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ABSTRACT: Household solar photovoltaic (SPV) systems often experience failures shortly after 
installation, primarily due to design deficiencies. Consequently, systems composed of well-designed, high-
quality components installed by professionals can maintain efficiency and ensure long-term profitability. 
This study presents a methodology for accurately sizing an off-grid SPV system to ensure reliable electricity 
generation. A mathematical model was employed to assist in the design of an SPV system that consistently 
meets energy demands. A stochastic approach was developed using the hybrid optimization of multiple 
energy resources (HOMER) Pro software (version 3.18.4) to accurately design and predict the performance 
of the SPV system. This approach incorporates time-series data to model the inherent uncertainty and 
variability associated with solar resources and load demands. A sensitivity analysis was performed to 
evaluate the effects of variations in solar irradiance and load growth on system performance. The findings 
suggest that the proposed system methodology is applicable to other regions of Nigeria and other 
developing countries with different climatic conditions and load profiles. The insights and findings 
presented in this study could assist the Energy Commission of Nigeria (ECN) in developing policies for 
deploying solar-powered household systems across Nigeria. A potential policy could require prospective 
clients intending to install SPV systems for household electricity generation to submit a pre-feasibility study. 
This study should include the residential load profile, solar irradiation of the location, and appropriate 
system sizing. Such a requirement should precede the approval of any physical project proposal to reduce 
system failures in PV systems in Nigeria. 

Keywords: Energy Commission of Nigeria; Off-grid SPV systems; HOMER software; Stochastic approach; 
Sensitivity analysis; LPSP 
 

1. Introduction 

Energy, especially electrical energy, is a crucial determinant of living standards in any country, and its 
provision constitutes a fundamental component of the Sustainable Energy for All (SE4ALL) initiative. The 
demand for electricity is progressively increasing due to contemporary living standards. It plays a vital role 
in improving the quality of life, especially in rural areas. Solar power, which is universally accessible, is 
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particularly appealing for comprehensive systems in rural Nigeria [1]. Despite Nigeria’s substantial 
renewable energy potential, the country continues to face persistent energy challenges. In response, the 
Energy Commission of Nigeria (ECN) is actively promoting a transition to sustainable energy through 
renewable sources to supply electricity to off-grid rural communities [2]. According to the ECN boss, solar 
energy is a strategic focus, leveraging the country’s favourable solar radiation to implement widespread 
solarization [2]. Nigeria’s daily global horizontal radiation varies from 4.8 kWh/m2/day (26.5 MJ/m2/day) 
to 7.0 kWh/m2/day (15.7 MJ/m2/day), with an average daily solar irradiation duration of 7.5 h [3]. The 
country has ample solar energy potential to address its energy challenges and enhance rural electrification. 
However, the deployment of off-grid solar photovoltaic (SPV) systems is significantly hindered by their 
failure. The primary causes of off-grid SPV system failures include improper system sizing, the use of 
substandard and low-quality components, inadequate installation practices by untrained technicians, and 
insufficient maintenance. Among these, improper system sizing has been identified as the primary cause of 
premature failures in off-grid SPV systems in Nigeria. There is often a substantial discrepancy between the 
actual energy consumption of Nigerian households and the capacity of the installed systems, resulting in 
overloads, rapid battery degradation, and eventual system abandonment. The prevalence of substandard 
and low-quality components, such as panels, inverters, and batteries, is a significant factor contributing to 
the failure of off-grid SPV systems in Nigeria. This issue results in a high incidence of premature system 
breakdowns, safety hazards, and a decline in consumer confidence. Suppliers frequently import low-cost 
counterfeit components to maximize profits. These include low-efficiency panels, batteries with short 
lifespans, and inverters prone to malfunction at elevated temperatures. Furthermore, inadequate installation 
practices are a major cause of premature failure of off-grid SPV systems in Nigeria. Although low-quality 
components exacerbate this problem, even high-quality equipment is susceptible to failure if improperly 
installed, potentially leading to short circuits, fire hazards, and reduced system longevity. Poor installation 
practices by untrained technicians have led to SPV system failures and performance losses due to 
mismatches, hotspots, and bypass diode issues [4]. Consequently, a system comprising well-designed, high-
quality components installed by professionals can sustain efficiency and ensure long-term profitability. 

SPV System Reliability 

The reliability of SPV systems is a critical research domain aimed at ensuring that solar power plants 
function efficiently, safely, and with minimal interruptions over their projected lifespan of 25 years or more 
[5]. Recent advancements have focused on the integration of artificial intelligence (AI) for real-time fault 
detection, application of phase-change materials (PCM) for thermal management to sustain high efficiency, 
and employment of dynamic simulation tools to optimize power output [6–8]. Advanced modelling 
techniques for SPV systems are currently employed to predict power output, diagnose faults, and evaluate the 
reliability of these systems under complex and variable environmental conditions. Nonetheless, the sizing of 
system components remains a significant technical challenge in the design of off-grid SPV systems [9]. 

The reliability of the power supply is a critical consideration in the design of PV/battery systems, as 
evidenced by its inclusion in specific sizing procedures. The reliability of power supply to a load is defined 
as the probability that the system functions correctly over a specified period under operational conditions 
without failure. This study emphasizes the necessity of designing an optimal PV/battery system that exhibits 
enhanced reliability and appropriately addresses technical objectives. Among the various technical 
objectives employed by researchers, such as loss-of-power supply probability (LPSP) [10] and loss-of-load 
probability [11], this study focuses on LPSP as the chosen technical objective. LPSP, a probabilistic 
technique introduced by [12], is extensively utilized in the design and optimization of renewable energy 
generation systems. It is calculated based on the variability of resources and their correlation with the loads. 
This method is particularly effective for evaluating the performance of energy storage systems, as 
demonstrated in this study. 
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2. Off-Grid SPV Systems Review 

Off-grid SPV systems are predominantly utilized in remote areas, where the cost of connecting to the 
utility grid surpasses that of acquiring an off-grid system [13]. In these systems, a solar electric 
configuration serves as the primary power source for residences and comprises solar panels, an inverter, a 
battery bank, and a charge controller. Solar electric-based off-grid systems are increasingly being adopted 
to meet the electricity needs of rural households and are of significant interest for rural electrification. 
However, the sizing of these systems presents challenges, as it requires aligning unpredictable energy 
sources with uncertain demand while ensuring optimal reliability [14]. In Nigeria, the demand for solar 
electric systems for residential applications is increasing. To achieve optimal system design, it is crucial to 
utilize a suitable calculation method that accounts for the specifications and sizing of each component of 
the solar electric generation system. Furthermore, a storage system is essential for an off-grid SPV system 
to provide continuous electricity for 24 h. The battery bank functions as a backup power source to meet the 
demand load during the morning and evening periods. 

Numerous off-grid initiatives targeting households have been unsuccessful because of errors in system 
sizing. Such mistakes are prevalent in off-grid SPV systems, especially when deployed for residential 
purposes. Many installed systems exhibit design flaws that lead to frequent outages, primarily due to sizing 
errors [15]. According to [16], almost half of all installed systems have design issues that result in recurrent 
outages. Nigerian consumers invest substantial amounts in installing SPV systems in residential structures, 
including duplexes, single-family bungalows, flat apartments, and “face-me-I-face-you” configurations for 
electricity generation. These systems frequently fail shortly after installation, potentially due to technical 
issues. Technical factors pertaining to system design and sizing directly impact the reliability of SPV 
systems. To evaluate the technical performance of a stand-alone SPV system, it is essential to determine 
the sizes of its components. Stand-alone SPV systems are designed to satisfy daily load demand rather than 
annual demand [17]. Consequently, each component of the SPV system must be carefully sized to meet this 
requirement [18]. Determining the capacity of the SPV array, including the quantity and wattage of the PV 
modules, is essential to ensure the power generated is sufficient to fully charge the battery bank [19]. 
Consequently, precise calculations are required to determine the size of the battery bank capable of 
continuously supplying electrical power to the load during nighttime or periods of low solar radiation [17]. 
Therefore, in addition to considering the battery type and parameters, the average daily load is a critical factor 
in determining the battery bank size [20]. The capacity of a PV array is generally influenced by the daily load 
and solar radiation at the study site [18]. These factors must be thoroughly evaluated during the design process 
to avoid oversizing or undersizing stand-alone systems. These factors assist planners in designing suitable 
systems that can be practically applied in specific environments; ignoring them will result in a non-functional 
system. They play a crucial role in sizing SPVs. Adewuyi [21] conducted a survey on SPV systems in 
residential buildings and discovered that malfunctions and failures were due to incorrect sizing. 

This study indicates that while many studies emphasize load profiles and solar resources, they often lack 
a thorough examination of the sizing of SPV systems. This study provides a comprehensive design and sizing 
plan for household SPV systems. The goal of this study was to evaluate the technical feasibility of designing 
off-grid SPV systems to provide electricity to residential buildings. Additionally, it aims to offer precise data 
to support the development of a policy framework for the installation of off-grid SPV systems in Nigeria. 

Sizing Techniques for SPV System 

Different methodologies have been proposed for sizing off-grid SPV systems, as indicated by a review 
of existing literature. Among these, analytical, numerical, and intuitive methods are the most commonly 
employed [9,22]. These methodologies can be complemented by computer simulations to determine the 
optimal size of an off-grid SPV system. 
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Numerous intuitive approaches have been devised for the optimal sizing of standalone PV systems. 
Ahmad [23] introduced an intuitive method for determining the optimal size of the PV/battery configuration 
in standalone PV systems for remote residences in Egypt. The design process commenced with the 
calculation of the average daily load demand and solar radiation. Using straightforward mathematical 
equations, the dimensions of the PV array and storage battery capacity were determined. The selection of 
the battery charge controller and inverter was based on the extended lifespan and maximum anticipated 
power. However, the reliability level, which could result in over-or under-sizing of the design, was not 
considered in the sizing of the standalone PV system. Al-Salaymeh [24] conducted an optimal sizing study 
of a standalone PV system for residential buildings in Jordan using an intuitive method. This study utilized 
daily averages of meteorological and load demand data. The sizing process commenced with the calculation 
of the average daily load energy requirements, followed by the determination of the PV array size using 
peak sun hours (PHS). However, this study did not account for the technical and economic aspects of sizing 
the PV array and the storage battery, which could lead to oversizing. Furthermore, reliance on daily average 
data may yield inaccurate results, potentially compromising system reliability. Kaushika and Rai [25] 
introduced an intuitive method for determining the PV array and batteries in standalone PV system, 
specifically for certain regions in India. This method was utilized to develop an expert system that operates 
based on geographical coordinates. By using monthly average solar energy data alongside site coordinates, 
the system aims to optimize the tilt angle. However, this expert system may not match the efficiency of 
contemporary software tools that employ more precise optimization techniques. Furthermore, this method 
does not incorporate technical and economic considerations for sizing standalone PV systems. These 
reviews indicate that the intuitive method offers a simplified approach to calculating system components, 
particularly the size of an SPV system, without accounting for the stochastic nature of solar radiation, 
electricity consumption patterns, or interactions among subsystem components. This method is best suited 
for initial approximations or estimations of the system, although it may result in excess or insufficient solar 
energy production. 

Simulation-based methods, also known as numerical methods, are categorized into stochastic and 
deterministic approaches. These methods provide more precise and detailed sizing by simulating 
uncertainties related to variations in solar resources and load demands. In the stochastic approach, 
uncertainties are modelled using hourly demand and insolation data, whereas the deterministic approach 
uses daily averages for both demand and insolation data [9]. A review of the literature indicates that the 
numerical approach is more accurate than the intuitive method, as it incorporates system simulation and 
mathematical modeling for optimization rather than relying solely on rough estimates. 

In the analytical approach, simple mathematical equations are often used to determine the optimal size 
of an SPV system and battery storage based on reliability [22]. Nevertheless, the performance of the 
proposed system can be further assessed through computer simulations, which are conducted after deriving 
a simplified mathematical equation to ascertain the optimal values for the PV and battery [18]. Research 
indicates that computer simulation tools, such as the Hybrid Optimization of Multiple Energy Resources 
(HOMER) Pro software (version 3.18.4), are more effective in evaluating the performance of off-grid SPV 
systems [26]. This study examined the stochastic characteristics of electricity consumption patterns in the 
context of sizing off-grid SPV systems for residential applications. Previous studies have not adequately 
addressed the dynamic nature of residential load profiles in these regions. The stochastic nature of 
electricity consumption, characterized by hourly demand, renders the numerical method the most effective 
sizing technique for this design. Therefore, the sizing of an off-grid SPV system for a sustainable household 
power supply was conducted using a numerical method, which was verified using a computer program. 
This study contributes to existing knowledge by introducing a novel approach for the optimal sizing of off-
grid SPV systems. 
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3. Design Concept 

This study evaluated the feasibility of designing an off-grid SPV system for households in southeastern 
Nigeria. The primary objective was to appropriately size the PV/battery system components to meet 
household energy demand and establish a procedure for designing such a system. The development and 
design processes of the system included the following steps: 

 Identify the household’s energy service requirements. 
 Design an energy system that fulfills the household’s energy needs by accurately sizing each subsystem. 
 Utilize HOMER software to design the SPV system and calculate its life-cycle cost, operating cost, 

and levelized cost of electricity. 
 Provide useful information that could inform policy frameworks for installing SPV systems in Nigeria. 

3.1. Solar Energy Potential and Insolation 

Akpugo is located within Nkanu-West local government area of Enugu State, Nigeria. Akpugo, like all 
other Igbo clans, is situated in the savannah region of the former Eastern Nigeria, with coordinates spanning 
latitudes 6.20° to 6.25° N and longitudes 7.34° to 7.39° E. It is bordered to the north by Agbani, to the south 
by Emene, to the east by Ugwuaji, and to the west by Amagunze. The Akpugo community includes Oriemba, 
Ndiagu Akpugo, Onuafo, Akpawfu, and Ugwuafor [27]. The geographical and meteorological data for the 
solar system in Ndiagu Akpugo (Figure 1) were sourced from the NASA Surface Meteorology and Solar 
Energy (NASA-SSE) site database and compared with data generated from the HOMER software (Figure 
5). The meteorological data, which illustrate the average monthly solar irradiance used in this study, are 
shown in Figure 1. 

 

Figure 1. Monthly insolation in Ndiagu, Akpugo. 

  



Clean Energy Sustain. 2026, 4(4), 10023. doi:10.70322/ces.2026.10023  6 of 35 

 

Solar Resource Variation 

In the analysis of solar radiation variation, February was identified as the month with the highest solar 
exposure, characterized by a solar energy resource of 5.7 kWh/m2/day, as indicated in Figure 1. Conversely, 
August exhibited a lower solar energy resource of 3.9 kWh/m2/day. In August, the battery can provide 
compensation. From September to February, solar radiation progressively increased, with monthly 
increments of 0.28, 0.38, 0.54, 0.35, 0.22, and 0.06, respectively. In contrast, from March to August, solar 
radiation declined, with monthly decreases of 0.17, 0.32, 0.31, 0.4, 0.4, and 0.23, respectively. During these 
months, the battery can provide compensation. 

3.2. Off-Grid SPV System 

An off-grid SPV system comprises a PV module array, solar charge controller, battery bank, and 
inverter to convert the generated direct current (DC) into alternating current (AC) power. The sizing of this 
system was based on the daily energy loads and energy potential of the area. These parameters were used 
to ascertain the capacity and specifications of each component of the solar electric system. 

3.3. Energy Service Requirements of the Household 

Household energy demands are categorized into two types: residential load consumption, which refers 
to the daily load profile (primary load), and water pumping systems, which are classified as deferrable loads. 

3.3.1. Residential Load Consumption—Daily Load Profile 

Electricity is recognized as a powerful tool for improving living conditions through services such as 
lighting, heating, cooling, and production [13]. The residential load consumption of a household includes 
essential electrical devices such as light bulbs for lighting, ceiling fans, a television set, a decoder, a 
refrigerator, a deep freezer, and a water pump. The operation of these devices depends on the resident’s 
preferences and lifestyle. To determine the daily energy consumption pattern, the electrical requirements 
of the household were estimated. The power ratings of the appliances used each hour over a 24-h period 
were summed, and this total was converted into kilowatt-hours (kWh) by dividing by 1000. Table A1 in 
Appendix A and Figure 2 illustrate the daily load profile. 

 

Figure 2. Load profile of the house. 
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3.3.2. Water Pumping System—Deferrable Load 

Incorporating water pumping into the design accurately reflects residential energy consumption 
patterns. This household requires approximately 3.3 m3 of water daily and utilizes a borehole with a total 
differential head (TDH) of 90.6 m. Subsequently, the water demand was increased to 5.2 m3 per day to 
accommodate an additional 1.9 m3 intended for sale to water vendors. The water storage system comprised 
a plastic tank with a height of 2.5 m and a volume of 10 m3. With an irradiance of 3.9 kWh (Figure 1), a 
water flow rate of 2.6 m3 per hour was achieved. A submersible pump capable of lifting 10,000 litres of 
groundwater per day was found to require 1.094 kW (Figure 3). According to the water usage calculations, 
5.2 m3 of water will be produced daily, with 3.3 m3 allocated to the household and the remaining 1.9 m3 
designated for sale to water vendors. 

 

Figure 3. Pump performance curve for Grundfos 11 SQF–2 Solar Submersible System. 

Pump Sizing 

The duration (in hours) required for the pump to fill a 10 m3 water tank was determined by: 

Time (h) =
volume of water tank (mଷ)

water flow rate (mଷ/h)
=

10 mଷ

2.6 mଷ/h
= 3.9 h 

Therefore, the pump will require 3.9 h to fill the tank. 

Storage Capacity = time × rated power of the pump = 3.9 h × 1.094 kW = 4.267 kWh 

Subsequently, the time (h) required for the pump to fulfill the daily water requirement was determined by: 

Time (h) =
daily water requirement (mଷ)

water ϐlow rate (mଷ/h)
=

5.2 mଷ

2.6 mଷ/h
= 2 h 

The pump will require 2 h to meet the daily water requirement. 
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Daily Pump Load = time × rated power of the pump = 2 h × 1.094 kW = 2.188 kWh 

Pump Peak Load = rated power of the pump = 1.094 KW 

The Grundfos 11 SQF-2 solar submersible pump operates at a minimum of 8.4 A to serve the deferrable 
load, which corresponds to a 30 V DC bus with a minimum power of P୫୧୬ = 0.25 kW [28,29]. The 
minimum power required to serve the pump load is calculated as follows: 

Minimum Load Ratio (%) = ൤
minimum power of the pump

pump peak load
൨ × 100% = ൤

0.25

1.09
൨ × 100 = 22.94% 

3.4. Individual Sizing of Subsystems 

To enhance the flexibility of the system, each subsystem was independently sized. The subsystems of 
the off-grid SPV system were sized as follows: 

 The PV array subsystem serves as the generation unit. 
 The solar charge controller subsystem, which acts as the energy control unit, regulates the current and 

voltage flow into the battery and DC appliances. 
 The inverter subsystem functions as the electrical energy conversion and distribution unit for electrical 

loads. 
 The battery bank subsystem acts as a storage unit that stores the energy generated by the PV array. 

This sizing process considers factors such as the daily sun hours at the location, the system’s DC input 
voltage, the number of days the battery can supply power in the absence of solar radiation, the wattage of 
load devices along with their daily operation duration, and the specifications of the PV module, with the 
duration of their daily operation, and the PV module’s specifications. A series of design equations can be 
employed to manually design an SPV system. These equations were obtained from the literature [30]. 

3.4.1. Sizing of the PV Array System 

The total size of the PV array was determined by considering the total daily energy demand, the lowest 
irradiation value expressed in peak sun hours (PSH), and the losses incurred in each component of the 
standalone SPV system, including the charge controller, battery, and inverter, as illustrated in Equation (1). 
The total size of the PV array was calculated as follows: 

T୔୚ = ൥൤
AC୐୓୅ୈ

(PSH୪୭୵ୣୱ୲ × ηୡୡ × ηୠୟ୲୲ × η୧୬୴)
൨ + ൤

DC୐୓୅ୈ

(PSH୪୭୵ୣୱ୲ × ηୡୡ)
൨൩ × 1.25 (1)

∴ T୔୚ = ൥൤
20,954

(3.91 × 0.95 × 0.96 × 0.95)
൨ + ൤

2188

(3.91 × 0.95)
൨൩ × 1.25 = 8468.1 W 

where: 
T୔୚ is the total size of a PV array rated in Watt peak (Wp) 
AC୐୓୅ୈ is the total AC daily energy demand in Wh 
PSH୪୭୵ୣୱ୲ is the month with the lowest peak sun hours of the study location 
ηୡୡ is the efficiency of the charge controller 
ηୠୟ୲୲ is the efficiency of the battery 
η୧୬୴ is the efficiency of the inverter 
DC୐୓୅ୈ is the total DC daily energy demand in Wh 
1.25 is the safety factor 

A monocrystalline PV module with a peak power rating of 415 Wp was selected for the standalone 
SPV system. The module specifications are listed in Table 1. 
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Table 1. Topsun Monocrystalline Solar Module. 

Module Models TS-S415 
Maximum power point (P୫ୟ୶) 415 Wp 

Maximum power point voltage ൫V୫୮୮൯ 48.49 V 
Maximum power point current ൫I୫୮୮൯ 8.56 A 

Open circuit voltage (V୭ୡ) 60.45 V 
Short circuit current (Iୱୡ) 9.04 A 

Temperature coefficient (TCV୭ୡ) −0.33 %/°C 
Normal operating cell temperature (NOCT) 45 °C 

The total number of PV modules required to meet the energy demand was calculated by dividing the total 
capacity of the PV array by the maximum power output of the unit PV array, as expressed in Equation (2). 

TN୔୚ =
T୔୚

P୫ୟ୶

=
8468

415
= 20.4 ≈ 21 modules (2)

where: 
TN୔୚ is the total number of PV modules 
P୫ୟ୶ represents the maximum power output of the unit PV array. 

To identify the best PV string configuration for the system, it is essential to configure a series and 
parallel connection of modules that sum up to 21, while meeting the voltage criteria for a nominal 48 V 
battery bank. To achieve an even distribution of 21 solar panels in balanced configurations, a setup was 
chosen where each string contained an equal number of panels. Given that 21 is a composite number with 
distinct integer factors of 3 and 7, the array can be configured as either a high-voltage, low-current system 
(7 series × 3 parallel) or as a mid-voltage, high-current system (3 series × 7 parallel). The selected 
configuration was 3S7P, comprising three modules connected in series and seven strings in parallel. This 
decision was informed by the charge controller’s constraints, which include a maximum DC input voltage 
of 250 V and a maximum short-circuit current of 100 A. Table 2 presents the specifications for a 250 V/100 
A maximum power point tracking (MPPT) charge controller. Equation (3) was used to calculate the total 
voltage of the PV input series: 

SV୭ୡ = Nୱ × V୭ୡ = 3 × 60.45 V = 181.35 V (3)

Equation (4) is used to calculate the total current of the PV input in parallel: 

PIୱୡ = N୮ × Iୱୡ = 7 × 9.04 A = 63.28 A (4)

This configuration results in the V୫୮୮  of 145.47 V ൫3 × SV୫୮୮ = 3 × 48.49൯ and an open-circuit 
voltage of 181.35 V (3 × V୭ୡ = 3 × 60.45), offering a perfect voltage margin to safely and effectively 
charge a nominal 48 V battery bank using standard 250 V MPPT charge controllers, which are widely 
available. The open-circuit voltage of 181.35 V of the 3S7P array operates seamlessly with a 250 V 
controller. As solar panel voltages increase with decreasing ambient temperature, the 3S7P setup maintains 
a secure margin below 250 V during cold mornings. Furthermore, the I୫୮୮ was 59.92 A ൫7 × SI୫୮୮ =

7 × 8.56 A൯, and its short-circuit current was 63.28 A (7 × Iୱୡ = 7 × 9.04 A). With a very high current of 
63.28 A, this system is compatible with mid-voltage charge controllers rated at 250 V. 
Where: 
Nୗ represents the number of panels that must be connected in series 
SV୭ୡ denotes the series voltage 
V୭ୡ is the open circuit voltage 
SV୫୮୮ indicates the string operating voltage 
V୫୮୮ is the maximum power point voltage 
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N୔ refers to the number of panels that must be connected in parallel 
PIୱୡ is the parallel current 
Iୱୡ is the short circuit current 
SI୫୮୮ is the string operating current 
I୫୮୮ is the maximum power point current 

3.4.2. Sizing of Solar Charge Controller 

The primary function of a solar charge controller is to regulate the voltage and current from the PV 
panels to the battery, thereby preventing overcharging and prolonging the battery life. Table 2 lists the 
electrical specifications of the 250 V/100 A MPPT charge controller. 

Table 2. Electrical specifications of 250 V/100 A MPPT charge controller. 

Solar PV Input Specifications Battery Output Specifications 
Maximum open-circuit voltage (V୭ୡ): 250 V Nominal battery voltage: 48 V 
Maximum short-circuit current (Iୱୡ): 70 A Maximum charging current: 100 A 

To allocate the 21 modules among several standard MPPT charge controllers, seven parallel strings 
must be distributed evenly. Given that seven is a prime number, it is not feasible to divide a single 3S7P 
array into two equal sections. Consequently, two standard MPPT controllers were utilized, partitioning the 
array into 3S4P and 3S3P sub-arrays (Table 3). The use of two 250 V/100 A controllers (MPPT 1 and 2) 
ensures optimal voltage regulation and provides substantial system redundancy. Equation (5) is used to 
connect two MPPT configurations: 

TMୡ = [(3S × 4P) + (3S × 3P)] (5)

where TMୡ is the total PV modules connected. 

Table 3. Two-MPPT connection configuration 

Parameter MPPT 1 (3S4P Sub-Array) MPPT 2 (3S3P Sub-Array) 
Total Modules Connected 12 modules (3S × 4P) 9 modules (3S × 3P) 

Max PV Voltage (V୭ୡ) 181.35 V 181.35 V 
Total PV Input Current (Iୱୡ) 36.16 A (4 × 9.04 A) 27.12 A (3 × 9.04 A) 

3.4.3. Sizing of the Battery Bank 

The “days of autonomy” is a critical factor in determining the appropriate size of battery units, in 
conjunction with the nominal voltage and depth of discharge of the battery. Batteries play a vital role in 
storing the output power of PV arrays to satisfy power demands during nighttime or prolonged cloudy 
conditions. A three-day autonomy period was selected for the household off-grid power systems to ensure 
reliable backup during extended severe weather or low-solar events. The technical justification for selecting 
a three-day (72-h) autonomy period is to balance reliability against high equipment costs, as the household 
user cannot tolerate power losses. This system is intended for installation in southern Nigeria, where multi-
day weather anomalies occur, in contrast to the consistently sunny conditions in northern Nigeria. The 72-h 
autonomy period accommodates a complete human and electrical routine, encompassing overnight base loads, 
morning peaks, and daytime use without external supply or generation. The capacity of the battery bank, 
which specifies the size requirement based on the estimated usage, can be calculated using Equation (6): 

C୘,ୠୟ୲୲ = ቈ
(1.25 × AC୐୓୅ୈ)

(DOD × η୧୬୴ × Vୈେ)
቉ × n = ቈ

(1.25 × 20,954)

(0.80 × 0.95 × 48)
቉ × 3 = 2154.0 ≈ 2154 Ah (6)

where: 
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1.25 is the safety factor 
C୘,ୠୟ୲୲ is the total battery capacity in Ampere hours 
n is the number of autonomy days 
DOD is the depth of discharge of the battery; it indicates the maximum amount of charge that can be 
discharged from a battery 

A lithium iron phosphate battery with a nominal capacity of 400 Ah at 12 V was selected for the 
standalone SPV system. The specifications are listed in Table 4. 

Table 4. A standard 12 V 400 Ah lithium iron phosphate (LiFePO4) battery. 

Battery Type LiFePO4 (12 V, 400 Ah) 
Nominal capacity 400 Ah 
Nominal Voltage 12 V 

Cycle lifespan >3000 cycles @ 80% DOD 
Efficiency 96% 

Considering batteries of 400 Ah at 12 V, the number of batteries that must be connected in parallel can 
be calculated using Equation (7): 

N୔,ୠୟ୲୲ =
C୘,ୠୟ୲୲

C୙,ୠୟ୲୲

=
2154 Ah

400 Ah
= 5.385 ≈ 6 (7)

where: 
N୔,ୠୟ୲୲ is the number of batteries connected in parallel 
C୙,ୠୟ୲୲ is the capacity of a unit battery in Ampere hours 

The number of batteries that must be connected in series can be calculated using Equation (8): 

Nୗ,ୠୟ୲୲ =
Vୈେ

V୙,ୠୟ୲୲

=
48

12
= 4 (8)

where: 
Nୗ,ୠୟ୲୲ is the number of batteries connected in series 
V୙,ୠୟ୲୲ is the unit voltage of the battery selected 

The number of battery units required to meet the energy demand was determined using Equation (9): 

Nୠୟ୲୲ = N୔,ୠୟ୲୲ × Nୗ,ୠୟ୲୲ = 6 × 4 = 24 (9)

where: 
N୔,ୠୟ୲୲ is the number of batteries connected in parallel 
Nୠୟ୲୲ is the total number of batteries required 

The battery bank requires a 4-series, 6-parallel (4S6P) configuration using 24 batteries to achieve a 
total capacity of 2154 Ah at 48 V. A three-day (72 h) autonomy period for a household off-grid or backup 
solar system balances cost and reliability. 

3.4.4. Inverter Sizing 

PV modules generate power in the form of DC. To convert this DC electricity into AC electricity, an 
inverter system is required. Inverters are sized based on the power rating of AC loads, and their capacity 
must exceed the peak power demands of the loads. The inverter size can be determined using Equation (10). 

Iୗ = D୔,୪୭ୟୢ × 1.25 = 1318 × 1.25 = 1647.5 ≈ 1648 W (10)

where: 
Iୗ is the required inverter capacity 
D୔,୪୭ୟୢ is the daily peak load 
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The value of 1.25 represents the safety factor 
To account for the appliance startup currents, transient loads, and potential future load growth, the 

inverter was oversized by 25%. 

The new inverter requirement = 1648 × 1.25 = 2060 W 

Consequently, a 2.06 kW, 48 V inverter was deemed suitable for the system. 

Surge Capability Verification 

 Inverter Capacity: The selected inverter, rated at 2.06 kW (2060 W), consistently delivers 2060 W and 
can handle a peak surge of 4200 W (4.2 kW) for short durations. 

 Simultaneous Worst-Case Surge: In the event that both the refrigerator and freezer attempt to start at 
the exact same microsecond, the combined peak demand is 1800 W (900 W each). 

 Staggered Operation: When one appliance is operational and the other commences, the combined peak 
demand is 1200 W, consisting of 300 W for running and 900 W for starting. This peak remained well 
below the inverter’s continuous capacity of 2060 W. 

 Safety Margin: The total simultaneous startup demand of 1800 W represented only 43% of the 
inverter’s maximum surge capacity of 4200 W, thus maintaining a safe buffer of 2400 W to prevent 
low voltage trips or overloads. 

3.5. Sizing Procedure Based on Supply Reliability 

This study aimed to optimize the sizing of components within a PV-battery system by formulating 
equations that calculate the generation adequacy. These equations incorporate a reliability index to measure 
system reliability. One method for evaluating supply reliability is the LPSP. 

In this study, equations sourced from the literature [31] were utilized to develop a program capable of 
calculating the total energy generated by a PV array and determining the requisite number of batteries to 
achieve a specified LPSP. The battery charge efficiency was equated to the round-trip efficiency, and the 
discharge efficiency was set to 1. The inverter was rated according to the peak load demand, and a constant 
inverter efficiency was applied to reflect the average load demand. 

The total available energy generated Eୋ(t) by the PV array can be expressed as follows (Equation (11)): 

Eୋ(t) = ൫N୔୚ × E୔୚(t)൯ (11)

Here, N୔୚  represents the number of PV modules in a PV array, and E୔୚(t)  denotes the energy 
generated by a PV module (kWh). 

The generated power is subject to the following constraint expressed in Equation (12): 

Eୋ(t) ≥
E୐(t)

(η୧୬୴ × ηୠୟ୲)
 (12)

Given that the battery charge efficiency is equated to the round-trip efficiency and the discharge 
efficiency is set to 1, two scenarios were considered to determine the energy stored in the batteries at time, t. 

1. The batteries are charged with round-trip efficiency only when the energy generated from power 
sources, such as the PV array, exceeds the load demand. This scenario can be represented as follows 
(Equation (13)): 

E୆(t) = E୆(t − 1) ∙ (1 − σ) + ቆEୋ(t) −
E୐(t)

η୧୬୴

ቇ ∙ ηୠୟ୲୲,୧୬୴ (13)

2. Conversely, when the load demand surpasses the energy generated by the PV array, the batteries 
discharge the necessary amount to compensate for any deficits. This scenario can be represented as 
follows (Equation (14)): 
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E୆(t) = E୆(t − 1) ∙ (1 − σ) − ൭
E୐(t)

η୧୬୴

− Eୋ(t)൱ (14)

Here E୆(t) denotes the energy stored in the batteries at hour t (kWh), and E୆(t − 1) represents the 
energy stored in the previous hour (kWh), σ signifies the hourly self-discharge rate of the battery bank, 
E୐(t) indicates the load demand during hour t (kW), η୧୬୴ refers to the inverter efficiency, and ηୠୟ୲୲,୧୬୴ 
denotes the round-trip efficiency of the batteries. 

The energy stored in the batteries at any given hour t must adhere to the following constraint (Equation (15)): 

E୆୫୧୬ ≤ E୆(t) ≤ E୆୫ୟ୶ (15)

E୆୫୧୬  represents the minimum allowable energy of the battery (Wh) , and E୆୫ୟ୶  denotes the 
maximum allowable energy of the battery (Wh). 

When the energy generated and stored in the batteries is inadequate to satisfy the load demand at time t, 
the resulting deficit is termed the loss of power supply at time t and is expressed as follows (Equation (16)): 

LPS(t) = E୐(t) − (Eୋ(t) + E୆(t − 1) − E୆୫୧୬) ∙ η୧୬୴ (16)

In an ideal system in which the supply consistently meets the load, LPS(t) is zero. Conversely, in a 
system in which the load is never satisfied, LPS(t) equals a non-zero value. In this system-sizing program, 
the target LPS(t) was set to zero. 

The LPSP for a given period T is calculated as the ratio of the sum of all LPS values at specific times 
(t) to the sum of the load demand EL(t) at the same times (t). This relationship is mathematically expressed 
as follows (Equation (17)): 

LPSP =
∑ LPS(t)

∑ E୐(t) 
 (for t ≤ T) (17)

The corresponding flowchart is presented in Figure 4. 
This program was used to simulate the operation of a PV/battery system by conducting energy balance 

calculations for each hour over the course of a year. For each hour, the program evaluates the power 
generated in response to the electric load demand. It concurrently determines the charging and discharging 
strategies for the batteries. The logic used in this program was structured to adhere to the probability of loss 
of power supply. The LPSP calculation was performed in the MATLAB environment, and the results 
indicated that the system exhibited an LPSP of 0.0048%. 
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Figure 4. Flowchart for calculating the reliability of the power supply to the load. 

3.6. Description of How HOMER Software Models Uncertainty in Load and Solar Resource 

HOMER software facilitates the simulation of off-grid SPV systems by balancing hourly solar energy 
production, battery storage, and load requirements over an annual period to ascertain the most cost-effective 
configuration. In HOMER Pro, a stochastic approach is employed, which utilizes time-series data to model 
the inherent uncertainty and variability of solar resources and load demands [32]. This software 
incorporates stochastic parameters to simulate the variability of load and solar resources by utilizing 
autoregressive moving average (Graham algorithm) and normal (Gaussian) distribution algorithms. 
Specifically, in its synthetic approach, HOMER uses the Graham algorithm to generate an 8760-h dataset 
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that mirrors the autocorrelation of actual measured data, while the Gaussian probability distribution is 
applied to introduce day-to-day and time-step randomness to user-defined base profiles [33]. Consequently, 
HOMER uses user-defined percentages applied as noise to the baseline data to perform stochastic 
simulations. These percentages, input into the software, represent the standard deviations (time-step-to-
time-step and day-to-day variability), which HOMER uses to stochastically generate values during 
sequential calculations, primarily to model real-world uncertainties in solar resources and electrical loads. 

To address solar resource variability, HOMER applies the Graham algorithm to generate synthetic 
hourly solar data from monthly average input. This approach ensures that cloudy hours follow each other, 
thereby mimicking real-world weather patterns [34]. For load variability, HOMER incorporates a Gaussian 
probability distribution to introduce a stochastic noise component, accounting for both time-step-to-time-
step and day-to-day variability in synthetic daily load profiles, thus rendering the aggregate demand realistic. 
For aggregate rural residential or commercial loads, it is necessary to set the day-to-day and time-step load 
variability between 10% and 20% [35]. 

3.6.1. Simulation-Based Design of SPV System Using HOMER Software 

A simple model was developed using HOMER software to design and simulate an SPV system. This 
model facilitates the simulation of an off-grid SPV system aimed at providing sustainable energy to 
households. Meteorological inputs, including latitude and longitude, were obtained from a field study of 
the household’s geographical location, as shown in Figure 5. The primary load profile was configured to 
operate continuously for 24 h a day throughout the year, as detailed in Appendix A, which contains 
household load consumption data. The costs of key components, such as hardware, installation, and labour, 
as well as the interest and inflation rates for capital investments, were based on actual local market prices, 
as indicated in Appendix B. Data for each component, including capacity, search range, and costs (capital, 
replacement, and operation and maintenance), as outlined in Table 5, were input into the software. The 
optimization settings and economic assumptions are presented in Table 6. 

 

Figure 5. Solar radiation throughout the year. 
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Table 5. Component capacity, search ranges, and costs used in the simulation. 

Component Capacity 
Search Range 

** Capital Cost ** Replacement Cost O & M Cost 
Lower Upper 

PV 0.415 kW 0 11 N140,000.00 N135,500.00 N1000.00 
Battery 400 Ah, 12 V 0 9 N400,000.00 N390,000.00 N1000.00 

Converter 1 kW 0 4 N38,900.00 N38,900.00 N100.00 

** [36,37]. 

Table 6. Optimization settings and economic assumptions. 

Discount rate (%) 26.50 
Inflation rate (%) 15.90 

Project lifetime (year) 25.00 
Minutes per time-step 60 

Annual capacity shortage (%) 0.00 
Load in current time-step (%) 20 

Random variability: Day-to-day (%) 10 
Random variability: Time-step (%) 20 

PV derating factor (%) 90.00 
Converter Efficiency (%) 95.00 

Battery Minimum State of Charge (%) 20.00 
Controller Dispatch Strategy Load-following 

3.6.2. Stochastic Procedure 

This PV/battery system was designed to fulfill the energy requirements of rural residential areas by 
incorporating real-world environmental and behavioural uncertainties. Traditional deterministic models 
frequently underestimate the reliability of renewable sources due to their reliance on static average values. 
To overcome this limitation, the present study employed the HOMER optimization model to conduct 
chronological time-series simulations that incorporate robust stochastic procedures. In this context, the 
stochastic procedure refers to the method by which the HOMER software introduces and manages 
randomness in real-world variables during chronological simulations. To simulate realistic environmental 
volatility, the HOMER model applied the Graham algorithm to synthetic hourly solar data derived from 
monthly averages. This method preserves temporal autocorrelation, ensuring that consecutive cloudy hours 
accurately reflect natural weather persistence. Concurrently, human behavioural unpredictability and 
demand fluctuations were modeled by incorporating a Gaussian probability distribution into the load 
profiles. Stochastic noise parameters were configured with a 10% time-step and a 20% day-to-day standard 
deviation, thereby establishing a realistic aggregate demand profile that effectively captures both micro-
level appliance cycling and macro-level daily behavioural shifts. The incorporation of these variability 
percentages into the synthetic daily load profile led to modifications in the peak load, which increased from 
1.32 to 2.25, and in the load factor, which decreased from 0.66 to 0.39, as illustrated in Figures 6 and 7. 
The application of these integrated probabilistic distributions in the simulation effectively prevented the 
underestimation of peak demands and accounted for the inherent uncertainties associated with solar energy 
generation. The resulting 8760-h time-series data were exported and systematically analyzed in a 
spreadsheet to assess critical performance metrics, including true coincident peak demands, system capacity 
shortages, and battery throughput. This stochastic framework ultimately ensures that the proposed 
PV/battery system is appropriately sized, resilient to volatile load spikes, and optimized for long-term 
operational reliability. 
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Figure 6. Screenshot of electricity load demand for baseline data with 0% daily noise and 0% hourly noise. 

 

Figure 7. Screenshot of electricity load demand for baseline data with 10% daily noise and 20% hourly noise. 

In HOMER, water pumping is classified as a deferrable load, which is defined as an electrical load 
associated with storage that requires a specific amount of energy to operate within a designated time frame. To 
accurately model this scenario in HOMER, the following parameters were input into the model (Figure 8): 

1. The daily pumping load was 2.19 kWh. 
2. The energy required to fill the tank was 4.27 kWh. 
3. The peak load of the pump was 1.09 kW. 
4. The minimum power required to sustain the pump load was 22.94%. 
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Figure 8. Water pumping in HOMER: Deferrable load. 

The system architecture, depicted in Figure 9 and elaborated in Appendix C (Figures A1–A9), consists 
of a load-following controller, 24-unit 400 Ah batteries, 2.29 kW inverter, and 8.86 kW PV array. 

 

Figure 9. Schematic of the designed off-grid SPV system. 

Furthermore, a simulation of the diesel-battery system was conducted to facilitate a comparative 
analysis with the PV-battery system. 

3.6.3. Load Profile Justification and HOMER Simulation Reproducibility 

To develop the proposed standalone off-grid system, a bottom-up mathematical synthesis method was 
employed to generate an hourly load profile. This profile for household energy use was derived from a 
comprehensive list of typical domestic appliances, including their power ratings (W), daily usage periods, 
and an estimated coincidence factor. To reflect the randomness of human behaviour and the unpredictable 
patterns of residential energy use, parameters for synthetic variability were incorporated daily and at each 
timestep. This methodology ensures that the simulated power system experiences realistic operational 
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challenges, with transient peak demands that accurately determine the required surge capacities for the 
inverter and battery bank. 

To guarantee the precise reproducibility of the optimization outcomes, a synthetic load profile was 
integrated into HOMER Pro (version 3.18.4) using fixed random seeds and specific variability constraints. 
The baseline profile created had an average daily consumption of 20.95 kWh/day and a peak load of 2.25 
kW, resulting in a load factor of 0.39. Within the 8760-h simulation, stochastic variation was limited by 
setting day-to-day variability at 10% and timestep-to-timestep variability at 20%. The search space for the 
standalone system optimization was conducted using the HOMER Optimizer. Operating constraints were 
strictly adhered to, with a maximum annual capacity shortage of 0.00% and a minimum battery state-of-
charge (SoC) of 20%, which is typical for 12 V 400 Ah Li-ion chemistry. Renewable resource data were 
aligned chronologically using the NASA Prediction of Worldwide Energy Resources (POWER) database 
for a specific coordinate profile. 

4. Results and Discussions 

4.1. Technical Analysis 

Tables 7 and 8 present comprehensive data on the system components and electrical output, 
respectively, for the comparative study. The PV/battery system produced 5278 kWh of excess electricity 
annually. This surplus was due to the inclusion of stochastic variability in the model, which increased the 
peak demand. Furthermore, stochastic variability provides a more precise assessment of battery life and 
SPV system efficiency by necessitating simulations to manage fluctuating solar energy output and 
unpredictable loads. 

Table 7. Simulation Details of the PV System Compared with Diesel System Components. 

Quantity 
PV/Battery System Diesel/Battery System 

PV Inverter Battery Diesel Inverter Rectifier Battery 
Capacity (kW) 8.86 2.29 ** 400 2.70 2.17 2.17 ** 400 

Mean Output (kW) 1.64 0.873  2.70 0.491 0.629  
Capacity Factor (%) 18.5 38.1  38.7 22.7 29.0  

Hours of Operation (h/yr.) 4380 8759  3389 5372 3388  
Number of Starts (Starts/yr)    466    

Fuel Consumption (L)    2670    
Operational Life (yr.) 25.0 15.0 15.0 4.43   4.43 

Number of Batteries (Qty.)   24.0    4.00 
Batteries in Series (Qty.)   4.00    4.00 

Batteries in Parallel (Qty.)   6.00    1.00 
Nominal Voltage (V)   48.0    48.0 

Autonomy (h)   95.6    15.9 
Usable Capacity (kWh)   92.2    15.4 

Energy In (kWh/yr.)  8047 5371  4531 5803 4715 
Energy Out (kWh/yr.)  7645 5165  4304 5513 4532 

Losses (kWh/yr.)  402 215  227 290 189 
Annual Throughput (kWh/yr.)   5271    4625 
Lifetime Throughput (kWh)   79,067    20,480 

** The battery capacity value of 400 Ah is for the single battery. 

  



Clean Energy Sustain. 2026, 4(4), 10023. doi:10.70322/ces.2026.10023  20 of 35 

 

Table 8. Simulation details of electrical production and consumption. 

Quantity 
PV System Diesel System 

kWh/yr % kWh/yr % 
AC Primary Load 7645 90.6 7647 90.5 
Deferrable Load 798 9.40 798 9.5 
Total Load Met 8443 100 8445 100 

Renewable Fraction  100  0 
Energy Production 14,329  9146  
Excess Electricity 5278 36.8 0 0 

Unmet Load 2.15 0.0255 0 0 
Capacity Shortage 8.19 0.0970 0 0 

4.1.1. Sensitivity Analysis on the Effect of Changes in Solar Irradiance and Load Growth on System 
Performance and Economics 

A comprehensive sensitivity analysis involving multiple variables was performed to assess the 
robustness and reliability of the technical evaluations and examine the financial profile of the project. By 
systematically comparing three levels of solar irradiance with three levels of load growth, a matrix of nine 
operational scenarios was developed. This approach with multiple variables illustrates how variations in 
external factors lead to physical changes in system size and affect the lifecycle costs. The results of the 
sensitivity analysis, as presented in Table 9, indicate that an increase in solar irradiance from a baseline of 
4.93 kWh/m2/d to 5.93 kWh/m2/d, while maintaining a constant load of 21.0 kWh/d, leads HOMER to 
reduce the PV array size by 1.55 Kw due to the enhanced yield per panel. Notably, the battery bank 
remained unchanged at 24 units, suggesting that this number is the optimal threshold necessary to support 
nighttime loads for a demand of 21 kWh/day, irrespective of the daytime surplus. The inverter size 
experienced a slight increase from 2.29 kW to 2.52 kW. Although the total PV capacity was reduced, the 
peak hourly power demands resulting from the higher solar irradiance of 5.93 kWh/m2/d necessitated a 
marginally larger inverter to accommodate the increased daytime power without causing bottlenecks. As 
each panel produced more power, the system reduced its PV capacity, thereby lowering the initial capital 
expenditure. This adjustment resulted in a 3.3% decrease in the total NPC, a 3.6% reduction in the LCOE, 
and a 1.29% decrease in annual operating costs. The unmet load increased marginally from 2.15 to 3.21 
kWh per year. Given a total annual load of 7665 kWh, a 3.21 kWh shortfall is statistically negligible, 
ensuring the system achieves a 99.96% reliability rate. Clipped energy decreased by 5.7% (from 5278 to 
4975 kWh per year), despite the more intense solar resource, indicating a highly optimized system. The 
reduction in the PV array size resulted in less excess power being wasted. 

Reducing solar irradiance (SI) by 20% from 4.93 to 3.93 kWh/m2/d, while maintaining a constant daily 
load of 21 kWh/d, necessitated a substantial increase in system hardware to satisfy demand, thereby 
elevating both capital and operational expenditure. HOMER incorporated an additional 1.54 kW of PV 
modules, four battery units, and an enlarged 2.51 kW inverter to ensure that the system could meet the 21 
kWh/d load requirement under suboptimal weather conditions. The system experienced reduced energy 
wastage due to diminished peak sunlight, which limited the excess energy that could not be stored in the 
batteries. The unmet load increased from 2.15 to 4.67 kWh/yr, indicating a slight decline in system 
reliability. Consequently, the requirement for larger components resulted in a 17% increase in the NPC, a 
16.8% increase in the LCOE, and a 16.7% increase in the operating costs. 

With an increase in LG of 4.8% (from 21.0 to 22.0 kWh/d) while maintaining a constant solar 
irradiance of 4.93 kWh/m2/d, the HOMER model opted to incorporate an additional 0.68 kW of PV capacity 
and significantly enlarge the inverter to 2.67 kW, representing a 16.6% increase. This adjustment enabled 
the system to harness and process a greater amount of peak daytime power to meet the elevated demand 
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directly. Notably, the battery bank remained unchanged at 24 units, suggesting that the existing battery 
storage capacity was sufficiently robust to accommodate the overnight segment of the additional 1 kWh/d 
demand, assuming adequate daytime solar generation to maintain the charge. The clipped energy 
experienced a 13.4% increase, which is a consequence of oversizing the solar array; during peak sunlight 
hours, when the 24 batteries are fully charged, the expanded 9.54 kW array resulted in a higher amount of 
unused power. Consequently, unmet load increased to 4.67 kWh/yr. With a total annual load of 8030 kWh 
(22 kWh/d × 365), this reflects an exceptionally high reliability rate of 99.94%. This optimization strategy 
resulted in a 2.0% increase in the NPC but achieved a 2.5% reduction in the LCOE due to better utilization 
of the generated solar power. 

Reducing LG by 4.8% (from 21.0 to 20.0 kWh/d) while maintaining a constant solar irradiance of 4.93 
kWh/m2/d leads HOMER to increase the PV capacity by 1.1 kW and expand the inverter by 0.28 kW, while 
significantly decreasing the system’s battery storage by four units. This structural adjustment results in a 
10.5% reduction in the NPC but a 6.4% increase in the LCOE, primarily due to a substantial increase in 
energy wastage (clipped energy). This unexpected outcome exemplifies one of the intriguing behaviours of 
the HOMER Pro optimization engine. The engine determines that it is more economically advantageous to 
overproduce energy during the day, leading to a substantial 40.4% increase in clipped energy (7411 kWh/yr) 
and discard it rather than incur the cost of storing it. HOMER determined that for a slightly reduced load 
of 20 kWh/d, it is more cost-effective to significantly reduce the battery bank from 24 to 20 units. 
Considering the high cost of batteries, this adjustment results in substantial capital savings. To compensate 
for the reduced storage capacity during nighttime, HOMER incorporates an additional 1.07 kw of PV 
capacity to directly power the load during the day and expedite the charging of the smaller battery bank. 
Due to the PV array being oversized by 12.1% and the battery storage being downsized by 16.7%, the 
system experiences a significant 40.4% increase in clipped energy. Consequently, the system often 
generates more daytime power than the smaller battery bank can accommodate, resulting in 7411 kWh/yr 
of discarded electricity. The unmet load more than doubled to 5.46 kWh per year, indicating a slight 
compromise in system reliability in favour of substantial capital savings. Despite this, the system maintains 
an impressive reliability rate of 99.93% out of an annual demand of 7300 kWh (calculated as 20 kWh per 
day × 365 days). The energy cost decreased to 174.91 ₦/kWh attributed to the significant reduction in 
battery capital expenditure. However, the substantial amount of clipped energy affects the economic 
efficiency per kilowatt-hour actually utilized. 

When solar irradiance decreased while the load increased, it led to a rise in the PV array capacity to 
10.5 kW and the addition of 32 battery units, resulting in the highest LCOE of ₦233.13/kWh and a peak 
NPC of ₦19.9 million. Conversely, when the solar input increases and the load decreases, a smaller battery 
bank can be utilized. These results suggest that the system design approach can be modified for use in other 
parts of Nigeria or in developing countries with varying climatic conditions and load requirements. 

Table 9. Results of the sensitivity analysis on the effect of changes in solar irradiance and load growth on system performance 
and economics. 

Sensitivity 

Analysis 

Solar 

Irradiance 

[SI]—

(kWh/m2/d)  

Load 

Growth 

[LG]—

(kWh/d) 

PV 

415 

(kW) 

Battery 

(Units) 

Inverter 

(kW) 

Capacity 

Shortage 

(kWh/yr) 

Clipped 

Energy 

(kWh/yr) 

Unmet 

Load 

(kWh/yr) 

Total 

NPC 

(Million 

N) 

LCOE 

(N/kWh) 

Operating 

Cost (N/yr) 

Baseline 4.93 21.0 8.86 24 2.29 8.19 5278 2.15 15.3 186.81 271,110 

SI Lowered 3.93 21.0 10.4 28 2.51 8.09 4366 4.67 17.9 218.22 316,305 

SI Increased 5.93 21.0 7.31 24 2.52 8.29 4975 3.21 14.8 180.15 267,612 

SI and LG 

Lowered 
3.93 20.0 10.3 24 2.93 7.97 4614 4.41 15.9 202.30 275,220 

LG Lowered 4.93 20.0 9.93 20 2.57 8.06 7411 5.46 13.7 174.91 232,740 
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SI Increased 

and LG 

Lowered 

5.93 20.0 8.27 20 2.46 8.04 7221 5.36 13.1 167.22 228,641 

SI Lowered 

and LG 

Increased 

3.93 22.0 10.5 32 2.63 8.48 4120 4.91 19.9 233.13 357,931 

LG Increased 4.93 22.0 9.54 24 2.67 8.76 5984 4.67 15.6 182.19 273,131 

LG and SI 

Increased 
5.93 22.0 7.95 24 2.51 8.55 5801 4.34 15.0 175.38 269,131 

4.1.2. Sensitivity Analysis of the Impact of Component Efficiency Variations on System Performance and 
Economics 

An extensive sensitivity analysis was performed to assess how changes in PV derating factors (ranging 
from 85.0% to 95.0%) and inverter efficiencies (spanning 90.0% to 98.0%) affect both the technical and 
economic aspects of the baseline system configuration. The baseline setup, featuring a PV derating factor 
of 90.0% and an inverter efficiency of 95.0%, yielded a total NPC of ₦15.3M, LCOE of ₦186.81/kWh, 
and an annual operating cost of ₦271,110, supported by an 8.86 kW PV array and a battery bank consisting 
of 24 units. The results of the sensitivity analysis are presented in Table 10. 

Decreasing the PV derating factor while maintaining the inverter efficiency at a constant 95% 
necessitated the expansion of the system’s generation and conversion capacities. Consequently, the PV 
array size increased from 8.86 kW to 9.32 kW, and the inverter capacity significantly increased from 2.29 
kW to 3.03 kW to accommodate the adjusted peak outputs. The battery storage was constant at 24 units. 
Despite the enlarged PV and inverter configuration, the unmet load experienced a slight increase from 
0.0255% to 0.0369%. Nevertheless, the increased inverter capacity effectively reduced clipped energy 
marginally, from 36.8% to 36.4%, and enhanced the overall capacity shortage risks. This expanded system 
architecture led to increases in all financial metrics. The total NPC increased by ₦200,000, rising from 
₦15.3 million to ₦15.5 million, whereas the LCOE increased by ₦2.48/kWh, from ₦186.81 to ₦189.29. 
Additionally, annual operating costs experienced a slight increase of ₦1864. 

By increasing the PV derating factor from 90% to 95% while maintaining the inverter efficiency at its 
baseline value of 95.0%, HOMER Pro effectively reduced the PV array size by 5.87%, decreasing from 
8.86 kW to 8.34 kW, while continuing to satisfy the primary load requirements. Although the total installed 
PV capacity was reduced, the enhanced efficiency resulted in a greater peak DC output during peak sunlight 
hours. To accommodate this concentrated energy without excessive throttling, HOMER increased the 
inverter capacity by 10.04%, from 2.29 kW to 2.52 kW. This modification decreased the clipped energy 
from 36.8% to 36.4%. The battery count was constant at 24 units. The capacity shortage remained nearly 
unchanged at 0.0969%, although the system accepted a slight increase in unmet load to 0.0369% to achieve 
overall hardware cost reductions. Improved panel performance resulted in a reduction in overall project 
costs, with the NPC decreasing by ₦200,000 to ₦15.1 million and the LCOE decreasing by ₦2.14 per kWh, 
from ₦186.81 to ₦184.67. The annual operating costs also showed a minor decline of ₦1022. 

Reducing the inverter efficiency from 95.0% to 90.0% while maintaining the PV derating factor at its 
baseline value of 90.0% results in a 5% increase in energy loss during the DC-to-AC conversion process. To 
compensate, HOMER Pro expands the PV array by 8.92%, increasing its capacity from 8.86 kW to 9.65 kW, 
to supply more power to the system. Consequently, the inverter capacity is scaled up by 14.41%, reaching 
2.62 kW, to accommodate the larger PV volume. However, due to the reduced efficiency of the inverter, a 
substantial portion of this energy cannot be safely or efficiently converted, leading to an increase in clipped 
energy to 39.1%. The battery bank remained constant at 24 units. Although the risk of capacity shortage 
decreased slightly to 0.0945%, the system’s actual delivery performance declined significantly, with the 
unmet load more than doubling from 0.0255% to 0.0550%. The necessity for larger hardware increases all 
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financial metrics. The total NPC rose by ₦300,000, reaching ₦15.6 million, while the LCOE increased by 
₦3.74 per kWh, from ₦186.81 to ₦190.55. Additionally, operating costs escalated by ₦2251 annually. 

Enhancing the inverter efficiency from 95.0% to 98.0%, while maintaining the PV derating factor at a 
constant baseline of 90.0%, resulted in significant system improvement. The inverter’s ability to recover 
3% of the power previously lost as heat during the DC-to-AC conversion process allowed HOMER Pro 
optimization to reduce the required PV array size by 4.63%, from 8.86 kW to 8.45 kW. The inverter capacity 
was incrementally increased to 2.37 kW, a 3.49% increase, to effectively manage the enhanced energy 
throughput. This optimization, coupled with a reduced solar size, substantially decreased power wastage, 
lowering the clipped energy by 35.6%, with a total reduction of 1.2%. The structural integrity of the system 
was preserved using 24 battery units. The capacity shortage experienced a slight decrease to 0.0962%, while 
the unmet load marginally increased from 0.0255% to 0.0287%, representing a negligible compromise for 
the hardware efficiency gains. The NPC decreased by ₦100,000, falling to ₦15.2 million, and the LCOE 
decreased by ₦1.75/kWh, reaching ₦185.06/kWh. The annual operating costs also decreased by ₦900. 

When the PV derating factor increased to 95.0%, indicating minimal environmental losses, and the 
inverter efficiency reached 98.0%, HOMER adjusted the storage architecture by reducing the battery bank 
from 24 to 20 units. Due to the high efficiency of generation and conversion, the system became less 
dependent on substantial chemical storage for energy delivery stabilization. With reduced storage costs, 
HOMER rebalanced the PV/battery system towards active generation, resulting in a 10.84% expansion of 
the PV array to 9.82 kW and an increase in inverter capacity to 2.72 kW. The reduction in the battery units 
led to significant life-cycle savings. The total NPC decreased by ₦1.6 million, reaching ₦13.7 million, 
while the LCOE declined by 10.63% to ₦166.95 per kWh. Additionally, the annual operating costs were 
reduced by ₦38,477. To realize these substantial financial savings, the system design accommodated 
increased volatility. The proportion of clipped energy increased to 47.6% due to the substantial output of 
the solar array, and the unmet load increased to 0.0676% due to a slightly reduced battery bank capacity. 

Two behaviours were observed: first, increased PVD and IE led to the use of smaller batteries but larger 
PV arrays, and second, increased PVD alone necessitated larger inverters. These unexpected optimization 
outcomes often occur because the software identifies cost-effective combinations within specific search 
spaces, focusing on minimizing total NPC rather than strictly following linear physical scaling. 

In conclusion, the sensitivity analysis demonstrated that the economic and technical viability of the 
PV/battery system is highly sensitive to variations in PV derating and inverter efficiency. Concurrently 
optimizing both parameters yields the most cost-effective configuration while simultaneously optimizing 
the component size. However, when these efficiency metrics decline, the system is compelled to increase 
its PV and inverter capacities to offset performance reductions, leading to higher overall capital and annual 
operating costs. In the context of Nigeria’s energy sector, these results have important implications for 
investments and policies. From a financial perspective, the project’s baseline LCOE of 186.81 ₦/kWh 
remains competitive compared to the increasing operational costs of conventional diesel generation, which 
have worsened by the removal of fuel subsidies. However, specific policy measures are necessary to 
maintain the long-term commercial viability of developers. The Standard Organisation of Nigeria (SON) 
and the Nigerian Electricity Regulatory Commission (NERC) need to enforce stringent quality standards 
on imported solar components to avoid the use of substandard equipment that could significantly degrade 
system performance. Furthermore, the Federal Government should enhance fiscal incentives, such as duty 
exemptions for high-efficiency inverters and advanced battery technologies, to reduce the total upfront NPC. 
These strategies will reduce investment risks, accelerate capital recovery for private developers, and offer 
rural communities more cost-effective and sustainable PV/battery systems. 
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Table 10. Results of the sensitivity analysis on the effect of changes in component efficiencies on system performance and 
economics. 

Sensitivity 

Analysis 

PV 

Derating 

[PVD] (%) 

Inverter 

Efficiency 

[IE] (%) 

PV 

415 

(kW) 

Battery 

(Units) 

Inverter 

(kW) 

Capacity 

Shortage 

(%) 

Clipped 

Energy 

(%) 

Unmet 

Load 

(%) 

Total NPC 

(Million N) 

LCOE 

(N/kWh) 

Operating 

Cost (N/yr) 

Baseline 90.0 95.0 8.86 24 2.29 0.0970 36.8 0.0255 15.3M 186.81 271,110 

PVD Lowered 85.0 95.0 9.32 24 3.03 0.0942 36.4 0.0369 15.5M 189.29 272,974 

PVD Increased 95.0 95.0 8.34 24 2.52 0.0969 36.4 0.0369 15.1M 184.67 270,088 

PVD and IE 

Lowered 
85.0 90.0 10.2 24 2.55 0.0946 39.1 0.0549 15.8M 193.01 274,657 

IE (declined) 90.0 90.0 9.65 24 2.62 0.0945 39.1 0.0550 15.6M 190.55 273,361 

PVD Increased 

and IE 

Lowered 

95.0 90.0 9.13 24 3.18 0.0995 39.0 0.0556 15.5M 188.60 272,687 

PVD Lowered 

and IE 

Increased 

85.0 98.0 8.96 24 2.32 0.0963 35.7 0.0233 15.3M 187.26 271,380 

IE Increased 90.0 98.0 8.45 24 2.37 0.0962 35.6 0.0287 15.2M 185.06 270,210 

PVD and IE 

Increased 
95.0 98.0 9.82 20 2.72 0.0999 47.6 0.0676 13.7M 166.95 232,633 

4.2. Comparison of Manual Calculations and Simulation 

The manually calculated LPSP was 0.0048%, whereas the simulation produced a result of 0.0255%. 
The manual calculations recommended a PV capacity of 8.47 kW, along with 24-unit 400 Ah batteries and 
a 2.06 kW inverter. In contrast, the simulation proposed a PV capacity of 8.86 kW, keeping the battery 
count unchanged but using a 2.29 kW inverter. It is noteworthy that the manually determined sizes for the 
PV system and inverter (8.47 kW and 2.06 kW, respectively) differed from those suggested by the HOMER 
simulation, which were 8.86 kW for the PV system and 2.29 kW for the inverter. This discrepancy is due 
to variations in peak load: manual calculations yielded 1.32 kW, while simulations showed 2.25 kW. This 
variation is attributed to the simulation’s inclusion of a 10% standard deviation for daily noise and a 20% 
standard deviation for hourly noise, which requires larger inverter and PV system sizes. Moreover, the 
synthetic hourly solar data, based on the provided monthly averages, improved energy production, resulting 
in excess electricity generation. 

4.3. Economic Cost of PV/Battery System 

The economic cost of the designed energy system comprises the calculated system operating cost, life 
cycle cost, and levelized cost of electricity. The simulation results showed that the levelized cost of 
electricity for the designed system was ₦186.81 Nigerian naira (NGN), which is the average cost per kWh 
of the electrical energy produced by the system. 

4.3.1. System’s Operating Cost 

The operating cost of an energy system is defined as the annualized value of all expenses and revenues, 
excluding the initial capital cost. From the simulation results shown in Figure 10, the operating cost was 
calculated as: 

Operating Cost = Total annualized cost − Capital annualized cost 
= ₦ 1,577,098.80 − ₦ 1,305,988.56 = ₦ 271,110.24 
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Figure 10. Annualized cost of the system. 

4.3.2. System’s Life-Cycle Cost 

The life-cycle cost of an off-grid SPV system is the total expense incurred throughout its lifespan. This 
includes the initial capital investment, which covers the purchase and installation of PV modules, batteries, 
charge controllers, and inverters, as well as maintenance, battery and inverter replacement, and 
transportation costs [38]. According to HOMER, the life-cycle cost is defined as the present value of all 
expenses associated with installing and operating the system over its project lifetime, minus the present 
value of all revenues generated during the same period. 

From the simulation results shown in Figure 11, the life cycle cost was calculated as: 
Life − Cycle Cost = (Capital + Replacement + O&M) − Salvage 

= (₦ 12,678,082.55 + ₦ 2,542,638.32 + ₦ 442,463.91) − ₦ 353,258.35 = ₦ 15,309,926.43 

 

Figure 11. Net present cost (life cycle cost) of the system. 
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4.4. Compare Economics 

Figure 12 shows that the capital expenditure for the proposed solar PV/battery system was five times 
that of the conventional diesel/battery system. In terms of replacement costs, the diesel system required 
N4,067,373.80 for component replacements throughout its lifespan, which exceeded the cost of the PV 
system by N1.52 million, with the latter costing N2,542,638.32. This indicates that diesel generators 
undergo degradation and require overhauls or complete replacements more frequently than solar inverters 
and batteries. Regarding operations and maintenance (O&M) expenses, the PV system incurred routine 
O&M costs that were 3.7 times higher (N442,463.91) than the diesel system (N120,879.10). This disparity 
is typical because extensive solar/battery arrays require ongoing panel cleaning, thermal management, and 
electrical inspections. Moreover, the diesel system’s O&M cost appeared deceptively low at N120,879.10, 
as significant mechanical overhauls were classified under “Replacement” costs rather than standard routine 
maintenance. However, the minor additional cost was completely eclipsed by the fuel savings. Fuel costs 
alone accounted for 88.92% of the total lifetime cost of the diesel system. The PV system offered a salvage 
value of N353,258.35, which exceeded the diesel system’s residual asset value of N91,788.29 by 
N261,470.06. As depicted in Figure 13, the diesel system’s operational costs were a staggering 
N51,951,907.18 (covering fuel and O&M), whereas the PV system’s expenses were merely N442,463.91. 
Furthermore, the total NPC presented in Figure 13 indicates that the PV/battery system is significantly more 
cost-effective, delivering substantial lifecycle savings of N42,978,199.59 throughout the project duration 
compared with the diesel/battery system. This 25-year project featured an internal rate of return of 58% and 
a simple payback period of 1.7 years (i.e., 20 months). The levelized cost of electricity for the designed 
PV/battery system was ₦186.81/kWh, whereas that of the diesel/battery system was ₦710.99/kWh, as 
shown in Figure 13. 

 

Figure 12. Comparison of the economics of PV system and diesel system. 
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Figure 13. Comparison of the cost summary of the PV system and diesel system. 

5. Conclusions 

This study employed mathematical calculations to design battery storage and SPV arrays. The sizing 
of the PV array and battery storage was also performed using HOMER software, and the results were 
compared to ensure methodological consistency. The designed system met nearly all the daily electricity 
consumption of 23.14 kWh for a residential home by employing specific parameters: PV peak power of 
8.47 kW, nominal voltage of 48 V, battery capacity of 24-unit 400 Ah batteries, charge controller capacity 
of 250 V/100 A, and inverter system size of 2.06 kW. In the HOMER simulation, the system architecture 
comprised 8.86 kW of PV, 24-unit 400 Ah batteries, a 2.29 kW inverter, and a load-following controller, 
collectively fulfilling the 23.14 kWh daily electricity requirement of the residential home. The manually 
calculated sizes for the PV and inverter, which were 8.47 kW and 2.06 kW, respectively, differed from the 
8.86 kW PV and 2.29 kW inverter sizes determined by the HOMER simulation. This discrepancy is due to 
variations in peak load, with the manual calculation indicating a peak load of 1.32 kW, whereas the 
simulation showed 2.25 kW. These differences resulted from the incorporation of a 10% standard deviation 
in daily noise and a 20% standard deviation in hourly noise. The cost-optimal configuration resulted in a 
total NPC of ₦15,309,926.43 and LCOE of ₦186.81/kWh, necessitating an initial capital investment of 
₦12,678,082.55. Regarding reliability, the system fulfilled nearly all annual demand, demonstrating a 
notably low unmet load fraction of 0.0255% and a total capacity shortage of 0.097%. Seasonal variations 
in solar irradiance led to an annual excess energy fraction of 36.8%, indicating potential for future 
integration of secondary dump loads or thermal storage. A sensitivity analysis was conducted to assess the 
impact of changes in solar irradiance and load growth on system performance. The results showed that the 
designed system methodology can be generalized to other regions of Nigeria, accommodating different 
climatic conditions and load profiles. The findings of this study could assist the Energy Commission of 
Nigeria (ECN) in formulating policies to prevent failures in off-grid SPV systems. 
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Appendix A 

Table A1. Household Load Consumption Data. 

Time 

(Hour) 

PARLOUR KITCHEN PASSAGE 
SECURITY/BALCO

NY 
ROOM 1 

CHILDREN’S 

ROOM 
ROOM 2 ROOM 3 

TOILET & 

BATHROO

M 

GRAND 

TOTAL 

40 W 

Bulb 

(2) 

Ceilin

g Fan 

(4) 

TV Set 

(1) 

Decode

r (1) 

Total 

(Watts) 

18 W 

Bulb 

(1) 

Refrigerat

or (1) 

Total 

(Watts) 

Deep 

Freezer 

(1) 

18 W 

Bulb 

(1) 

Total 

(Watts) 

Securit

y Light 

(6) 

18 W 

Bulb 

(1) 

Total 

(Watts) 

18 W 

Bulb 

(1) 

Ceilin

g Fan 

(1) 

Total 

(Watts) 

18 W 

Bulb 

(1) 

Ceilin

g Fan 

(1) 

Total 

(Watts) 

18 W 

Bulb 

(1) 

Ceilin

g Fan 

(1) 

Total 

(Watts) 

18 W 

Bulb 

(1) 

Ceilin

g Fan 

(1) 

Total 

(Watts) 

18 W 

Bulb 

(2) 

Total 

(Watts) 

Overall 

Total 

(Watts-

hr) 

0:00–1:00 
      

300 300 300 
 

300 108 
 

108 
 

55 55 18  18 
 

55 55 
 

55 55 
  

891 

1:00–2:00 
      

300 300 300 
 

300 108 
 

108 
 

55 55 18  18 
 

55 55 
 

55 55 
  

891 

2:00–3:00 
      

300 300 300 
 

300 108 
 

108 
 

55 55 18  18 
 

55 55 
 

55 55 
  

891 

3:00–4:00 
      

300 300 300 
 

300 108 
 

108 
 

55 55 18  18 
 

55 55 
 

55 55 
  

891 

4:00–5:00 
      

300 300 300 
 

300 108 
 

108 
 

55 55 18  18 
 

55 55 
 

55 55   891 

5:00–6:00 80 
   

80 
 

300 300 300 
 

300 108 
 

108 18 55 73 18 55 73 18 55 73 18 55 73 36 36 1116 

6:00–7:00 80 
   

80 
 

300 300 300 
 

300 108 
 

108 18 55 73 18 55 73 18 55 73 18 55 73 36 36 1116 

7:00–8:00 
      

300 300 300 
 

300  
              

  600 

8:00–9:00 
  

90 21 111 
 

300 300 300 
 

300  
              

  711 

9:00–10:00 
  

90 21 111 
 

300 300 300 
 

300  
                

711 

10:00–

11:00 

  
90 21 111 

 
300 300 300 

 
300  

 
 

              
711 

11:00–

12:00 

  
90 21 111 

 
300 300 300 

 
300  

 
 

              
711 

12:00–

13:00 

  
90 21 111 

 
300 300 300 

 
300  

 
 

              
711 

13:00–

14:00 

  
90 21 111 

 
300 300 300 

 
300  

                
711 

14:00–

15:00 

  
90 21 111 

 
300 300 300 

 
300  

                
711 

15:00–

16:00 

      
300 300 300 

 
300  

                
600 
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16:00–

17:00 

      
300 300 300 

 
300  

                
600 

17:00–

18:00 

      
300 300 300 

 
300  

                
600 

18:00–

19:00 
80 220 90 21 411 18 300 318 300 18 318 108 

 
108 

            
36 36 1191 

19:00–

20:00 
80 220 90 21 411 18 300 318 300 18 318 108 18 126 

            
36 36 1209 

20:00–

21:00 
80 220 90 21 411 18 300 318 300 18 318 108 18 126 

   
18 55 73 18  18 18  18 36 36 1318 

21:00–

22:00 
80 220 90 21 411 18 300 318 300 18 318 108 18 126 

   
18 55 73 18  18 18  18 36 36 1318 

22:00–

23:00 

      
300 300 300 

 
300 108 

 
108 18 55 73 18  18 

 
55 55 

 
55 55 36 36 945 

23:00–

24:00 

      
300 300 300 

 
300 108 

 
108 18 55 73 18  18 

 
55 55 

 
55 55 

  
909 

Total 480 880 990 231 2581 72 7200 7272 7200 72 7272 1404 54 1458 72 495 567 198 220 418 72 495 567 72 495 567 252 252 20,954 
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Appendix B. Cost of Key Components (Including Hardware, Installation and Labour), Interest 
Rate and Inflation Rate for Capital Investments 

Appendix B.1. PV System Cost 

The cost of PV panels in the Nigerian market was estimated at ₦135,500.00 Nigerian naira (NGN), as 
reported by Nigerian suppliers for a module with dimensions of 1940 × 1048 × 35 mm (67.8 × 44.6 × 1.2 
inches) and a peak power of output of 415 watts (Wp DC) under controlled conditions [36,37]. Expert 
opinion suggests an upward adjustment to ₦140,000.00 NGN to account for other support components, 
collectively known as balance of system (BOS) parts. These components include cables, a charge controller, 
lightning protection, and costs associated with delivery, labour, and installation. 

Appendix B.2. Inverter 

According to Nigerian suppliers, the cost of a 2-kW inverter is ₦38,900.00 NGN [36,37]. 

Appendix B.3. Battery Cost 

In the Nigerian market, the price of a 12 V/400 Ah battery was reported to range from ₦390,000.00 
NGN [36,37]. When considering the Balance of System (BOS) components and installation/labour costs, 
the total capital expenditure for the battery arrays increased to ₦400,000.00. 

Appendix B.4. Interest Rate 

Interest rates exhibit significant variability and substantially influence cost-benefit analyses. In Nigeria, 
the interest rates on commercial bank loans, as determined by the Central Bank of Nigeria’s Monetary Policy 
Rate (MPR), were recorded at 26.50% [39,40]. 

Appendix B.5. Inflation Rate 

The projected average inflation rate in Nigeria for 2026 is estimated to be between 15.51% and 16.9%. 
Recent data indicate a headline inflation rate of 15.90% in June 2026 [41]. 

Appendix C. HOMER Design 

 

Figure A1. HOMER Schematic Design. 
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Figure A2. HOMER Design for Electric Load Data Input. 

 

Figure A3. HOMER Design for Deferrable Load Data Input. 

 

Figure A4. HOMER Design for PV Data Input. 
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Figure A5. HOMER Design for Battery Data Input. 

 

Figure A6. HOMER Design for Converter (Inverter) Data Input. 

 

Figure A7. HOMER Design for Economics Data Input. 
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Figure A8. HOMER Design for Constraints Data Input. 

 

Figure A9. HOMER Design for Optimization Data Input. 
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