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Abstract

Over the past decade, there has been a discernible increase in the need for energy, mainly due to the widespread
expansion of the industrial sector and population development. Nigeria needs a lot of energy resources to be sustainable
because of its large population. As a result, there is now a significant reliance on natural gas and crude oil for energy,
which makes us vulnerable to shortages of these supplies. This dependence has negative effects on the country's economy
and climate change. In light of these difficulties and the limited supply of fossil fuels as well as its negative effects on the
environment, there is a global movement to use sustainable energy resources and technologies to meet the increased
demand for energy. In the field of renewable energy technology, solar photovoltaic (PV) systems have become a viable
option. An enduring, sustainable, and environmentally beneficial energy source for the future is offered by these systems,
which directly harvest solar radiation from the sun to create electricity. Photovoltaic devices are a suitable sustainable
energy alternative because of their ecological and economic advantages. This makes them compatible with international
initiatives such as Sustainable Development Goal 7 (SDG-7), which aims to guarantee that everyone has access to
modern, affordable, dependable, and sustainable energy. In particular, this study explores whether it would be feasible to
install an off-grid photovoltaic system in Abuja, Nigeria, which is located at latitude 9°03'28" N and longitude 7°29'20"
E, to meet the electrical needs of a residential building. The inquiry investigates the PV system's total capacity to meet
residential power consumption, using a mathematical modeling methodology for both design and analysis. The results
obtained from the use of mathematical modeling methodology indicate that ten MLE275HD2 PV modules, with a
capacity of 285 Wp apiece, when combined with five 100 Ah batteries, can effectively handle a requirement for
electricity throughout the year of about 3123 kWh.
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1. Introduction

Nigeria, a country with over 192.0 million people, can only provide electricity to about 50% of its population despite
having abundant fossil fuel reserves and the potential for renewable energy sources like hydro, wind, biomass, and solar
energy [1]-[3]. Given their vast potential, renewable energy sources offer a solution to the world's energy security
problems and contribute to reducing carbon emissions [4]. Numerous studies have examined how easily residential homes
can obtain modern energy services, taking into account availability, affordability, and the accessibility of the household to
the power grid and utility suppliers [5], [6]. The country's electricity accessibility rate is compromised by the issues faced
by the power sector, which include administrative and technical shortcomings [7], [8]. Despite the fact that certain energy
consumers in the downstream sector rely on generators to supply electricity, the high running costs of this strategy make
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it unsustainable [1]. Solar-powered electricity can be used to meet local energy needs and enable small-scale
electrification projects like traffic and street lighting, making it a more sustainable approach to expanding access to
electric power [9], [10]. The most accurate method to use solar energy, which is renewable and ecofriendly, is to install
solar photovoltaic (PV) systems, which transform solar radiation directly into electrical energy [4], [11]. A key
component of micro-grid power generation, which includes rooftop renewable power by private households, is the
photovoltaic system [12]. In addition, solar photovoltaic energy has the capacity to support economic expansion and meet
the electrical needs of rural locations.

Nigeria's daily worldwide horizontal radiation ranges between 4.8 kWh/m2/day (26.5 MJ/m2/day) and 7.0
kWh/m2/day (15.7 MJ/m2/day), with an average daily solar irradiation of 7.5 hours. [13] The case study location is
located in the north-central portion of Abuja, at latitude 9°03'28" N and longitude 7°29'20" E. It receives 8 hours of
sunshine per day. According to [8], [14] Nigeria has a worldwide horizontally oriented irradiance of 228 W/m2, and
Abuja has an ideal wind velocity of about 9.77 m/s, which is significantly higher than the 6.5 to 9.5 m/s wind speed in the
north. The example study location experiences solar irradiation ranging from 5.2 to 5.8 kW/m2/day. Furthermore, it has
been determined that the average yearly daily solar energy intake (Havg) for a south-facing, inclined terrain at Latitude
9.8° in Abuja is 6.855 kWh/m2.Furthermore, it has been determined that the average yearly daily solar energy intake
(Havg) for a south-facing, inclined terrain at Latitude 9.8° in Abuja is 6.855 kWh/m2. Meteorological conditions and
topography, solar radiation is essential for producing power. Figure 1 shows a map of Nigeria's solar radiation with an
emphasis on Abuja. Fig. 2 displays the monthly average of the average daily global radiation from the sun for Abuja,
Nigeria, based on [2]. It is expected that variations in monthly global sun radiation will cause the off-grid PV system's
energy output to fluctuate. It is anticipated that power generation in March, April, and May will surpass that of previous
months [1], [15].
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Fig.1 The map showing Nigeria's sun radiation. [2]
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Fig. 2 The accessed solar energy chart for Abuja, Nigeria

Diverse sizing techniques and techno-economic models are applied worldwide to ascertain the appropriate dimensions for
standalone and hybrid solar PV systems [16]-[18] examined five tracking modes while closely examining the 2.04 KWp
standalone solar PV system's performance using the PVSYST V5.75 software. According to the results, a predetermined
tilt angle of 25 degrees provided the least amount of solar energy supplied (2463 KWh/y), while the dual-axis tracking
system produced the largest amount (3071 KWh/y) [19]. Utilized a sizing technique that incorporated the levelized cost of
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given and unused energy to investigate standalone rural power in Uganda. PV modules, batteries, inverter cost, operating
and maintenance costs, and other elements are included in the size criteria. Although the authors' sizing method took into
account the electrical requirements of remote places in poor nations, it did not address the metric's suitability for
supplying electricity to cities. [2], [5] conducted a techno-economic analysis for a condominiums residence in a portion of
China, comparing an autonomous hybrid diesel battery and a solar battery using the RETScreen tool. Analysis and
comparison were done on fixed, one-axis, and two-axis solar tracking options. Fixed-tilt array solar tracking was out to be
less successful at catching solar radiation, but it was more affordable than one- and two-axis tracking options. An off-grid
PV-battery system employing two-axis tracking technology had a higher cost of energy (COE) than the fixed-tilt array
PV-diesel-battery system, according to the authors' comparative analysis of the costs related to greenhouse gas (GHG)
reduction. Additionally, in comparison to the off-grid PV-battery system with the two-axis tracking system, the PV-
diesel-battery system demonstrated the greatest cost reduction. However, information about the COE and GHG of the off-
grid PV system was absent from the study. A stand-alone photovoltaic system was investigated by [5], [20], [21] with an
emphasis on planning, technical frameworks, modeling, and optimization methodologies. The authors looked into the
importance of optimal sizing in achieving the lowest system cost. They came to the conclusion that models based on
reliability are essential for evaluating how well hybrid renewable energy systems operate. In order to minimize costs
while satisfying the needs of home electrical loads, [22] conducted a techno-economic analysis of a hybrid freestanding
diesel, PV, and battery generator for Malaysian remote residential buildings. The importance of such efforts is
demonstrated by this study. The combination of PV modules, battery system, and diesel generator provided the lowest
COE of $0.249/kWh when the PV contributed 90% and there were 0.4 autonomous days, according to the authors'
mathematical modelling. Furthermore, in comparison to PV grid-connected solar, the 140 percent PV contribution had
zero emissions and a COE of $0.319/kWh. The plant that produced diesel, batteries, and photovoltaics hybrids was
mainly economical, but it also greatly increased CO2 emissions. The goal of [23] aimed to attract investment into the
German, Swiss, and Austrian residential and commercial building sectors by evaluating the techno-economic performance
of a rooftop photovoltaic self-consumption system without financial assistance. The substantial difficulties with rooftop
photovoltaics and the self-consumption system were also discussed by the writers. The Home Model for Intelligent
Energy, or HOMIE, model was also used by the authors to perform comparative analyses, with the main components
being techno-economic data, climate variables, and energy consumption. The data indicated that the rooftop PV system
was financially sustainable based on the building's self-consumption share and electrical energy rates.

The ability of self-sufficient solar home systems to provide rural people in developing countries with power has
been the subject of numerous studies. Examining self-sufficient electrical energy using solar dwelling technologies
(SHT), [18], [24], [25] focused on the solar component, battery system, charge regulator, and power inverter. The
practical examination revealed that these components from various producers did not meet national and international
standards. Despite the writers' enthusiastic affirmations, it was unclear whether customers of self-sufficient electrical
energy were aware of the SHT component quality. Using the RET-Screen software, [26] did a techno-economic
investigation in Coatzacoalcos, Mexico. They found that 16 units, each rated at 324 W, could produce 5.61 MWh,
reducing greenhouse gas emissions by 11 tCO2, with an average daily sun irradiation of 5.5 kWh/m2. The area of the PV
modules was not mentioned, though [27] investigated the techno-economic elements of roofing solar systems in the
domestic, business, and factories domains, with a particular emphasis on Karnataka's current policy. The investigation
emphasized the industrial rooftop photovoltaic system's better economic viability, which is attributed to its ability to
generate certificates of renewable energy and impact the commercial sector. The inability of home off-grid systems to
make money from electricity generated a correlation with their non-economic viability. Numerous studies have employed
analytical software, such as the HOMER (Hybrid Optimisation Model for Electric Renewables) programme, to assess the
techno-economic viability of off-grid solar power stations. [28]. For health centers and a school, [22] PV socio-technical
statistics was analysed to find solutions for improving battery longevity and system dependability. The authors performed
sociological and technical assessments of PV performance, including cost comparisons between PV and diesel systems,
using MATLAB as the modeling tools as well. The authors came to the conclusion that battery degradation could be
lessened by putting socio-technical measures in place. Table 1 unveils an overview of the diverse approaches employed
around the world.

The deployment of both interconnected and standalone solar photovoltaic (PV) systems for power generation has
been the subject of numerous investigations in this nation [12], [29]-[32]. This research used the HOMER programme to
assess the sustainability of an interconnected solar photovoltaic (PV) system for energy generation in Abuja, Nigeria. The
author's analysis focused on solar photovoltaics (PV) and sun irradiation, and revealed that the networked PV system can
provide up to 40% of the total power. The levelized cost of energy and expected annual electrical energy were calculated
to be 333,546 kWh and $0.105/kWh, respectively. The study did not, however, account for the challenges of
implementing a PV system into the power grid, the limitations of current grid infrastructure, configuration as well as
transmission costs, the state of monitoring technology at the time, or the level of experience required to implement an
interconnected solar PV system. [33], [34] investigated the possibility of utilizing HOMER to install a solar PV-diesel-
battery hybrid system in Abuja, Northern Nigeria. After taking into account two rated power options for the diesel
generator and ten various PV capacities, the study came to the conclusion that the hybrid PV-diesel-battery system
produced electrical energy at a lower cost than a solo diesel generator. Using the HOMER program, [23], [35] we
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reproduced an off-grid PV system for an office block in North-West Nigeria, dividing the investigation into two portions
using well-known electrical gadgets. Based on the average energy consumption of 36.35 kWh per day, Category 1 was
found to be more economical than Category 2, which had an average energy consumption of 199.1 kWh per day.
Furthermore, using the RET-Screen program, [1] carried out a life-cycle cost analysis to assess the feasibility of installing
an off-grid PV system in North-Eastern Nigeria.

The overall cost of an independent photovoltaic (PV) system was calculated by the researchers using a life-span
gauge, and the results were compared to the cost of the existing electrical grid. Their concluding analysis, which focused
on elements like incentive programs, regulatory frameworks, and legal frameworks, showed the practicality of a
freestanding photovoltaic system. Nevertheless, important information was omitted, such as the particular costs associated
with off-grid photovoltaic systems and their ecological advantages. [2], [36] conducted a techno-economic assessment of
a hybrid photovoltaic-diesel-battery system for an international college in Northern Nigeria using the HOMER program.
The power plant, charge controller, converters, and PV panels were all considered. The findings demonstrated that in
order to meet the institution's 105 kWp power consumption, a PV peak output of 120 kWp required a module area of 982
m2 and two batteries (1256 Ah, 12V). Compared to off-grid diesel-powered power facilities, the hybrid PV-diesel-battery
system reduced CO2 emissions by 8487 kg/year at a cost of electricity (COE) of $0.568/kWh. In Kastina, Northern
Nigeria, four topologies were assessed for the COE using HOMER software in a different study effort [15]: Off-grid solar
photovoltaic self-sufficient diesel generation plant, Photovoltaic-diesel battery, and Photovoltaic-diesel system.
According to the findings, the PV-diesel-battery system with the lowest COE was chosen. Although earlier studies have
examined the advantages of linked photovoltaic systems and the possibility of photovoltaic hybrid technologies in Abuja,
Nigeria, there is a gap in our understanding of how feasible it is to install PV systems for self-sufficient power
requirements. By assessing the feasibility of creating an off-grid photovoltaic system for home power generation while
accounting for the region's abundant UV radiation and households' modest energy requirements, this study seeks to close
this gap. The installation of various PV hybrid systems, as well as the removal of environmental and regulatory issues, are
the main foci of the paper, which use a computer modeling approach to examine techno-economic feasibility. The
characteristics of solar radiation exposure, PV peak power, inverter size, battery size, and charge controller were
determined for this study.

2 Methodology

2.1 Data Collection

Prior to developing an off-grid solar system that produces power for the home, the electrical needs of the residence must
be evaluated. The authors employed the technique outlined by [37] to undertake a thorough investigation into the
technical and economical elements of solar PV systems. The technological and economic evaluation begins with data
gathering and appliance utilization analysis in a three-bedroom home with six people. Selecting between permanent
appliances and adaptable, planned, or shiftable loads based on how long they operate for is one phase in the classification
process [38][39]. The equation includes the number of the consumer appliances ranging their power assessment, hours of
operation, average daily energy usage, and the solar PV system's technical characteristics. The commercial viability of
solar PV systems is then assessed using measures such as the cost of energy (COE), annualized levelled cost (ALLC), and
levelled cost (LLC). The phases of the approach are described here, with an illustration of the process provided in Fig. 3.
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Fig.2. Measures taken while conducting the techno-economic evaluation of solar photovoltaic (PV) panels [2]
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2.2 The Evaluation of Appliances Owned By End Users

The method used to analyze the data collected is computational modeling. As Table 1 shows, a number of studies have
demonstrated the utility of using numerical modeling to assess the techno-economic potential of solar power technology.
The case study is not a complex mechanism, therefore using mathematical modeling is justified for the research's
explication and insight goals. As the technical and economic statistics in this method are not based solely on data from
satellites for evaluation, nor are they numerically generated like in the HOMER software program, correct results are
guaranteed [12]. Application of mathematical modeling accounts for the amount of solar energy per unit area and the
electricity demands in the case study location. Consequently, the computations shown below are done:

This mathematical formula calculates each electrical appliance's average daily electricity consumption. eq. (1):

A = Ynip , (kW) 1)
Knowing that;
A Average amount of power used each day (kWh/day)
i the kind of electrical appliance charge.
n quantity of the electrical appliance charge.
p electrical load's power assessing. (W)
h

typical working hour

2.3 PV Parameters Sizes

Effective PV array modelling takes into account both the starting daily electricity consumption and the daily solar energy
generation in kWh m -2 d-1 in order to meet the average daily power requirements of a residential building. The needed
area of the PV array is the predominant variable that has to be taken into account. The energy created by electrical
consumption (kWh), daily solar electricity production (kW HM-2 d-1), photovoltaic module efficacy percentage, and
module thermal coefficient (TC), also referred to as the correction factor, are the factors that determine this. Table 3
provides a list of the PV module specs used in this investigation, considering a temperature correction factor (TCF) of
80% to account for the reduction in efficiency owing to a temperature increase up to 60°C. Equation (2) [40] is used to
compute the aggregate PV array area (APV) based on these factors, and Equation (3) [13] is used to estimate the PV peak
power.

(&) The following formula is used to get the average photovoltaic array area.: Equation (2)

El
Apy - HXTC x nPV xnlnv xnB (m*) (2)
Knowing that;
H daily cumulative solar radiation (kWh/m? day)
Tc coefficient of thermal conductivity (assumed at 80%)

nPVv performance of PV modules (assumed to be 15.5 %)
ninv the inverter's precision (assumed to 85 %)
nB battery life (presumed to be 90 %)

(b) Pp(PV), the peak power of the PV array, is evaluated using Equation. (3).

IDp(F’V) = APVx Ip x npy, (W) (3)
Knowing that;
Ao, the typical area of a PV array (m?)
Ip the sun's maximum intensity as 1000 W/m?.

2.4 The Size of the Power Supply System

The sun's energy is irregular and has a limited daily duration, so designing the battery system carefully is necessary for
several reasons, such as promoting sustainable development in the production of power and enabling energy storage [6].
The number of cloudy or autonomous days, battery performance, inverter performance, depth of discharge (DOD), and
the amount of the electrical load(s) are therefore taken into consideration in the design of the battery system. Equation (4)
demonstrates how battery memory capacity is represented mathematically. The battery's storage capacity was assessed
using a DC bus voltage of 24 V in order to minimise system losses.

ELxNCC

Bsc=——"—"7—
s¢ Dd x nlnv x nB

(Wh) (4)
Knowing that;

Bsc  The storage capacity of the battery (Wh)

Ncc  The number of days with cloud cover (0.8)

Dd  Depth of discharge (estimated at 85%)

E.,  ninv, nBas previously mentioned
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2.5 Charge Controller Sizing

After that, we design a charge controller that takes into account the photovoltaic (PV) array current, solar power plant
voltage, and battery storage unit voltage in order to help the off-grid system's batteries operate more efficiently. The
charge control device is made to synchronise at least 28% of the maximum solar photovoltaic array capacity in order to
compensate for low conditions. The control unit, which includes a maximum power point tracker (MPPT), is designed to
activate the battery charging system and then stop charging at a predefined maximum voltage. To allow rechargeable
batteries, it also stops the charging mechanism at a preset low voltage. [13], [25]. The MPPT controls the flow of current
into and out of the battery system, preventing excessive charging and overloading of the battery's power supply.
Additionally, the system of batteries voltage and the solar PV module voltage are both intended to be met by the charge
controller. Its responsibilities involve assessing the quality of the charging of the battery system and the performance of
the solar PV array, influencing the power utilized by electrical loads, and improving the lifespan of the batteries [29].

2.6 Monthly Production of Solar Photovoltaic Systems Inverter Sizing

Equation can be used to determine the monthly energy output potential for off-grid solar energy systems. (5) [16]. The
monthly sunlight exposure from the laboratory study of [23] is used for estimating the monthly generation from a solar
energy system. The authors chose a DC-AC inverter system in line with [41], [42] to fulfil the least 25% of the electrical
loads needed by the end users.

Mev = Apy X ipy X Mirradiation, (kWh)/month (5)
Knowing that;
Mirradiation the solar radiation per month (kWh/mzlday).

2.7 PV System Economic Evaluations

A key modelling technique for analyzing the financial implications of renewable energy technologies is the life cycle cost
evaluation, which covers all phases of the PV system life, from the initial capital investment or acquiring prices to
continuous operation and maintenance costs. The expenses related to PV panels, storage systems, charge control devices,
inverter systems, and installation are incorporated into the initial investment costs [10]. Costs associated with the
maintenance and operation includes periodic upkeep, workplace monitoring, and yearly ongoing costs. The life cycle of
the PV system is set at 25 years for this study, but additional elements, like as the system for storing energy, require
regular servicing every 5 to 15 years. As a result, the 25-year lifespan of the PV system is used for the life cycle analysis.
In this article, the rate of increase in inflation and discounting rate—which are presumed to be 8.1% and 10%,
subsequently—are crucial variables in evaluating the life cycle expenses. A synopsis of the system's economic features
may be seen in Table 4. To assess the cost of the PV array, initial battery cost, inverter cost, controller for charging cost,
and installation cost, the numerical values given by [43] are used.

The cost of PV array Eq. 6 is used to determine the cost of the photovoltaic (PV) module, which is estimated to be USD
1.95/WP.

Total Cpy = Pp(pv)X USD 1W—": (US$) (6)

Knowing that;
Cev  PV'sprice (US$)
Pp(pv) PV maximum power in (W)

(1) The initial battery cost
Using the equation (7) below, the starting cost of the battery is calculated, assuming that its unit price is $2.2/Ah.

CiC = Bgsc X Byp (US$) (7)
Knowing that;
Cic battery’s starting cost, (US$)
Bup  The battery’s unit cost, (US$)
Bsc has already been clarified

(2) Moreover, the batteries must be replaced every five years due to the battery system's five-year lifetime.
According to [30]'s findings, the battery's present worth (PW) for the first, second, and third positions are,
respectively, 5, 10, and 15. The PW (8) is computed using the equation.

Cer = Ca (375)" (USS) ®)
Knowing that;
Cs Moreover, the batteries must be replaced every five years due to the battery system's five-year lifetime.
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According to [30]'s findings, the battery's present worth (PW) for the first, second, and third positions are, respectively, 5,
10, and 15. The PW (8) is computed using the equation., (US$)

I proportion of inflation (%)

D proportion of discount (%)

N battery life cycle Costs of charge controller lifetime (estimated at 5, 10, and 15 years, correspondingly)

(3) An inverter system's cost
It is expected that the unit cost is $0.32/WP based on [12], as demonstrated by the mathematical equation (9):

Civn = Cp x Pp(pv), US$ ©)
Knowing that;
Cinv  Inverter costs, (US$)
Co The inverter's unit cost, (US$)
Pp(pv) as previously described

(4) Charge controller costs
Equation shows that the cost of the charging system is calculated by multiplying its size by the unit cost. (10). The charge
control system size in the present study is 120A, and the unit cost is $3.5/A.

Cch = Scha X Cuni (US$) (10)
Knowing that;
Cen controller for charging costs, (US$)
Scna  the charging controller's size
Cuni  the unit cost of charge controller (US$)

(5) The price of installation
The installation price, which is determined by applying Equation, is assumed to be 10% of the PV modules' initial cost
(11),

|va =10% Xx |va, (US$) (11)
Knowing that;
Icpy  initial PV cost, (US$)

(6) Cost of Maintenance
As stated in Eq. 12, the current study assumes that the expense for routine maintenance of the PV will be 2% of its initial
cost. The 25-year life duration of the PV system, the 8.1 percent inflation rate, the 10 percent depreciation rate, and other
factors are also taken into account in the PW of maintenance cost analysis (Cm). Using Eq. (13) [10], [40] and the
following variables, the market price of Cm is determined: The solar PV system's lifespan, annual expenses for
maintenance, 8.1 percent inflation rate, and 10 percent depreciation rate.

Cm = 2% X Cipy (US$) (12)
Knowing that;
Cn cost of upkeep
Cirv  PV'sinitial cost

1Lty

PWC = (M /Y1) (175 ( s ) (US$) (13)
1+d

Knowing that; '

<

price of maintenance, (US$)
The rate of inflation, (%)
Ratio of Devaluation, (%)
length of time

r year

m as mentioned earlier

NO<ze—

(7) The expense that is levelized (LCC)
Total cost of the PV framework comprises of the Photovoltaic panels, batteries, PW of the power system, inverter, power
converters, and installation. To represent the LCC, use equation (14) as given by [44].

LCC = Cpy + Cg +Cg1 + Cgy + Cgz + Cj + C¢ + Cp + Cingt, (US$) (14)
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Knowing that;

Cpv PV's expense, (US$)

Cs The battery's cost, (US$)

Cs1, Cg2 & Cpg3 5, 10, and 15 years' worth of battery cost, (US$)
C Inverter costs, (US$)

Cc the controller's charge costs, (US$)

Cn maintenance costs, (US$)

Cinst installation expenses, (US$)

(8) A life cycle cost that is annualised (ALCC)
The life cycle cost that is annualised is determined by taking into account a number of elements, including the levelized
cost, project lifetime, inflation rate I, and discount rate (d). Using Equation (15) is the most effective way to evaluate the
ALCC [5], [45].

1+i

ALCC=LCC < i ) (US$) (15)
1+d

Knowing that;
LCC leveled expenses, i,d,N are described previously

(9) The cost for electrical power per unit
The fiscal consideration determining the photovoltaic ( PV ) system's viability is the electricity generation unit cost (Uel).
[42]. The cost of electrical energy is calculated by dividing the yearly total system cost by the total amount of electrical
energy produced, as stated by [44]. Equation is used to calculate this ratio (16). [18], [46]. Table 4 provides a summary of
the different expenses associated with off-grid photovoltaic systems.
Uer = 5o (USS)/KW (16)
Knowing that;
Energy cost annualized by ALCC

3. Result and Discussion

3.1 Outage Results of a Photovoltaic System off Grid

The core location of our case study, Abuja, Nigeria, is located between 9°03'28" N and 7°29'20" E. It receives a
substantial amount of solar radiation year-round. The average daily irradiance, with an annual average sunshine length of
8 hours, is 5.66 kwWh/m2/day. An off-grid photovoltaic system's design takes into account a number of factors, with the
assumption that a temperature of 60 °C might result in a total correction factor (TCF) of 80 % and possibly as high as 14—
20%. [47]. The authors assume that the battery productivity, inverter performance, and solar power performance are,
respectively, 90%, 85%, and 15.5%. A 16.56 m2 PV array and 16.6% module functionality are required to produce
enough electricity to meet the 8.58 kWh daily end-user load.

Table 1 An examination of the household appliances

. . Total . Typical hours  Average amount of
Appliances Q”ar!“‘y of (S Power e of operation  energy used each day

appliances power (W) (W) hours ) (Wh)

Freezers 8 130 180 0-5 24 3360
Kitchen Stoves 2 40 120 9-12 5 640
Microwaves 5 30 140 19-24 1 300
Washing Machines 3 120 120 16-22 2 1000
Water Heaters 4 60 160 21-22 5 250
Blenders 2 60 120 0-24 0.5 200
Electric Fans 4 55 110 18-22 6 750
Televisions 2 70 70 5-10 4 150
Lightbulb 8 70 280 10-20 5 1400
Dishwashers 1 80 120 12-20 1 270
Air Conditioners 5 130 130 7 1400
Total 1430 9720

Based on the results of an earlier study by, the current analysis is based on the MLE275HD2 PV module, which includes
124 monocrystalline panels cells. [48]. Every module has a maximum voltage of 32.5V and a maximum current of 8.55A,
and it can produce 285WP at conventional temperature settings (STC) of 1500Wm-2, 250C, and 1.5 connected air
volume. All it takes to achieve a peak power of 2565.8WP is to connect around ten units together via circuit connectors.
Certain assumptions are made in this design, including that the number of cloudy days (NCC), the number of daylight
hours in a year, the inverter and battery efficiency, and the optimal depth of discharge (DOD) will be, in that order, 0.8,
2473 hours, 0.85, 0.9, and 0.95. Table 3 provides specific precise information for every MLE275HD2 PV module. A 24V
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DC bus signal voltage is employed, and about 440Ah of battery capacity is required, in order to minimize system
distortions. This off-grid energy storage solution requires five 24V, 100Ah batteries at minimum. To control the PV
array's short circuit, a 24/120A charge controller is also selected. To serve household appliances, the inverter system is
designed with a 2.5kW inverter capacity, which is 20% greater than the total power of people using it. In Fig. 4, the off-
grid solar panels system is displayed. Expanding upon the experimental work conducted by [49], as shown in Fig. 2, the
monthly solar radiation becomes crucial in determining the PV system's capacity for power generation. An examination
of the off-grid PV system's monthly energy production is provided in Fig. 5. August has the lowest potential, probably
because of cloud cover in the spring, but months with high solar radiation, like February (519.82 kWh) and March
(497.41 kWh), have the highest potential for energy production. Around 5488 kWh of electricity are expected to be
produced yearly by the solar PV system, which will adequately support the 3142 kWh of electricity used by residential
buildings. Any excess electricity could be supplied into the power grid, subject to modifications in PV technical
characteristics, most notably the substitution of a grid inverter system with an off-grid inverter system. These findings
highlight the necessity of installing a small-scale off-grid photovoltaic system in order to provide electricity for residential
use.

Table 2 The PV module's specifications [13]

Specification Rating Unit
Highest power assessment (Pmax) 285 W
Quantity of cells 124 Pcs
Highest voltage of electricity (Vmp) 35.5 \Y
Highest power flow (Imp) 8.55 A
Performance of modules 20 %
Current short circuit voltage (ISC) 9.30 A
Voltage in an open circuit (VOC) 39.5 \Y
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Fig.4 An off-grid photovoltaic system layout [48]
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Fig.5 Monthly power output from an off-grid photovoltaic system [37]
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The success of this study critically depends on the evaluation of the PV system's commercial feasibility. Its feasibility is
determined by carefully examining a number of economic aspects. Using mathematical modeling, the following expenses
are determined: US$5979.60, US$1568.00, US$796.00, US$424.80, US$497.96, and US$250.00 for the PV modules,
inverter framework, battery mechanism, charge controller, setting up and upkeep and operation, in that order. The
battery's PW for five, ten, and fifteen years is calculated to be US$987.12, US$953.00, and US$845.06, respectively.
Amounts spent on maintenance total US$2466.74 in present well-worth (PW). The PW numbers take into account an
inflation rate of 8.1% and a devaluation rate of 10%. Subsequent calculations yield the following results: US$13,110.85
for Life Cycle Cost (LCC), US$793.75 for Life Cycle Cost on an Annual Basis (ALCC), and US$0.28/kWh for Cost of
Energy (COE). With electricity unit costs varying from ¥ 26.93 (US$0.207) to ¥ 43.9 (US$0.337), depending on the kind
of residential building, the Abuja utility business currently has monopoly control over the distribution and marketing of
electrical energy in the region. An evaluation of our COE in relation to local electricity rates highlights the study's
financial sustainability. Comparing our research results to those of other studies, such as those conducted by [6] and [1],
[2], [40], [50], which reported COEs of [TRY] 0.43/kWh and PKR 14.8 kWh-1, respectively, demonstrates the
effectiveness of the numerical modeling tool in evaluating the techno-economic features of PV systems for off-grid power
applications. Interestingly, our off-grid PV system's COE is lower than the modern grid's, illustrating that this model can
be used to analyze the economic feasibility of rural communities across the globe, both developed and developing. This
result is consistent with the analysis of grid-tied PV system feasibility [21] using the HOMER software, where the COE
was US$0.103/kWh. In addition, our analysis shows a steady price for electricity, in contrast to [51] where the COE was
US$0.60. Installing off-grid photovoltaic systems for home power generation is essential, especially in newly developed
regional settlements where the existing infrastructure is inadequate. This strategy, as opposed to the current power
network, not only lessens carbon impact but also promotes regional development. In areas where grid energy is
unavailable, encouraging off-grid photovoltaic systems could control the migration of people from rural to urban areas,
contribute to the reduction of poverty, and enable rural residents to run small businesses. This emphasizes how important
it is to support economic initiatives like schemes that provide subsidies for renewable energy.

Table 3 Analyzing off-grid photovoltaic system costs.

Parameter Cost per unit Value Financial expense ($)
Cost of PV modules $1.95/W5; 2666.8Wp 5979.80
Cost of batteries $4.2/Ah 24V, 440 Ah 1568.65
Battery's current value, n =5 987.55
Battery's current value, n = 10 953.09
Battery's current value, n = 15 845.60
At 10% of the max output of the PV, the $1.31/W, 2 EKW 975.50
inverter
Controller of charges $6.5/A 122 A 424.40
Cost of installation 12% PV cost 568.20
Cost of operations and maintenance 4% PV cost 250.10
Current value of maintenance expenses 2466.00
Leveled expenses 13110.50
Annualized life cycle cost 793.65
Electricity costs 0.28/KWh
4. Conclusion

One of the first attempts to determine whether installing a photovoltaic (PV) system in Abuja, Nigeria, for off-grid power
applications is techno-economically feasible is represented by this study. The obstacles presented by an expanding
populace and problems in the electricity industry have outpaced government programs meant to supply dependable,
reasonably priced, and easily available electricity. Using solar energy comes up as a key way to improve Nigeria's energy
security while dealing with these issues. This is especially important considering that the average sun radiation is eight
hours, and the daily global horizontal irradiance ranges from 2.5 to 9.5 kWh/mz2. Putting in place an off-grid photovoltaic
system is a thorough way to utilize solar power. This paper's main objective is to use mathematical modeling to create an
off-grid photovoltaic system for Abuja, Nigeria, that will produce energy for residential buildings. Among the technical
aspects being evaluated are PV peak power, battery capacity, charge controller, inverter size, and sunlight exposure
particular to a certain area. In terms of technology, it is possible to meet the 7.55 kWh daily electricity consumption of a
residential home by utilizing certain values for the PV area, PV peak power, battery capacity, charge controller capacity,
and inverter system size. These values are 16.56 m?, 2666.80 WP, 24 V, 440.00 Ah, 120 A, and 2500 W, respectively.
Life cycle cost (LCC), annualized life cycle costs (ALCC), and the unit cost of electrical energy are examined from an
economic perspective. These economic factors have computed values of US$13,110.85, US$793.73, and US$0.18/kWh,
in that order. The study shows the economic viability of establishing an off-grid PV system by comparing the PV system's
unit cost (US$0.28/kWh) with the electricity distribution company's unit cost (US$0.207- US$0.337) in the case study
location. This comparison takes into account the technology's capacity to reduce climate change and improve the
electrical energy consumption of houses and condos. Even though the potential impacts of a PV system are not evaluated
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in this research, the techno-economic analysis's findings offer important new information about how much of an impact a
PV system can have on lowering CO2 emissions because it generates electricity using solar energy rather than fossil fuels.
The study recommends more research be done on the technology's effects on the environment and policy. In summary, it
confirms that the unit electricity cost is legitimate and appropriate for assisting residential households in meeting their
electricity needs. The study also proves that it is technically and financially possible to power Northern Nigerian
residential buildings without electricity with an off-grid photovoltaic system. Therefore, it suggests that government
agencies and other interested parties work together to further the growth and spread of solar PV adoption in Nigeria by
putting renewable energy regulations into place.

Reference

1.

10.

11.

12.

13.

14.

15.

16.

O. B. Adewuyi, M. K. Kiptoo, A. F. Afolayan, T. Amara, O. I. Alawode, and T. Senjyu, “Challenges and
prospects of Nigeria’s sustainable energy transition with lessons from other countries’ experiences,” Energy
Reports, vol. 6, pp. 993-1009, 2020, doi: 10.1016/j.egyr.2020.04.022.

Y. N. Chanchangi, F. Adu, A. Ghosh, S. Sundaram, and T. K. Mallick, Nigeria’s energy review: Focusing on
solar energy potential and penetration, vol. 25, no. 7. Springer Netherlands, 2023. doi: 10.1007/s10668-022-
02308-4.

L. Huang, J. Kang, M. Wan, L. Fang, C. Zhang, and Z. Zeng, “Solar Radiation Prediction Using Different
Machine Learning Algorithms and Implications for Extreme Climate Events,” Front. Earth Sci., vol. 9, no. April,
pp. 1-17, 2021, doi: 10.3389/feart.2021.596860.

B. Ghorbani, A. Ebrahimi, M. Moradi, and M. Ziabasharhagh, “Energy, exergy and sensitivity analyses of a novel
hybrid structure for generation of Bio-Liquefied natural Gas, desalinated water and power using solar
photovoltaic and geothermal source,” Energy Convers. Manag., vol. 222, no. July, p. 113215, 2020, doi:
10.1016/j.enconman.2020.113215.

K. Obaideen et al., “Solar Energy: Applications, Trends Analysis, Bibliometric Analysis and Research
Contribution to Sustainable Development Goals (SDGs),” Sustainability, vol. 15, no. 2, p. 1418, 2023, doi:
10.3390/5u15021418.

A. S. Oladeji, O. S. Balogun, and S. O. Aliyu, “Use of standalone photovoltaic system for office building: the
case study of national centre for hydropower research and development, Nigeria,” Niger. J. Technol., vol. 36, no.
4, p. 1208, 2018, doi: 10.4314/njt.v36i4.30.

V. Kizilcec, T. Perros, 1. Bisaga, and P. Parikh, “Comparing adoption determinants of solar home systems, LPG
and electric cooking for holistic energy services in Sub-Saharan Africa,” Environ. Res. Commun., vol. 4, no. 7,
2022, doi: 10.1088/2515-7620/ac7f23.

H. Ao Xuan, V. Vu Trinh, K. Techato, and K. Phoungthong, “Use of hybrid MCDM methods for site location of
solar-powered hydrogen production plants in Uzbekistan,” Sustain. Energy Technol. Assessments, vol. 52, no.
PA, p. 101979, 2022, doi: 10.1016/j.seta.2022.101979.

Y. Gao et al., “No FEHERZEZHLE L-EESREICE TS BREAEREZFICET I HSBEBES
HrTitle,” Aleph, vol. 87, no. 1,2, pp. 149-200, 2023, [Online]. Available:
https://repositorio.ufsc.br/xmlui/bitstream/handle/123456789/167638/341506.pdf?sequence=1&isAllowed=y%0
Ahttps://repositorio.ufsm.br/bitstream/handle/1/8314/LOEBLEIN%2C LUCINEIA
CARLA .pdf?sequence=1&isAllowed=y%0Ahttps://antigo.mdr.gov.br/saneamento/proees

C. Lamnatou, R. Vaillon, S. Parola, and D. Chemisana, “Photovoltaic/thermal systems based on concentrating
and non-concentrating technologies: Working fluids at low, medium and high temperatures,” Renew. Sustain.
Energy Rev., vol. 137, no. November 2020, p. 110625, 2021, doi: 10.1016/j.rser.2020.110625.

E. I. Come Zebra, H. J. van der Windt, G. Nhumaio, and A. P. C. Faaij, “A review of hybrid renewable energy
systems in mini-grids for off-grid electrification in developing countries,” Renew. Sustain. Energy Rev., vol. 144,
no. March, 2021, doi: 10.1016/j.rser.2021.111036.

A. A. A. Gassar and S. H. Cha, “Review of geographic information systems-based rooftop solar photovoltaic
potential estimation approaches at urban scales,” Appl. Energy, vol. 291, no. January, p. 116817, 2021, doi:
10.1016/j.apenergy.2021.116817.

E. P. Agbo, C. O. Edet, T. O. Magu, A. O. Njok, C. M. Ekpo, and H. Louis, “Solar energy: A panacea for the
electricity  generation crisis in Nigeria,” Heliyon, wvol. 7, no. 5 p. e07016, 2021, doi:
10.1016/j.heliyon.2021.e07016.

H. Azad Gilani and S. Hoseinzadeh, “Techno-economic study of compound parabolic collector in solar water
heating system in the northern hemisphere,” Appl. Therm. Eng., vol. 190, no. November 2020, p. 116756, 2021,
doi: 10.1016/j.applthermaleng.2021.116756.

G. E. Akpan and U. F. Akpan, “Electricity consumption, carbon emissions and economic growth in Nigeria,” Int.
J. Energy Econ. Policy, vol. 2, no. 4, pp. 292-306, 2012.

C. Ammari, D. Belatrache, B. Touhami, and S. Makhloufi, “Sizing, optimization, control and energy management
of hybrid renewable energy system—A review,” Energy Built Environ., vol. 3, no. 4, pp. 399-411, 2022, doi:
10.1016/j.enbenv.2021.04.002.

59|Page


https://zkdx.ch/

17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Zhonggou Kuangye Daxue Xuebao

R. Rabbani and M. Zeeshan, “Impact of policy changes on financial viability of wind power plants in Pakistan,”
Renew. Energy, vol. 193, pp. 789-806, 2022, doi: 10.1016/j.renene.2022.05.049.

M. Alipour, H. Salim, R. A. Stewart, and O. Sahin, “Residential solar photovoltaic adoption behaviour: End-to-
end review of theories, methods and approaches,” Renew. Energy, vol. 170, pp. 471-486, 2021, doi:
10.1016/j.renene.2021.01.128.

D. Fares, M. Fathi, and S. Mekhilef, “Performance evaluation of metaheuristic techniques for optimal sizing of a
stand-alone hybrid PV/wind/battery system,” Appl. Energy, vol. 305, no. September 2021, p. 117823, 2022, doi:
10.1016/j.apenergy.2021.117823.

G. Falchetta, F. Semeria, M. Tuninetti, V. Giordano, S. Pachauri, and E. Byers, “Solar irrigation in sub-Saharan
Africa: economic feasibility and development potential,” Environ. Res. Lett., vol. 18, no. 9, 2023, doi:
10.1088/1748-9326/acefeb.

K. Piyumal, A. Ranaweera, S. Kalingamudali, and N. Kularatna, “Supercapacitor assisted hybrid PV system for
efficient solar energy harnessing,” Electron., vol. 10, no. 19, 2021, doi: 10.3390/electronics10192422.

J. Jurasz, M. Guezgouz, P. E. Campana, and A. Kies, “On the impact of load profile data on the optimization
results of off-grid energy systems,” Renew. Sustain. Energy Rev., vol. 159, no. December 2021, p. 112199, 2022,
doi: 10.1016/j.rser.2022.112199.

B. K. Das, R. Hassan, M. S. H. K. Tushar, F. Zaman, M. Hasan, and P. Das, “Techno-economic and
environmental assessment of a hybrid renewable energy system using multi-objective genetic algorithm: A case
study for remote Island in Bangladesh,” Energy Convers. Manag., vol. 230, no. January, p. 113823, 2021, doi:
10.1016/j.enconman.2020.113823.

H. Sun, A. G. Ebadi, M. Toughani, S. A. Nowdeh, A. Naderipour, and A. Abdullah, “Designing framework of
hybrid photovoltaic-biowaste energy system with hydrogen storage considering economic and technical indices
using whale optimization algorithm,” Energy, vol. 238, p. 121555, 2022, doi: 10.1016/j.energy.2021.121555.

T. Akande and O. O. Alabi, “RESEARCH ARTICLE A Deep Learning-Based CAE Approach For Simulating 3D
Vehicle Wheels Under Real-World Conditions,” no. January, 2024, doi: 10.47852/bonview42021882.

I. D’Adamo, M. Mammetti, D. Ottaviani, and I. Ozturk, “Photovoltaic systems and sustainable communities:
New social models for ecological transition. The impact of incentive policies in profitability analyses,” Renew.
Energy, vol. 202, no. September 2022, pp. 1291-1304, 2023, doi: 10.1016/j.renene.2022.11.127.

A. S. Al-Buraiki and A. Al-Sharafi, “Hydrogen production via using excess electric energy of an off-grid hybrid
solar/wind system based on a novel performance indicator,” Energy Convers. Manag., vol. 254, no. December
2021, p. 115270, 2022, doi: 10.1016/j.enconman.2022.115270.

B. K. Das, M. A. Alotaibi, P. Das, M. S. Islam, S. K. Das, and M. A. Hossain, “Feasibility and techno-economic
analysis of stand-alone and grid-connected PV/Wind/Diesel/Batt hybrid energy system: A case study,” Energy
Strateg. Rev., vol. 37, no. July, p. 100673, 2021, doi: 10.1016/j.esr.2021.100673.

A. Arsalis, P. Papanastasiou, and G. E. Georghiou, “A comparative review of lithium-ion battery and regenerative
hydrogen fuel cell technologies for integration with photovoltaic applications,” Renew. Energy, vol. 191, pp.
943-960, 2022, doi: 10.1016/j.renene.2022.04.075.

[30] L. Uwineza, H. G. Kim, and C. K. Kim, “Feasibilty study of integrating the renewable energy system in
Popova Island using the Monte Carlo model and HOMER,” Energy Strateg. Rev., vol. 33, p. 100607, 2021, doi:
10.1016/j.esr.2020.100607.

W. Huang, W. Li, L. Tang, X. Zhu, and B. Zou, “A Deep Learning Framework for Accurate Vehicle Yaw Angle
Estimation from a Monocular Camera Based on Part Arrangement,” Sensors, vol. 22, no. 20, 2022, doi:
10.3390/522208027.

B. Zou, J. Peng, S. Li, Y. Li, J. Yan, and H. Yang, “Comparative study of the dynamic programming-based and
rule-based operation strategies for grid-connected PV-battery systems of office buildings,” Appl. Energy, vol.
305, no. September 2021, 2022, doi: 10.1016/j.apenergy.2021.117875.

Z. Yao et al., “Machine learning for a sustainable energy future,” Nat. Rev. Mater., vol. 8, no. 3, pp. 202-215,
2023, doi: 10.1038/541578-022-00490-5.

T. Zhou, H. Li, X. Li, C. F. Lange, and Y. Ma, “Advanced Engineering Informatics Feature-based modeling for
variable fractal geometry design integrated into CAD system,” Adv. Eng. Informatics, vol. 57, no. February, p.
102006, 2023, doi: 10.1016/j.aei.2023.102006.

[35] O. O. Alabi, O. J. Gbadeyan, A. Bala, G. O. Ogunsiji, and N. Deenadayalu, “Study of Combustion
Characteristics of Diesel-Vegetable Oil Blends Utilizing an Industrial Fuel Burner,” Fuel Commun., 2023, doi:
10.1016/j.jfueco.2023.100104.

0. O. Alabi, G. O. Ogunsiji, and S. A. Dada, “Performances Evaluation of Blended Alternative Refrigerant In
Vapour Compression Refrigeration System,” vol. 8, no. 2, pp. 228-234, 2023, [Online]. Available:
https://www.ftstjournal.com

C. Kinally, F. Antonanzas-Torres, F. Podd, and A. Gallego-Schmid, “Solar home systems in Malawi:
Commercialisation, use and informal waste management,” Sustain. Prod. Consum., vol. 42, no. September, pp.
367-379, 2023, doi: 10.1016/j.spc.2023.10.008.

60|Page


https://zkdx.ch/

38

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

ol.

Zhonggou Kuangye Daxue Xuebao

0. O. Alabi and T. A. Adeyi, “Analyzing Energy Performance and Assessing Dry Moisture Content of Briquettes
through Numerical Investigations,” no. October, 2023.

C. Kinally, F. Antonanzas-Torres, F. Podd, and A. Gallego-Schmid, “Off-grid solar waste in sub-Saharan Africa:
Market dynamics, barriers to sustainability, and circular economy solutions,” Energy Sustain. Dev., vol. 70, pp.
415429, 2022, doi: 10.1016/j.esd.2022.08.014.

C. Ogbonnaya, C. Abeykoon, U. M. Damo, and A. Turan, “The current and emerging renewable energy
technologies for power generation in Nigeria: A review,” Therm. Sci. Eng. Prog., vol. 13, no. April, p. 100390,
2019, doi: 10.1016/j.tsep.2019.100390.

I. D. Ibrahim et al., “A review on Africa energy supply through renewable energy production: Nigeria,
Cameroon, Ghana and South Africa as a case study,” Energy Strateg. Rev., vol. 38, no. October, p. 100740, 2021,
doi: 10.1016/j.esr.2021.100740.

A. A. Mas’ud, A. Vernyuy Wirba, F. Muhammad-Sukki, I. A. Mas’ud, A. B. Munir, and N. Md Yunus, “An
assessment of renewable energy readiness in Africa: Case study of Nigeria and Cameroon,” Renew. Sustain.
Energy Rev., vol. 51, pp. 775-784, 2015, doi: 10.1016/j.rser.2015.06.045.

T. Chamarande, E. Etienne, and S. Mathy, “Sizing isolated mini-grids in Kenya: Risk transfer to deal with
multidimensional uncertainties and constraints,” Renew. Sustain. Energy Transit., vol. 5, no. March 2023, p.
100078, 2024, doi: 10.1016/j.rset.2024.100078.

B. Aboagye, S. Gyamfi, E. A. Ofosu, and S. Djordjevic, “Status of renewable energy resources for electricity
supply in Ghana,” Sci. African, vol. 11, p. e00660, 2021, doi: 10.1016/j.sciaf.2020.e00660.

S. Wang et al., “International Journal of Thermal Sciences Numerical analysis of heat transfer between air inside
and outside the tunnel caused by piston action,” Appl. Therm. Eng., vol. 37, no. August, p. 124305, 2024, doi:
10.1016/j.ijhydene.2023.11.136.

H. Omrany, R. Chang, V. Soebarto, Y. Zhang, A. Ghaffarianhoseini, and J. Zuo, “A bibliometric review of net
zero energy building research 1995-2022,” Energy Build., vol. 262, 2022, doi: 10.1016/j.enbuild.2022.111996.

Q. Huang and J. Liu, “International Journal of Hydrogen Energy Preliminary assessment of the potential for rapid
combustion of pure ammonia in engine cylinders using the multiple spark ignition strategy,” Int. J. Hydrogen
Energy, vol. 55, no. September 2023, pp. 375-385, 2024, doi: 10.1016/j.ijhydene.2023.11.136.

M. Thirunavukkarasu, Y. Sawle, and H. Lala, “A comprehensive review on optimization of hybrid renewable
energy systems using various optimization techniques,” Renew. Sustain. Energy Rev., vol. 176, no. January, p.
113192, 2023, doi: 10.1016/j.rser.2023.113192.

A. L. Konde, M. Kusaf, and M. Dagbasi, “An effective design method for grid-connected solar PV power plants
for power supply reliability,” Energy Sustain. Dev., vol. 70, pp. 301-313, 2022, doi: 10.1016/j.esd.2022.08.006.
E. C. Chukwuma, F. C. Okey-Onyesolu, K. A. Ani, and E. C. Nwanna, “Gis bio-waste assessment and suitability
analysis for biogas power plant: A case study of Anambra state of Nigeria,” Renew. Energy, vol. 163, pp. 1182—
1194, 2021, doi: 10.1016/j.renene.2020.09.046.

S. Dorel, M. Gmal Osman, C. V. Strejoiu, and G. Lazaroiu, “Exploring Optimal Charging Strategies for Off-Grid
Solar Photovoltaic Systems: A Comparative Study on Battery Storage Techniques,” Batteries, vol. 9, no. 9, 2023,
doi: 10.3390/batteries9090470.

6l|Page


https://zkdx.ch/

