty while charging their vehicles. On the other hand, this is also important that less electricity should be fetched from the grid, otherwise, it will be very difficult for grid operators to manage the increased amount of load and supply EV charging stations [4]. However, if they manage to do so, it will be very costly to charge the EVs. That is why it is necessary to install standalone renewable-based charging stations. This very concept will be very cost-effective, environmentally friendly, and easy to maintain. Considering the cost of energy, rate of NOx and SOx emissions, natural replenishment of fossil fuels, and lower efficiency of conventional plants, these EVs will eliminate all these factors efficiently when they are charged with non-conventional energy resources [5]. Renewable energy resources can beat non-conventional energy resources when they are used cumulatively with others, like a combination of solar, wind, batteries, and hydrogen storage systems. However, if they are not used collectively, they cannot manage huge power demand and will be very costly due to their variable nature, like solar and wind. Therefore, the hybridization of these renewable energy resources will be very economical, efficient, and more reliable than non-renewable energy resources [6]. Renewable energy resources depend on renewable sources like wind power and solar irradiance, which vary from time to time and location to location [7]. Pakistan is an under-developed country and manages 60% of its energy needs from fossil fuel-based energy resources [7]. Pakistan’s anticipated load up to 2030 will be 36,369 MW [7,8] and its generating capacity lies between 18,000 MW and 20,000 MW, so there is a deficiency of 5,000 MW to 7,000 MW of power [7,9], thus it will be beneficial for Pakistan to adopt and switch from non-renewable energy resources to renewable energy resources. The ADB (Asian Development Bank) has suggested that switching Pakistan’s remote areas to renewable energy resources can be a financial stability solution [7,10]. However, due to the unpredictable nature of solar irradiance, highest in daytime and zero in nighttime appeals some storage techniques must be employed, like batteries, hydrogen energy storage, and flywheels, with the combination of Battery Energy Storage and solar PV loss of power supply possibility at day and night can be reduced [7,11,12]. Considering the longer durability and cost value compared with lithium or sodium batteries hydrogen storage is a promising solution. Hydrogen produced by the electrolyzer during the day is accumulated in a hydrogen tank and used as fuel for fuel cells to overcome energy demand at night time [7,13]. Considering the above problems this research aim is to model the hybrid standalone energy system for EV Charging considering their techno-economic evaluations.

2  Literature Review

Nowadays Hydrogen is considered a renewable fuel source and can easily be obtained by different methods like steam methane reforming, coal gasification, partial oxidation of hydrocarbons, biomass gasification, thermochemical process, photochemical process, photo biological process, and electrolysis of water [14]. Many researchers have worked on renewable-based charging stations considering different sources like solar, wind, hydrogen, and biomass. For instance, the research conducted by [15] used the HOMER Pro software to design and optimize the wind-solar based hybrid energy charging station. The results revealed 44.4% generation from hybrid sources whereas 55% the electricity generation from solar energy alone. Cumulatively the model was contributing 843,150 kWh with 0.064 $/kWh production cost from hybrid source. Liu et al. concluded that EVs and distributed renewable resources can be cost-efficient compared to grid supply in the short term while vehicle to grid in the long term [16]. A solar recharging station was installed in Chile to overcome the CO2 emissions via fuel-based vehicles and improve the financial crisis by adopting these cost-efficient and reliable EVs [17]. Implementation of these renewable sources depends upon the topography of the site and weather conditions for solar PV the area selected must have a high degree of irradiance and for wind there must be constant wind power so that they can supply without interruptions.

Esfandiari et al. proposed a photovoltaic (PV) array that can be combined with battery energy storage to satisfy the electrical demand of lightweight electric vehicles comprised of a 63 m2 10.5 kW AC PV array, with a 9.6 kWh lithium-ion battery [18]. Schücking et al. examined and offered five possible charging strategies for two mobility apps that were used in a long-term, early-stage field test conducted in Germany from 2013 to 2015. The major goal of the test was to maximize the use of the available technology, respectively [19]. Hafez et al. presented the ideal layout for an electric car charging station that minimizes lifecycle costs while accounting for emissions into the environment [20]. Wahedi et al. carried out a techno-economic analysis to identify the best configuration for a new type of freestanding renewable energy charging facility to produce the necessary daily charging requirements. A turbine of 250 kW with 60 m hub height along with 450 kWp CPV/T and 500 kW electrolyze 200 kg chemical storage tank, 15 kW bio generator, and 100 kW H2 and NH3 FCs, 304e324 kW Li-ion battery storage and 299e335 for the chosen sites, a combination of kW converters is the best standalone design. The net present value of the best instances is between $2.53 and $2.92 million, while the cost of electricity is between $0.285 and $0.329 per kWh [4]. Oladigbolu et al. examined an innovative unplugged plan that integrates renewable energy sources to provide EV charging stations with clean electricity from a techno-economic perspective in Saudi Arabia [21]. Ihm et al. suggested the best renewable energy generation system for an EV charging station, concentrating on the use of the station’s actual load profile, taking carbon emissions and economic evaluation into account, and researching a particular case location in Korea [22]. Dastjerdi et al. presented the design and analysis of a transient zero energy off-grid hydrogen fuel cell vehicle refueling station that can also charge electric vehicles powered by batteries [23]. Pal et al. [24] suggested an off-grid framework comprised of solar electricity and hydrogen fuel cell for the production of green power in the northeastern state of India and optimized the results using HOMER software. Table 1 shows the cost of energy. It is shown that different energy resources have their own cost of energy. Table 2 shows the overview of previous literature. Different renewable energy sources and the cost of energy and net present cost for their models. The study recognizes that practical demand and applications in metropolitan locations are important concerns for on-site multi-renewable energy unified charging facility and the study will include an in-depth examination of these issues.
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3  Novelty and Motivation of This Study

From the above previous literature, it is obvious that many authors have included at least one conventional source to power the charging stations. Conventional sources are not the complete solutions to resolve the energy problems, due to their many cons as compared to their pros. Therefore, in this study, all the energy sources are non-conventional (renewable) to power the charging stations. The main findings of this study are discussed below:

This research on the techno-economic optimization of a novel stand-alone renewable-based electric vehicle charging station near Bahria Town, Karachi, Sindh, Pakistan, comprising solar, wind, fuel cells, and batteries is an important and innovative way to charge electric vehicles with many benefits over conventional resources in terms of cost, feasibility, and environmental benefits. The implementation of fuel cells made it innovative. When solar and wind power are insufficient to provide energy, then power from hydrogen-fueled fuel cells will add in. Overall, the energy supplied by the hybrid combination of solar, wind, fuel cells, and batteries has never been performed at the prescribed location, therefore with the results of this research, it will be helpful for the researchers and energy management engineers to implement such environmentally friendly and cost-efficient resources. The inclusion of fuel cell technology in our study extends the capabilities of HOMER software by incorporating a wide range of sources of clean energy for holistic energy system analysis. The study finds all the technical parameters involved in the design of the proposed system, the different costs involved and functionality of the system during its lifetime.

4  Proposed Design

The proposed design consists of a combination of solar, wind, lithium-ion batteries, and hydrogen-fueled fuel cells. The battery will be used as the energy storage medium. Hydrogen-fueled proton exchange membrane full cell will produce electricity during the night period. Solar energy will be utilized to generate electricity during the day, while wind turbines can generate electricity during the day and night, depending upon the availability of wind power. As Bahria Town Karachi is situated in the southern part of Pakistan, where solar irradiance and wind power are present the above sources will help generate the required amount of power for charging the EVs. The Eq. (1) calculates the power output of solar PV [4]. The proposed model can be seen in Fig. 1. In this proposed model, the power generated by solar PV will feed the electrolyzer as well as the chargers at the station. Electrolyzer with the help of applied power by the solar generate Hydrogen gas through the process of electrolysis (conversion of water into hydrogen and oxygen gas with the help of electrical energy). The hydrogen from the electrolyzer will be stored in hydrogen tanks, which will be used as fuel for fuel cells. In this way, energy generated by these resources will feed the charging station where EVs will get charged. The power obtained from the solar is Direct Current (DC). That power will be supplied to the charging station as well as the electrolyzer. No conversion is required to convert DC power obtained from the solar to Alternating Current (AC) power.

PV=YPVFPV(GTGT,STC)[1+αP(Tc−Tc,stc)](1)

where, YPV = is the rated capacity of the PV array in kilowatts, FPV = derating factor of PV in percentage, GT = solar radiation incident of PV array in kilowatt, GT, STC = standard radiation at normal test circumstances, αp = the power coefficient at temperature (%/°C), Tc = temperature of solar cell (°C) and Tc,stc = temperature of solar cell under normal test circumstances (25°C).
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Figure 1: Proposed model diagram

A WT is also included in the design to provide the required amount of power during the day and night as well. Wind energy is also a renewable source of power consuming no fossil fuel and is environment friendly. Therefore, it will be beneficial to convert wind power available in the wind into electrical power cumulatively with solar and hydrogens. Eq. (2) is accustomed to find out the wind speed [4].

Uhub=Uanem∗(ZhubZanem)α(2)

where, Uhub = the wind speed at the hub height of the wind turbine (m/s), Uanem = the wind speed at anemometer height, Zhub = the hub height of wind turbine (m), Zanem = anemometer height (m) and α = power law exponent. Eq. (3) is accustomed to finding out the output power of the Wind Turbine [4].

PWT=(ρρ0)α. PWTG, STP(3)

where, PWTG = the WT power output (kilowatt), PWTG, STP = the WT power output at standard temperature and pressure, ρ = the actual air density (kg/m3), and ρ0 = the air density at standard temperature and pressure (1.225 kg/m3).

A lithium-ion battery is also installed to store excess energy produced by solar power, wind power, and hydrogen and can provide power when needed. Its capacity can be calculated by the following equations [22]:

CBcharg(t)=CBcharg(t−1)(1−σ)+{PT(t)−PL(t)μconv}μbatt(4)

CBdischarg(t)=CBdischarg(t−1)(1−σ)+{PL(t)μconv−PT(t)}μbatt(5)

where, PT(t) defines the total power coming out of the system, PL(t) shows the total demand at the defined hour μbatt shows the efficiency of the battery and μconv shows the height of the wind turbine.

Fuel cell transitions the chemical energy of hydrogen to electricity [42]. It is mostly used in electric vehicles to generate clean electrical energy which powers the EVs. In this research, a hydrogen-fueled PEM fuel cell is included in the design of the model. Hydrogen can be obtained by various pathways. However, biomass gasification is one of the very capacitive pathways in Pakistan to obtain Hydrogen gas which can be used as a fuel in fuel cells to generate clean energy. Pakistan can generate about 6.6 million tons of Hydrogen yearly with a biomass gasification pathway [43]. In this study Hydrogen for PEM fuel cells is obtained by electrolysis of H2O and will be stored in the tanks of hydrogen A chemical reactions occur at the anode and cathode is given by [44]. Moreover, Table 3 shows the specifications of different components used in the study.

[image: images]

2H2O+ΔH→2H2+O2(6)

2H2O→O2+4H++4e−(7)

2H++2e−→H2(8)

The rate at which hydrogen flow can be obtained by an Eq. (9) [44].

mH2=ηelecWelecLHV(9)

The efficiency of the electrolysis process is also measured from [44].

ηelec=mH2hH2+mo2ho2Welec(10)

5  Techno-Economic Optimization

In this present study, HOMER Pro software is employed to obtain the better optimum results of the proposed model as it is the best optimizing tool. HOMER was created by the NREL (National Renewable Energy Laboratory) in the US (United States) and is used by many researchers as a techno-economic optimization tool. It provides reliable and accurate optimizing results of any proposed model and avoids useless and complex things. HOMER is used in developed countries to asses RES system configurations [46]. The figure given below shows pre-HOMER evaluation and HOMER optimization. Fig. 2 represents HOMER evaluation. In this paper, the objective function is to find the optimal size and operating scenarios of the proposed design that reduces operating cost with increased lifetime of the parameters as shown in the figure. HOMER calculates the (NPC) and (COE) under each scenario on which least Net Present Cost and Cost of Energy can be chosen as the best optimum result.
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Figure 2: HOMER pre evaluation

Fig. 3 shows main elements of optimization analysis. Eq. (11) is used to find the NPC by HOMER Pro software [4].
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Figure 3: Main elements of optimization analysis

NPC=Ctotal annuali(1−i)n(1+i)n−1(11)

where, Ctotal annual = reflects the total annual expenses ($), n = the duration of an economic operation in years, and t = shows the number of years (1,2,3…). COE includes total cost of infrastructure and operating any production facility of all units produced by the plant in its whole lifetime. And is calculated by the equation below [4]:

COE=IO+∑t=1nAt(1+i)t∑t=1nMe1(1+i)t(12)

where, IO = investing and spending expenses ($), At = the annual total cost ($), Me1 = the amount of electricity generated in the relevant year (kWh), i = the real discount rate (%), n = the economic operational lifetime in years, t = the years. The study’s objective is to reduce the objective function by keeping the constraints under consideration. The decision variable of the research includes the size of solar arrays, hub height, the capacity of hydrogen-fueled PEM fuel cells, and the capacity of the lithium-ion battery.

6  Modelling and Simulation

In this research, current net present expenses, Cost of Energy consumption, COH, operation, and maintenance cost, and salvage values are to be found using HOMER Energy Pro software and are calculated by HOMER Pro software as given below [47,48]:

NPC=CtotalCRF(i,Tp)(13)

where, NPC is the net present cost ($), Ctotal is the total cost of the energy system annually ($/year), i = annual interest rate (%), and TP = Project lifetime. Eq. (14) measures the capital recovery factor.

Table 4 shows the specifications of the converter and specifications of the electrolyzer, respectively. While Table 5 shows the details and attributes of the commonly used EVs and their batteries [49].
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CRF=i(i+1)n(i+1)n−1(14)

where, n = total number of years set for new investment.

COE=CtotalEserved(15)

where, COE = cost of energy in ($/kilowatt-hour).

COH=Ctotal−CelectricityMhydrogen(16)

where, COH = cost of hydrogen in ($/kg), Mhydrogen = the mass of hydrogen generated per year (kg/year), electricity = revenue of yearly electricity sale ($/year).

Coperating=Ctotal−Ccapital(17)

SC=Creplacement TremainingTtotal(18)

7  System Resources

The solar GHI resource at the proposed location is seen in Fig. 4 below, from the figure it is shown that the average solar GHI resource at Bahria Town Karachi was found to be 5.16 kWh/m2/day they are represented as red bars, and the Clearness Index to be 6–804 as represented by the green line. Fig. 5 represents the mean velocity of wind, and for the proposed site it was found to be 5.63 m/s.
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Figure 4: Solar GHI resource
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Figure 5: Wind resource

Fig. 6 represents the Google map view of the site where the charging station is proposed to be installed. It is near the Bahria Town Karachi gate terminal having suitable resources and plenty of Solar and Wind resources. Therefore, it will be feasible to employ the proposed system design. The picture of the location is taken from Google Maps.
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Figure 6: Google map view of Bahria Town Karachi

8  Results and Discussion

The modeling, simulation, and optimization procedure in HOMER Pro will be covered in this study section and the results will be analyzed and discussed. In this study, only a single scenario was analyzed containing solar PV, Hydrogen fuel cell, Battery storage, Wind turbine, Electrolyzer, and System converter the optimized results based on NPC and LCOE of the given system are elaborated below.

8.1 Off-Grid System Configuration

As the system of this study is off-grid, an economic evaluation of a hybrid energy system not connected to the grid optimization is discussed below in Table 6, thus according to this table the ideal hybridization configuration of NPC and LCOE is 2.72M $ and 0.237 $, respectively. The ratings of the renewable energy resources with solar PV of 1,947 kW wind turbine 10 kW, fuel cell of 250 kW, Hydrogen storage 8 kg along with the converter rating of 324 kW. The amount of power generated with these resources will supply the EV charging demand. The surplus power can be supplied to the grid if necessary but this study considers off-grid configuration. The cost of energy and net present cost both are feasible compared to previously conducted studies.
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The yearly production of each selected element of the proposed system. It displays that 3,598,094 kWh of energy should be generated to meet the required load demand. From the total generation, 87% is obtained from solar PV 12.2% is obtained from fuel cells and finally 0.793% of the total wind turbine provides the energy as shown in Fig. 7. The maximum generation will be from solar PV as the proposed location has a very high amount of solar GHI resources.
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Figure 7: Total generation from each system element

The monthly production of solar PV systems can be seen in Fig. 8. It is seen that solar generates maximum power in April which is 405.96 kilowatts and the lowest in December which is 320.62 kilowatts. This is because in December the solar GHI resources at the location will be reduced. However, with the availability of wind turbines and fuel cells, the EV charging demand will be compensated.
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Figure 8: Solar PV monthly generation

The monthly generation from the fuel cell can be observed in Fig. 9. It is depicted that the electrical energy obtained from fuel cells is monthly in kilowatts. The fuel cell generates maximum power in October which is 57.29 kilowatts and the lowest in February which is 43.20 kilowatts. The average power generated from the fuel cell is above 45 kilowatts whole year. Fuel cell generation depends upon the availability of the fuel which is Hydrogen. If Hydrogen generated from the electrolysis is stored in a Hydrogen tank then there will be no interruption in power generated from the fuel cell. The technology is shifting to produce power from hydrogen-fueled fuel cells. Fuel cell converts the chemical energy of the fuel (Hydrogen) into electrical energy.
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Figure 9: Fuel cell monthly generation

The monthly generation from the wind turbine can be observed in Fig. 10 that wind turbines have the maximum generation of 5.22 kW in June and the lowest generation is 1.28 in November. The energy generated from the wind turbine depends upon the availability of the wind. In June wind speed at the proposed location is maximum as compared to other months. The data on wind speed and solar GHI resources is obtained from NASA’s website. The power obtained from the wind turbine is lowest in November compared to other months. However other hybrid energy resources will meet the required load of EV charging stations. The data shows that during summer the wind speed is high, therefore it is obvious that wind turbines will constantly generate high power. The output from the wind turbine depends on the wind speed that is the input to the wind turbine.
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Figure 10: Wind turbine monthly generation

Table 7 represents the pricing description of the overall system components, it is noted that the overall system has a total cost of 2.72 M $, salvage value 9,148.01 $, fuel cost of 0 $, O&M cost 1,545.48 $, replacement cost 80152.04 $ and capital cost of 2,646,178.22 $, respectively. Table 8 represents the yearly consumption of each proposed element of the proposed model. It is observed that the economics of the proposed hybrid system is feasible. The capital cost of solar PV is the highest among all other resources. The operation and maintenance costs of wind turbines are the highest. The cost of fuel is none for all the resources as all the resources consume no fuel. However, Hydrogen as a fuel for fuel cells is also obtained by renewable energy-supplied electrolysis process.
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Table 9 compares the cost of energy for different systems and the results obtained during this study. It is self-explanatory that the results obtained in this study are suitable for the current hybrid system comprising solar, wind, hydrogen fuel cells, and batteries. In this study, many renewable energy resources are incorporated, yet the best results are obtained.
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9  Conclusion

In this research, an extensive techno-economic assessment of distinctive freestanding based on renewable resources charging stations comprised of solar power, wind power, fuel cells, and storage systems was optimized using HOMER Pro software to find the best NPC and COE of the proposed system configuration. It is further to add that there was a total of 3,662 solutions simulated, of which only 1,986 were found feasible, and 1,676 were infeasible due to capacity shortage constraints. A techno-economic analysis of the proposed location was done. It was found that the overall system configuration comprised a fuel cell of 250 kilowatts, an electrolyzer of 100 kilowatts, solar PV panels of 1,947 kilowatts, a Lithium-ion battery of 1 kilowatt hour, a hydrogen tank capacity of 8 kilograms, a wind turbine of 10 kilowatts, a system converter of 324 kilowatts with a HOMER charging cycle were the best-optimized configuration. The above energy resources are installed at Bahria Town Karachi to charge electric vehicles. It can be realized that the total energy generated from the system configuration was 3,598,094 kilowatt hours per year, out of which solar PV shared 87%, fuel cells shared 12.2%, and a total of 0.793% of energy was shared by wind turbines. However, total energy consumption was 885,735 kilowatt hours per year. Meanwhile, the total NPC and COE for the proposed framework were shown to be 2.72 million dollars and 0.237 dollars, respectively. The optimization was done through Homer Software. The key to optimizing renewable energy resources was to optimally generate the power to continuously feed the load of EVs. The cost of energy, as well as the total energy generated by these resources were considered. The proposed system meets the load requirement and validates the results from the previously obtained results.
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Table 3: Represents the specifications of the proposed model [7,4,45]

PV model and specification

Battery model and specification

Capacity
Capita cost ($)

Cost of replacement ($)

O&M cost
Units to be used
Energy stored

1 kWh li-ion battery

550

550

10/y

6 in series x 20 in parallel
654.0-kilowatt hour

Fuel cell model and specification

PV Model Flate plate PV
Capacity 550 kW
Derating coefficient (%) 80

Total life 25 years
Initial outlay ($) 400
Replacement expense 400

$)

O&M cost ($) 10

Wind model and specification
Capacity 250 kW
Capital cost ($) 250,000
Replacement cost ($) 250,000
O&M cost ($) 1,000/y
Fuel cost ($) -

Lifetime 25 years
Design DW 54-250 EWT
Type of axis Perimetral
Reduced wind speed 2.5m/s
Wind speed under rated 7.5 m/s
circumstances

Eliminated wind speed 25 m/s
Diameter of rotor 54 m/s
Lambda of WT 0.65

Fuel cell capacity
Initial expenses ($)

Cost of replacement ($)

O&M expenses ($)
Fuel cost ($)
Total life

1 kilowatt H, FC
3,000

1,500

0.010/h

5,000 h

Hydrogen tank specifications

Capacity
Initial capital ($)

Cost of replacement ($)

Total life

Shape and type of tank

Volume
Radius of tank
Height of tank

1 kilogram
700
700

25 years
Cylindrical steel
29 m’

2m

24m
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Table 8: Yearly consumption of each element

Total consumption Kilowatthour/Y %
Primary AC load 885,549 100
Primary DC load 0 0
Deferrable load 0 0

Electrolyzer consumption 186 0.021
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Table 4: The specifications of different electric vehicles [45]

Converter specification

Electrolyzer specification

Capacity

Initial capital ($)

Cost of replacement ($)

Lifetime

Temperature under operation
Units to be used

Energy to be stored

The overall weight of the battery
Shape and type of tank

Volume

1 kilowatt

300

300

15y

20°C

6 in series x 20 in parallel
654.0-kilowatt hour
13,680 kilograms
Cylindrical steel

29 m’

Capacity

Initial capital ($)

Cost of replacement ($)
O&M cost ($)

Total life

1 kilowatt
380

95
20/year

7 year
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Table 9: Comparison of COE with previously obtained results

S.No. PV(MW) Wind (MW) Fuelcell (MW) Battery MW/h) COE ($/kwh) References
1 1.947 0.1 0.25 0.01 0.237 This study
2 NA NA 0.0035 NA 0.427 [50]
3 0.09 NA NA 0.115 0.425 [51]
4 0.006 NA 0.007 NA 1.3 [52]
5 0.00955 NA 0.001 0.008 1.2 [53]
6 0.0008 0.0008 NA 0.64 1.65 [54]
7 0.334 0.166 NA 0.385 1.15 [55]
8 0.231 NA NA 0.201 0.280 [56]
9 0.552 NA 0.02 NA 0.77 [57]
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Table 7: Pricing description of an overall system configuration

Component Capital (§)  Replacement (§) O&M cost (§) Cost of Salvage Total cost
fuel (§) worth ($) (%)
Li-ion battery 1,100 466.70 258.55 0 87.84 1,737.41
Fuel cell 3,000 25,009.05 829.17 0 334.18 28,504.04
Electrolyzer 38,000 13,495.45 0 0 975.34 50,520.11
PV panels 1,416.28 0 457.76 0 0 1,874.04
Hydrogen tank 5,600 0 0 0 0 5,600
Converter 97,061.94 41,180.84 0 0 7,750.65  130,492.13
Wind turbine 2,500,000 0 0 0 0 2,500,000
System 2,646,178.22 80,152.04 1,545.48 0 9,148.01  2,718,727.73
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Table 1: Cost of energy calculated in previous literature

Configuration Location COE Reference
PV/LPG generator/battery North of Cameroon 0.576€/kilowatt-hour [25]
Battery/solar/WT Bangladesh 0.363%/kilowatt-hour [26]
PV/biogas generator /battery North of Cameroon 0.306€/kilowatt-hour [27]
Battery/solar/WT Bangladesh 0.470%/kilowatt-hour [28]
Solar/micro hydro/storage South Africa 0.197$/kilowatt-hour [29]
Hydro kinetic turbine South Africa 0.330%/kilowatt-hour [30]
Grid Iran 0.100%/kilowatt-hour [31]
Grid/WT Iran 0.1448%/kilowatt-hour [31]
Grid/PV Iran 0.170%/kilowatt-hour [31]
Grid/PV/IWT Iran 0.214%/kilowatt-hour [31]
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Table 6: Outcomes of PV/FC/WT optimization
PV (kW) WT (kW) FC (kW) HT (kg) Converter (kW) COE (§) NPC(§) Disp
1947 10 250 8 324 0.237 272M CC
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Table 2: Overview of previous literature

PV WT DG HKTBC EL HT FC Load COE TNPC Location Reference
(kW) (kW) (kW) (kW) (kW) (kW) (kg) (kW) (kWh/d{$/kWhJ$)

60 40 NA NA 35 40 40 15 90 0.862 361,115 Ontario Canada [32]

3 3 35 NA 2 0.25 0.01 1 18 0.505 38,557 Central India [33]

190 NA NA NA 40 5 40 5 485 1.051 3,446,346Kirk Areli Turkey [34]

878 NA NA NA NA 2 041 1 23.8 1.352 102,323 Tocantins Brazil. [35]
[

280 NA NA 80 10 10 20 10 37,494 0.4 348,665 Ecuadorian 36]
Amazon.
375 21 NA NA NA 15 10 11 178 0.03602168882.5 Benin, Nigeria.  [37]
71 NA NA NA 18 3 2 5 140  0.355 369,603 Sarawak Malaysia[38]
1790 400 NA NA 8.8 1206 24 490 295 0.289 9,395,142Alabama KSA  [39]
300 660 NA NA 150 200 400 100 1875 0.685 9,863,963Bozcaada Turkey. [40]
[

36 NA NA 15 10 10 10 NA 56 0.254 138,672 Guayaquil
Equator

41]
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Table 5: Details and attributes of the commonly used EVs and their batteries [49]

Model Span  Capacity P,,, for P... for Battery Time of Weight of
(km)  of battery charging charging chemistry charging battery (kg)
(kWh) (AC) (kW) (DC) (kW)
Audi Q4 488 82 11 126 Lithium-ion 3hat230V 350-500
e-Tron AC
BMWiX 630 111 11 200 Lithium-ion 10.5hon -
240 V AC
Hyundai 485 72 11 221 Lithium-ion 6h43min 450
ionic 5
Hyundai 449 64 11 77 Lithium-ion 9h35min 453.6
Kona polymer
Electric battery
Audi Q4 488 82 11 126 Lithium-ion 3hat230V 350-500
e-Tron AC
BMWi4 590 83 11 200 kW Lithium-ion 8h45min 550
battery under at 380 V AC
pressure
BYTON 402 71 - 150 kW Lithium-ion 45hat 110, —
M-Byte battery 120V
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