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Techno-Economic Evaluation of an Optimized Grid-Connected Solar Photo-Voltaic System for National Museum of Unity, Ibadan
Abstract:
A comprehensive viability assessment of a grid-connected PV system is essential to evaluate its technical, economic, and environmental benefits. Hybrid Optimization of Multiple Energy Recourses (HOMER) software has been the commonly used tools for the design and analysis of this system, however, it fails to give in-depth analysis on the financial and emission analysis of the system, because it is designed to optimize and give technical report about the design. Hence this research aims to carry out a detail techno-economic and environmental evaluation of a grid-connected PV system for National Museum of unity, Ibadan using RETScreen software.
A feasibility study was conducted on the National Museum of unity Ibadan, taking into consideration the energy demand of the museum and meteorological data such as solar irradiance, clearness index, and temperature. Mathematical model of the components of the grid connected renewable energy such as PV panel, battery and power converter was formulated and their optimal sizes were determined using HOMER software. The technical, economic and environmental viability of the optimized grid connected PV system were analyzed using RETScreen software.
The HOMER result shows that, considering the space constraint and the required load by the proposed building, 116 pieces of solar panel of 215 W, 8 pieces of 100 AH battery storage and 34 kVA power converter are needed to realize the developed power system. The RETScreen analysis reveal that the initial capital cost of the designed system is NGN 16,223,297 and the total annual lifecycle savings is NGN 60,713,246.03. The equity payback period is estimated to be Nine months and twenty-five days while its net present value after 20 years is NGN 554,223,639.10. Considering the greenhouse gases emission, 63.4% reduction was achieved with the developed system compared to using only the common electricity grid.
This research provides an optimal design of a grid connected PV system with a comprehensive techno-economic and environmental viability assessment using HOMER and RETScreen software that will assist the management of the National Museum of unity Ibadan, in making an effective and sustainable decision regarding power system. In addition to this, the outcomes of this research proffer a means of relieving the grid through alternative power supply.
Keyword: HOMER, RETScreen, Grid-connected PV, PV system, Alternative Power Supply.
Introduction:
Renewable energy is energy derived from natural sources that are replenished at a higher rate than they are consumed. Sunlight and wind, for example, are such sources that are constantly being replenished. Renewable energy sources are abundant and all around us (Hassan et al., 2024). Fossil fuels - coal, oil and gas - on the other hand, are non-renewable resources that take hundreds of millions of years to form. Fossil fuels, when burned to produce energy, cause harmful greenhouse gas emissions, such as carbon dioxide. Generating renewable energy creates far lower emissions than burning fossil fuels. Transitioning from fossil fuels, which currently account for the lion’s share of emissions, to renewable energy is key to addressing the climate crisis (Hassan et al., 2024).
Solar energy is the most abundant of all energy resources, the solar energy intercepted by the Earth is about 10,000 times greater than humanity's energy consumption rate. Solar technologies can provide heat, cooling, natural lighting, electricity, and fuels for various applications (Ukoba et al., 2024). Other forms of renewable energies are Wind energy (Manwell et al., 2024), Geothermal energy (Liu et al., 2024), Hydropower energy (Gómez-Beas et al., 2024), Ocean energy (Hassan et al., 2024), and Bioenergy (Malico, 2024). Solar energy system can be used in two modes, these are off-grid and on-grid (or grid connected) mode.
With a population exceeding 200 million and abundant natural resources, Nigeria holds significant potential for development. Nigeria was once anticipated to emerge as a global economic powerhouse, alongside Mexico, Indonesia, and Turkey, collectively known as “MINT” (O’Neill, 2014). However, this potential has largely remained untapped. Currently, Nigeria faces challenges due to its heavy reliance on oil revenue, with 75% of its budget derived from oil (Obada et al., 2024), particularly struggling amid oil prices below US$100. Currently, Nigeria faces significant challenges in finding its place in the global economy, given its multifaceted problems and unsustainable reliance on a mono-economy. Energy availability is crucial and remains a critical constraint to economic development in Nigeria (Chanchangi et al., 2023). Nigeria possesses vast energy resources from both renewable and non-renewable sources. The primary energy source in the country is fossil fuels, which is highly vulnerable to fuel price volatility, availability issues, and socio-political forces that can create insecurity (Ogunbode et al., 2023). Approximately 85% of electricity generation in Nigeria comes from natural gas (Edomah, 2019), with the remainder sourced from hydropower (Edomah, 2019).
Ibadan, situated in southwestern Nigeria, is a city known for its historical significance, cultural diversity and economic prominence in the region. As Nigeria’s third largest city and the capital of Oyo state, Ibadan has experienced rapid urbanization and population growth over the years presenting both opportunities and challenges for its development. Ibadan’s population has expanded significantly, with estimates suggesting it exceeded three million residents by 2020 (Babalola, 2023). The city’s population growth has been attributed to factors such as rural-urban migration, economic opportunities and the city’s role as a regional hub for commerce and education. Economically, Ibadan is a major center for trade, agriculture and education. The city’s economy is supported by diverse sectors including manufacturing, commerce and services (Omotoye and Ukabuilu, 2023). 
In spite of its economic importance, the city of Ibadan still faces challenges in infrastructure development, particularly in the area of public utilities. The city’s electric supply is often unreliable, characterized by frequent power outages and inadequate coverage (Ogunbode et al., 2023). This unreliable electricity provision has significant impacts on residents, businesses and industries, hindering economic growth and development, and Ibadan national museum of unity is also not left out which is the study case in this research. At present, the museum only depends on the grid and diesel generator only to meet its energy demand (Fadayiro, 2022).
Despite the museum’s reliance on a diesel generator to support the grid, this solution has several significant shortcomings. Diesel generators are expensive to maintain, requiring regular servicing such as oil changes and filter replacements. They also have a substantial environmental impact, releasing harmful emissions like nitrogen oxides (NOx), carbon-dioxide (CO2), and Sulphur-dioxide (SO2), which negatively affect the environment. Additionally, the noise pollution they produce is a major drawback, particularly in quiet areas. Considering these shortcomings, using diesel generator alongside the grid proves to be an inefficient solution. 
In this case, renewable energy such as solar energy is a promising solution, but it is not efficient and reliable due to its intermittency. Therefore, this research proposes hybridizing a diesel generator with renewable energy and a battery storage system to mitigate this problem. However, since we’re having more than two energy sources, it is essential to optimize their sizing. Several optimiser have been proposed but due to their shortcomings such as inability to optimally design the sizes of the components. Hence, a need for a better optimizer. Hybrid Optimization of Multiple Energy Resources (HOMER) is the common commercial software use for this purpose, however, the need to enhance a cost effective and efficient analysis is needed because of the cost implication and inefficiency of the previous solutions. 
RETScreen is an innovative renewable energy software developed by the Canadian Government to support planning, education, and decision-making in renewable energy development and management (Iweh et al., 2023). The software is an intellectual property of a network of over 307 experts, including academia, government, and industry. In addition to the latest software version, RETScreen Expert is available in a free viewer mode (Acakpovi et al., 2015). RETScreen's unique features significantly reduce time and cost associated with identifying and evaluating potential energy issues and developments during planning, feasibility, implementation, and engineering stages. The RETScreen PV project model is widely used for calculating life-cycle costs, energy production, and greenhouse gas (GHG) reduction for three fundamental PV applications: water pumping, grid-connected (on-grid), and off-grid systems (Paradongan et al., 2024).
This study bridges a critical gap by proposing an optimized grid-connected photovoltaic (PV) system with battery storage for the National Museum of Unity (NMU) in Ibadan, Nigeria. Utilizing HOMER Pro and RETScreen Expert, two advanced and complementary modeling tools, the research develops a technically viable and economically efficient solution tailored to the site-specific conditions of the museum. HOMER Pro is used to determine the optimal configuration and sizing of system components, focusing on cost-effectiveness and reliability, while RETScreen is employed to conduct an in-depth analysis of the system’s financial performance, environmental impact, and long-term viability.
The research presents a detailed feasibility study grounded in real-world data and the unique operational needs of a culturally significant public facility. By integrating both optimization and validation within the same workflow, the study captures the technical, economic, and environmental dimensions of solar PV adoption. This research shows that a well-configured grid-connected PV system, supplemented with battery storage, can substantially reduce the museum’s reliance on the national grid, cut greenhouse gas emissions, and yield a return on investment in under one year.
2.  Literature Review
Many studies, such as Jamalaiah et al. (2017), have utilized HOMER software to optimize hybrid systems like PV-FC with storage, demonstrating its strength in simplifying complex system simulations. However, their work focused primarily on technical sizing and did not address the economic or environmental feasibility of deployment. In contrast, the present study applies HOMER to optimize a grid-connected PV-battery system for the National Museum of Unity in Ibadan and extends the analysis by using RETScreen to evaluate its techno-economic and environmental viability. This approach bridges the gap between simulation and real-world application, offering a more comprehensive and practical framework for public infrastructure in energy-constrained regions.
Al Garni et al. (2018) used HOMER software to analyze the optimal design of grid-connected PV systems under various tracking configurations, focusing on enhancing energy yield through mechanical adjustments. While their study demonstrated the impact of panel orientation on system performance, it remained primarily technical and did not explore financial or environmental implications. The present study, however, uses HOMER not only for optimal system sizing but complements it with RETScreen to assess economic feasibility and emission reductions. This integrated approach provides a more holistic evaluation suited for public facilities like the National Museum of Unity in Ibadan.
Movahediyan and Askarzadeh (2018) developed a multi-objective optimization framework for a PV/DG system, incorporating operating reserve to enhance reliability under load and supply variability. Their approach used the crow search algorithm to minimize TNPC, CO₂ emissions, and LPSP. While effective for isolated communities, the study revealed that improving reliability significantly increases system cost. In contrast, the present study focuses on a grid-connected PV-battery system where grid support reduces the need for large operating reserves. By combining HOMER for sizing and RETScreen for economic and environmental analysis, it offers a balanced, cost-effective solution tailored to public infrastructure like the National Museum of Unity.
Alabi et al. (2019) investigated the feasibility of deploying stand-alone solar PV systems without storage to meet the daytime energy needs of the Canaan-land community. They analyzed the community's load profile using consumption data and designed solar power plants based on this analysis. Simulations were conducted with PV Syst 6.43 software, and the design results were evaluated. The study found that the solar power plant could meet the community's daytime load from 10:30 am to 4:30 pm daily, effectively covering both the peak load of 5.16 MW and the base load of 0.78 MW.
Achirgbenda et al. (2020) evaluated the feasibility of electrifying a remote hospital in Benue State, which depended entirely on diesel generation, by first measuring its hourly load demand. While their study highlighted the importance of accurate load assessment for system design, it did not incorporate renewable energy alternatives or consider economic and environmental impacts. In contrast, the present study builds on such feasibility efforts by proposing a grid-connected PV-battery system for the National Museum of Unity, integrating both technical optimization and a detailed techno-economic and environmental analysis using HOMER and RETScreen.
Baba et al. (2020) assessed the techno-economic feasibility of electrifying the rural community of Dilchidama using renewable energy, comparing it with grid extension. Using both HOMER and RETScreen, they demonstrated that grid extension was more cost-effective for short distances, but their study primarily focused on rural household and institutional loads. While their work validated the combined use of HOMER and RETScreen for system design and evaluation, the present study applies this dual-tool approach to a distinctly different context—a public cultural facility in an urban setting. It extends the application by optimizing a grid-connected PV-battery system for the National Museum of Unity and analyzing its financial and environmental benefits under real-world constraints.
Malwa and Khan (2020) developed an optimized hybrid energy system for an off-grid area in Bangladesh using HOMER, with RETScreen employed to validate the results by comparing cost of energy (COE) and energy production. Their focus was on comparing the outputs of the two software tools to identify the more efficient option. In contrast, the present study does not compare HOMER and RETScreen but instead uses them in a complementary manner HOMER for optimal sizing and RETScreen for comprehensive techno-economic and environmental evaluation. This integrated approach supports more informed decision-making for implementing a grid-connected PV-battery system at the National Museum of Unity in Ibadan.
Li and Wu, (2020) conducted research on optimizing photovoltaic (PV) systems with battery energy storage systems (BESS) using real-world data. Their study aimed to determine the optimal size of PV panels, the optimal capacity of BESS, and the best scheduling for BESS charging and discharging to minimize long-term overall costs, including both utility bills and the PV system expenses. The optimization considered numerous parameters such as energy usage, energy cost, weather, geographic location, inflation, and the cost, efficiency, and aging effects of solar panels and BESS. To account for long-term impacts like aging, inflation, and discounted economic returns, the problem was formulated as a mixed integer nonlinear programming (MINLP) problem over a time horizon covering the entire life cycles of the solar panels and BESS, which can span ten years or more. However, the study focused on the cost minimization, not minding the technical and environment benefits of the system considered.
Wilson et al. (2021) explored a hybrid wind-PV system for telecommunications in Port Harcourt, using HOMER to compare renewable and fossil-based generation in terms of NPV, LCOE, and operating costs. Their study confirmed the cost benefits of solar PV in the Nigerian energy context but focused primarily on commercial telecommunications infrastructure and did not assess environmental impacts or system behavior in public-use settings. In contrast, the present study applies HOMER and RETScreen to design and evaluate a grid-connected PV-battery system for a public cultural institution the National Museum of Unity while also quantifying both economic returns and environmental benefits, making it more applicable to public infrastructure planning.
Hassan et al. (2022) evaluated stand-alone and grid-supplemented solar PV systems using genetic algorithms to minimize cost of energy while considering financial constraints and CO₂ emissions. Their findings showed that while grid-supplemented systems reduced COE by 30%, they incurred slightly higher life cycle emissions, highlighting a trade-off between cost and environmental performance. Although conducted in an Australian context with detailed hardware models and tariffs, the study supports the viability of grid-connected configurations. The present study builds on this justification by applying a grid-connected PV-battery design to a Nigerian public facility and further enhances the analysis through RETScreen, quantifying both financial and environmental impacts specific to the operational realities of the National Museum of Unity in Ibadan.
Babatunde et al. (2022) explored the feasibility of an off-grid hybrid power system (HPS) for a public university building in Nigeria, using HOMER for system design and the EDAS method to compare single- and multi-criteria decision-making approaches. Their work highlighted the economic viability of powering institutional infrastructure with renewables but focused on a fully off-grid system and emphasized decision strategy rather than real-time grid interaction or environmental assessment. In contrast, the present study targets a grid-connected PV-battery system for the National Museum of Unity and integrates HOMER with RETScreen to evaluate not just economic feasibility but also environmental benefits, offering a more comprehensive solution for public institutions facing unreliable grid conditions.
Issa et al. (2023) used HOMER Pro to design and analyze a grid-connected PV/diesel/battery system for a commercial facility, demonstrating its technical, economic, and environmental feasibility in offsetting unreliable grid supply. While their study effectively addressed reliability for a commercial load, it did not consider performance under dynamic and unpredictable load patterns typical of public institutions. The present study advances this by applying a grid-connected PV-battery system to the National Museum of Unity, where energy demand varies due to public visitation. By combining HOMER for optimal sizing with RETScreen for financial and environmental evaluation, it offers a tailored solution suited to the operational dynamics of public-use facilities.
Rifansyah and Hakam (2024) evaluated the Techno-Economic Feasibility of Indonesia's Cirata 145 MW floating solar PV project by employing RETScreen technology. The objective was to improve the long-term financial stability, decrease greenhouse gas emissions, and suggest viable choices for improvement. Three scenarios that involved alterations in carbon emissions, energy pricing, and loan interest rates that demonstrated different levels of project feasibility were considered. The outcome of the study gave useful insights into doing techno-economic feasibility assessments using RETScreen for floating photovoltaic (PV) systems. It also demonstrated how modifying parameters can effectively mitigate project risks. However, the work did not consider the optimal design of the system, but a certain value (145 MW) was taken to be the size of the project. This is the major draw back of the RETScreen software, it can not be used to optimally size the capacity of the system unlike HOMER software. Despite this shortcoming, its effectiveness in evaluating the Techno-Economic and environmental viability of the designed renewable energy system has been proven by many researchers (Asamoah et al., 2023; Oyedokun et al., 2023; Rifansyah and Hakam 2024; Paradongan et al., 2024). 
Singh and Channi (2025) used the RETscreen software to analyze the potential of solar energy utilization and promote energy-efficient practices in educational institutions. The Key factors considered include system efficiency (90%), insolation (5.5 kWh/m2/day), and shading effects. The results of the RETscreen analysis revealed that the rooftop PV system on Block-B4 has the remarkable capacity to generate 9,801 kWh of clean energy, underscoring the feasibility of solar energy integration in an educational setting. This work demonstrates the performance of the RETscreen software in exploring the energy feasibility, however, its potential in financial and environmental analysis was not considered.    
Based on the literature reviewed, various approaches have been explored to address the issue of irregular electricity supply. While diesel generators have been commonly used, they come with significant drawbacks. On the other hand, renewable energy is seen as a necessary solution, despite its intermittency issues. This is where battery storage systems (BSS) play a crucial role. Although several researchers have worked on optimizing and sizing solar PV/BSS systems, accurate results have often been elusive, leading to potential oversizing or under sizing of components and compromising cost-effectiveness and performance. To address this challenge, the HOMER and RETScreen softwares were employed in this study. HOMER software was used to design the optimized grid connected PV system and the RETScreen software, known for its comprehensive database and detailed cost, financial risk, and emission analyses, was used to evaluate and analyze the optimized grid connected PV system. 
Notably, this approach has not been previously applied in the location considered in this research, recognizing that different locations yield different outcomes in renewable energy utilization.
3. Methodology
This research focused on the optimal design of solar photovoltaic system and battery storage system for an on-grid connection of National Museum of Unity Ibadan, Ibadan, Oyo State, considering the net present cost, system reliability and cost of energy as the objective functions. The block diagram of the proposed grid-connected PV system is presented in Figure 1.

Figure 1: Block Diagram of the Proposed Grid-Connected PV system
3.1	Feasibility Study
The feasibility study was carried on the National Museum of Unity (NMU) located Off Aleshinloye Street, opposite Dominion Plaza, Ibadan 200263, Oyo, Nigeria (7°20.3'N, 3°53.0'E) to evaluate how feasible it is to implement the designed grid-connected PV system. This assessment was carried out by examining the energy demand of the museum and meteorological data such as solar irradiance, clearness index, and temperature. The location of NMU’s building in the world map is presented in the Figure 2. 
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Figure 2: Topographic view of the National Museum of Unity, Aleshinloye.

3.2	Data Collection
Meteorological data, including solar irradiance, clearness index, and temperature for the proposed site, was collected from the National Aeronautics and Space Administration (NASA) POWER database. Additionally, a load evaluation of the proposed site was conducted to optimize the PV system and battery storage system using HOMER. NASA's earth science program aims to observe, understand, and model the earth’s system to track changes, predict future alterations and understand their implications for life on earth.

3.3	Modelling of Grid Connected Renewable Energy
The mathematical model of the renewable energy systems, such as solar PV system, battery storage system, and power converter are presented in this section. The model   encompasses detailed sub-models for each component, using mathematical equations to describe their performance and interactions (Potrč et al., 2021). The solar PV model calculates energy generation based on factors like solar irradiance and temperature. The battery storage model simulates energy storage and release, accounting for charge and discharge cycles. The power converter model ensures efficient energy conversion and management between the PV system, battery, and the grid. By integrating these models, the comprehensive mathematical model allows for the analysis and optimization of the entire system, facilitating efficient, reliable, and sustainable energy integration into the grid (Albogamy et al., 2022).
3.3.1	Modelling of PV panel
 The design parameters and the technical specifications of the photovoltaic system was considered in this study. These include the power generation factor, energy demand, solar PV energy required, PV module sizing, power converter sizing and the battery sizing (Khan et al., 2023). 
i. Panel generating factor:
Panel generation factor (PGF) is an important factor considered in sizing of solar photovoltaic technology. It is based on the total W peak rating of the system. The PGF is calculated as presented in Equation 1 (Huy et al., 2020).
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 where G is the solar irradiance,  is the sunshine hours, and  is the solar irradiance at standard test condition.
ii. Solar PV energy required
In designing a solar PV system, the first step is to calculate the total power and energy consumption of all loads that were supplied by the system for each appliance and sum it up to have the total energy demand for the project. The energy that must be generated by the PV module is the total W-hour per-day needed from the PV modules and it is calculated by multiplying the peak energy requirement which is the total W-hour per-day for the museum by the energy lost in the system.
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where:



 is Energy required from PV modules, is Peak energy requirement, and  is the Energy lost in the system.
iii. PV Module Sizing
To calculate the size of the photovoltaic modules that is required, the first thing to estimate is the total W-peak rating needed for the PV modules which is given by using the formular shown in equation (3).

					 3
This was then followed by calculating the PV module size which is the ratio of the total W peak rating to the PV output power rating as shown in the formular below.

					             4
In a photovoltaic (PV) system, there are several PV modules. As depicted in Figure 3(i), the PV module with a single diode is taken into consideration. Short circuit and open circuit are roughly equivalent to low series resistance and large shunt resistance. Figure 3(ii) illustrates a simplified circuit of a photo voltaic module. The performance of a solar PV panel can be described by several key equations:
[image: ]
						(i)
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(ii)
Figure 3: Single diode model of PV modules (i) equivalent circuit (ii) simplified circuit
Source: Prakash et al., (2021)

a. Photocurrent (Iph)
The photocurrent (Iph) of a PV module can be expressed using equation (5).
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where:



is the reference photocurrent at standard test conditions (STC), α is the temperature coefficient of the photocurrent, T is the current temperature of the PV panel,is the reference temperature at STC (usually 25°C), G is the current solar irradiance on the panel,  is the reference solar irradiance (1000 W/m² at STC) (Ghribi et al., 2024).
b. Reverse Saturation Current (I0):
The reverse current can be expressed as given in equation (6).
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where:

​ is the reverse saturation current at STC, q is the charge of an electron (1.602 x 10⁻¹⁹ C), Eg is the bandgap energy of the semiconductor, k is the Boltzmann constant (1.381 x 10⁻²³ J/K).
c. Output Current (I) and Voltage (V):
By substituting the saturated and reverse current, the output voltage and current of a typical PV module can be expressed as given in Equation (7).
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where:
Rs is the series resistance, Rsh​ is the shunt resistance, n is the ideality factor of the diode.
d. Power Output (P):
The output power of a PV module can be modelled using the output voltage and current as shown in Equation (8).
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3.3.2 Modelling of battery storage 
The battery storage system was modeled to simulate charge and discharge cycles. The State of Charge (SoC) of the battery can be modelled using the equation (9) (Mesbahi et al 2020):
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where:





and are the charging and discharging efficiencies, and  are the charging and discharging power at time t, is the battery capacity, 
The instantaneous power of the battery storage (Pbat) can be expressed as given in Equation (10). 
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For solar energy project, the battery that is specifically designed for a low energy level discharge is recommended (Dai et al., 2021). This energy storage system is sized to store sufficient energy that will operate the buildings or appliances when the power supply from the solar photovoltaic system and the grid is not available. The Ampere-hour capacity (CB) of the battery storage for the museum is calculated using Equation (11) (Soomar et al., 2022).
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Where is daily power consumption,  is days of autonomy, is battery efficiency, is depth of discharge, and is battery nominal voltage 
3.3.3	Modelling of power converter 
The power converter ensures efficient energy conversion and management. The power converter proposed in this study is bidirectional in operation as it can work as a rectifier when the battery is needed to be charged and also act as an inverter to supply the AC load. The output power of a converter is expressed as given in Equation 12 (İnci et al., 2021).   
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Where​ is the output power from the converter, ​ is the input power to the converter, ​ is the converter efficiency.
3.4	Optimization model
The default optimization model of the HOMER software is the minimization of the Net Present Cost (NPC) of any proposed system. The net present cost was used to optimize the design parameters of the system in a way that the electricity demand was met with minimum cost. The mathematical optimization model used in this study is given in Equation 13:
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Utilizing the discount rate, the total NPC condenses all project-related costs and revenues into a single lump sum while bringing all future cash flows back to the present. The NPC comprises the price of starting a project, replacing parts, maintaining it, and purchasing fuel. It also covers other costs such as fines for harmful emissions and the price of buying energy from the grid. NPC also includes the proceeds from selling electricity to the grid and any salvage value realized at the end of the lifespan of the project (HOMER Documentation; Firincă et al., 2015). The following Equations express NPC.
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Where  is the total annualized cost, CRF is the capital recovery factor, i denote the real interest rate, and N is the project lifetime.
 CRF is estimated by Equation 15:
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The objective function above was subjected to the following equality and inequality constraints.
i. Equality constraint:
The total power production from the proposed system must be equal to algebraic sum of the power from the grid, PV and the battery to enhance power balance as expressed in equation (16):
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where  is the power demand at time t, is the power generated by the PV system, is the power exchanged with the grid,  is the power loss in the converter.
ii. Inequality Constraints:
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[bookmark: _Hlk161141336]3.5	Application of HOMER Software for the Optimization of the Grid Connected PV System.
HOMER pro analysis tool (Version 3.14.2) was used to implement the model and simulate a grid connected PV system for the proposed location to evaluate the best design option. The flowchart for the HOMER simulation is presented in Figure 4. Been a commercial software, the modelling of all the components have been implemented, what is left for the users is to apply them. The procedural steps in using HOMER for the design of the proposed system is outline below: 
Step 1: Open the HOMER software and start the new design by inputting the title of the project, project location and description.
Step 2: Enter the project location on the location search box to access the meteorological data needed for the project. The location can be searched either by name or latitude and longitude.
Step 3: Download the meteorological data such as hourly solar irradiance and temperature of the project location by clicking on the resources icon on the topmost part of the displayed location map resulted from location search. 
Step 4: Input the project lifespan and economic data such as discount rate and inflation rate.
Step 5: Add the hourly load demand by inputting the estimated load to the load column in kiloW (kW).
Step 6: Select the energy sources and other components of the proposed system such as power converter, battery and dispatch controller.

Figure 4: Flow Chart of the HOMER Software
Step 7: Enter the economic parameters and technical specification of the selected components.
Step 8: Optimize the sizes of the main components of the proposed grid connected PV system such as PV panels, battery, converter and grid by clicking the ‘calculate’ icon. By clicking the calculate icon, HOMER software will optimize the system design by sizing the components using the objective function and constrains presented in Equation 14-20.
Step 9:	Display the optimal sizes of the system components
Step 10: Stop

Figure 5: Flow chart of the RETScreen Software
3.6	Analysis of the RETScreen Software for Techno-economic and environmental viability of the designed system 
The step-by-step approach for using RETScreen to evaluate the techno-economic and environmental feasibility of renewable energy projects involves a systematic approach, this approach is summarized in Figure 5 and explained in the following subsections.
3.6.1	Project setup
The initial phase of using RETScreen for renewable energy projects involves setting up the project. This includes selecting the type of renewable energy project, such as solar PV, wind, or hydro, and defining the geographic location of the project site. This location data is crucial as RETScreen uses it to gather relevant climate data (Malik, 2021). Additionally, it is essential to decide on the type of analysis being conducted, whether it is an energy analysis, feasibility study, or performance analysis.
3.6.2	 Data input
The next phase in using RETScreen for renewable energy projects involves data input. This includes retrieving climate data such as solar irradiance, temperature, and wind speed. This information was obtained from RETScreen’s built-in database or input manually if specific data is available (Owolabi et al., 2020). Accurate climate data is essential for modeling and predicting the energy production capabilities of the renewable energy system under consideration. Also, it is important to define the load profile for the project site. This involves detailing the energy consumption patterns, taking into account daily and seasonal variations. 
3.6.3	Energy production modeling
The next phase in using RETScreen for renewable energy projects after inputting data involves energy production modeling. This phase requires inputting the technical specifications of the renewable energy system components, including details such as the type of PV modules, inverter   efficiency, and wind turbine models. Accurate specification input is essential for simulating the system's performance under real-world conditions. Following the input of system specifications, the configuration of the system must be set up. This includes determining the number of PV panels, their orientation, tilt angle, and the overall layout of the array. Proper system configuration is critical to maximize energy capture and efficiency (González-González et al., 2022).  
It is necessary to enter performance parameters, which account for factors such as derating, shading losses, and overall system efficiency. These parameters help refine the model to reflect the actual performance of the system, taking into consideration potential inefficiencies and environmental impacts. Accurate energy production modeling is fundamental for predicting the system's output and ensuring it meets the energy needs of the site.
3.6.4	Financial analysis
The financial analysis phase in using RETScreen for renewable energy projects involves several critical steps. First, input the capital costs, operational and maintenance costs, and any other relevant financial data. This comprehensive cost data is essential for assessing the financial feasibility of the project and estimating the total investment required (Asamoah et al., 2023). Next, incorporate any available incentives, rebates, or feed-in tariffs. These financial incentives can significantly impact the overall economics of the project by reducing upfront costs or providing ongoing financial benefits, thereby enhancing the project's viability and attractiveness.
Additionally, define the economic parameters such as the discount rate, inflation rate, project lifetime, and financing structure. These parameters are crucial for calculating key financial metrics, including the net present value (NPV), internal rate of return (IRR), and payback period. 
i. Net Present Value 
A project's net present value, or NPV, was the total value of all future cash flows discounted at the discount rate and expressed in current currency. It was computed by applying the following formula to all cash flows that need to be discounted (RICEDC, 2005; Nguyen et al., 2021):
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where N is the project life in years, r is the interest rate, and  is the after-tax cash flow in year n which can be calculated as follows:
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 Cn is net cash flow and Tn is the yearly taxes. These can be calculated using Equation 3.21 and 3.22 respectively. 
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Cin,n and Cout,n are the pre-tax cash inflow and outflow respectively, these can be calculated using Equations 24 and 25.
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where n is the year, Cener is the annual energy savings or income, Ccapa is the annual capacity savings or income, CRE is the annual renewable energy (RE) production credit income,  the RE credit escalation rate, CGHG is the GHG reduction income,  is the GHG credit escalation rate.
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where CO&M is the yearly operation and maintenance costs incurred by the clean energy project,  is the inflation rate,  is the annual cost of fuel or electricity,  is the energy cost escalation rate, D is the annual debt payment, and Cper is the periodic costs or credits incurred by the system.
In terms of Internal Rate of Return (IRR), NPV is expressed as shown in equation (26):
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The internal rate of return IRR is the discount rate that causes the Net Present Value (NPV) of the project to be zero (Huang et al., 2022). 
ii. Annual Life Cycle Saving
The annual life cycle savings ALCS is the levelised nominal yearly savings having exactly the same life and net present value as the project. It is calculated using the equation (27):
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iii. Payback Period
The time it takes for the cash flow (not including debt payments) to match the entire investment (which is equal to the total of the debt and equity) is known as the simple payback period (SP). This can be estimated as given in the Equation 28:
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where C is the total initial cost of the project, IG is the incentives and grant.
iv. Benefit-Cost Ratio
The benefit-cost ratio, B-C, is an expression of the relative profitability of the project. It is calculated as a ratio of the present value of annual revenues (income and/or savings) to the project equity as presented in Equation 29:
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where  is the debt ratio.
Accurate economic parameters ensure a realistic financial analysis, allowing for a better understanding of the project's long-term financial performance and sustainability.
3.6.5	Emissions analysis
The environmental analysis phase in using RETScreen for renewable energy projects involves a comprehensive emissions analysis. This begins with defining the baseline scenario, which establishes the current energy source and its associated emissions. The baseline scenario serves as a reference point against which the emission reductions from the renewable energy project was measured (RICEDC, 2005). Following the establishment of the baseline scenario, emission factors must be input or default values can be used for both the baseline and the project scenarios. These emission factors quantify the amount of greenhouse gases emitted per unit of energy produced or consumed. Accurate emission factors are crucial for evaluating the environmental impact of the renewable energy project and determining its contribution to reducing greenhouse gas emissions. This thorough emissions analysis is essential for understanding the environmental benefits of the renewable energy project, providing a clear comparison between the current energy system and the proposed renewable solution. For a single fuel type or source, the GHG emission factor (e) can be calculated as given in Equation 30 (RICEDC, 2005):
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3.6.6	Output and reporting
The reporting phase in using RETScreen for renewable energy projects involves generating several critical reports. This includes producing an energy production report that details the expected energy output, with both monthly and annual projections. Additionally, a financial analysis report is created, which includes key metrics such as Net Present Value (NPV), Internal Rate of Return (IRR), payback period, and cash flow (Saur and Meschan 2022). Also, an emissions report is generated to quantify greenhouse gas emission reductions by comparing the renewable energy project scenario with the established baseline. These comprehensive reports provide valuable insights into the project's performance, financial viability, and environmental impact, facilitating informed decision-making and strategic planning.

4.0	Result and Discussions
The simulation results are presented, analyzed and discussed in this section.
4.1	Feasibility Assessment Results
The hourly load demand of the museum under consideration, as presented in Figure 6a revealed that the load pattern of the building depicts a typical commercial load, that always has its peak during the day and off pick during the night, in the case of this building, all the electrical gadgets are always switched off during the off period which starts from 5pm-9am. The load pattern of this building also revealed the good energy policy been enforced by the management to ensure that electricity is properly conserved, used only when needed and off when not in used. Figure 6b and 6c show the seasonal and hourly load profile of the building respectively. 

(a)


(b)
[image: ]
(c)
Figure 6: (a) Hourly Load Demand Profile of the NMU
(b) Seasonal Load Demand Profile of the NMU
(c) Yealy Load Demand Profile of the NMU
Considering the solar irradiance as presented in Figure 7, its role in a grid-connected solar system is important especially in assessing the system's energy production, efficiency, and overall functionality. Photovoltaic (PV) system output is directly impacted by solar irradiance, which is the power of solar energy received per unit area (measured in W/m²). The irradiance data for a particular site is essential for the design of the solar array as areas with elevated average irradiation will generate increased energy output. Considering its pattern in relative to the load demand, it can be observed that the two have similar pattern, which shows that the PV production mostly occur when the energy is needed. The irradiance of the proposed location shows the applicability of PV system. 

Figure 7: Hourly Solar Irradiance of the NMU
Figure 8 and 9 show the clearness index and the temperature of the location. Clearness index and temperature are two other factors that affects the PV power production and also have influence on the load consumption pattern. these values showed that the proposed PV solution will be efficient in that location. The available space on the roof of the proposed building for the installation of PV was estimated to be 232.25 m2, this revealed that the substantial amount of PV panels can be installed on the building roof. 
  

Figure 8: Hourly Clearness Index of the NMU

Figure 9: Hourly Temperature profile of the NMU
4.2	Optimized Grid connected PV System
The main components of the grid connected PV system such as PV panel, battery storage, and power converter, were sized to optimized the system with respect to the defined objective function using HOMER software. The HOMER software, version 3.14.2 (Pro Edition) was used to determine the feasible sizes of the components of the system to enhance a cost-effective power system that satisfy the set constrains. The simulation results in terms of sizes of the main components of the proposed system is presented in Table 1. The results show that, considering the space constrain and the required load by the proposed building, 116 solar panel of 215 W, 8 strings of 100 AH battery storage and 32.7 kW power converter (equivalent to 34 KVA) are needed to realize the intending optimized power system.

Table 1: Optimal Sizes of the Main Components
	Component
	Specification
	Quantity

	Solar PV Panel
	Sunpower215PL-SUNP-SNR-215 (215 W)
	116

	Battery
	Generic 1kW Lead Acid
	8

	Power Converter
	Generic system converter (34 kVA)
	1



The PV output power is presented in Figure 10. the simulation report revealed that PV operate for 4,313 hours per year and the load evaluation report revealed that the office opens 2,555 hours per year which is below the working period of the PV; this shows that PV produced beyond what is need, making it possible to transact with grid so that the surplus power can be used by the grid and give income in return. The total annual production by the PV panels is 35,754 kWhr/yr; this generated power was used to meet the electricity demand of the building, and the remaining deficit or surplus energy was exchanged with the grid, the battery is only needed when the grid is not available or accessible.  


Figure 10: PV output power
As presented in Table 2, the annual energy purchased from the grid is 26,938 kWhr, and the yearly energy sold to the grid is 9,804 kWhr. Figure 11 and 12 present the energy purchased from the grid and the energy sold to the grid. This revealed that all the loads were met, and the excess energy was sold to the grid to supply the other users who might need electricity to reduce the load on the grid.
Table 2: Energy Transaction for the Designed Grid Connected PV System
	Month
	Energy Purchased (kWhr)
	Energy Sold (kWhr)
	Net Energy Purchased (kWhr)
	Peak Load (kW)

	January
	1,918
	1,004
	914
	27

	February
	1,701
	882
	819
	25

	March
	2,082
	966
	1,116
	27

	April
	2,112
	854
	1,258
	29

	May
	2,295
	854
	1,442
	27

	June
	2,436
	704
	1,731
	27

	July
	2,665
	632
	2,033
	25

	August
	2,798
	618
	2,179
	29

	September
	2,553
	661
	1,892
	28

	October
	2,349
	801
	1,548
	26

	November
	2,059
	872
	1,187
	27

	December
	1,972
	956
	1,015
	26

	Annual
	26,938
	9,804
	17,134
	29
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Figure 11: Grid Energy Purchases
[image: ]
Figure 12: Energy sold to the Grid
[bookmark: _Toc167313977][bookmark: _Toc167373525]Figure 13 presents the electric production from the grid and the PV, revealing that the demand is shared between the grid and PV. Though a battery was included in this design, the system analysis revealed that (as shown in Figure 13) the effect of energy storage on the grid-connected PV system is insignificant, this was confirmed by removing the grid from the design during simulation and it was discovered that 103,928 strings of 2.8 kWhr of battery will be needed to enhance a feasible design; this confirmed that the battery had a great significant effect only on an off-grid PV system. However, this is basically on the assumption that the grid is always available for energy transaction because HOMER assumed that the grid is always accessible, which is not true for the proposed location, meanwhile, the essence of this design is to mitigate the effects of epileptic supply of electricity from the grid. To address this, the upper limit of the battery was raised to eight (8) to cater for unfavorable weather condition. 

Figure 13: The monthly electric production
4.3	Comprehensive Analysis of the proposed system
The optimized design from the HOMER software was fed as input to RETscreen for comprehensive analysis in terms of its technical, financial and environmental benefits.
4.3.1	Financial analysis
One of the primary benefits of using the RETScreen software is that it facilitates the project evaluation process for decision-makers. It allows the project decision-maker to consider various financial parameters with relative ease. For the proposed design, the financial parameter used are presented in Table 3. These parameters were chosen based on the current situation of the country, for instant, the interest rate was chosen to be 34.2% which is the current inflation rate as reported by the Central Bank of Nigeria (CBN). It is worth noting that all the prices used in this study were valued in Niara (NGN) to capture the analysis that is consistent with the Nigerian economy since the proposed building is situated in Nigeria.  
Following the simulation report, the total initial cost for this design is NGN 16,223,297. The total initial costs represent the total incremental investment that must be made to bring the proposed system on line, before it begins to generate savings and/or revenue. The total initial cost is the summation of all the costs of the components used in the proposed grid connected PV system, this includes the cost of the PV panels, battery, and power converter with their installation cost. 
The total annual cost for this proposed system is NGN 5,185,835 which comprises the operation and maintenance cost (NGN 43,645), grid services bill (NGN 3,525,307) and debt repayments (NGN 1,616,883). RETScreen analysis considers the startup cost as a loan borrowed for an investment and it is needed to be repaid within 
Table 3: Financial Parameters of the Proposed Design
	Parameters 
	Values

	Fuel cost escalation rate 
	25%

	Inflation rate
	34.2%

	Discount rate
	9%

	Reinvestment rate
	9%

	Project life
	20

	Debt ratio
	70%

	Debt interest rate
	7%

	Debt payment
	10



the stipulated year which is considered in this study as 10 years. With relative to current electricity price in Nigeria (which is NGN 209 for band A users), the annual cost savings offer by this proposed system is NGN 9,642,827. These savings could have been higher than these suppose there is an official penalty rate for Green House Gases (GHG) emission because this designed PV system was able to reduce the GHG significantly. 
The yearly cash flow of the proposed system is presented in Table 4. The net cash flow is the yearly net flows of cash for the project; this represents the estimated sum of cash that will be paid or received each year during the entire life of the project. The negative sign on the Table 4 indicates the initial capital of the designed system. The net cash flow as presented in Figure 14 revealed a drop down in the cash flow at year 6, 12, 13, and 18; these are the years when the battery and the inverters were replaced. the cash flow describes a substantial increase in inflow as the project lifetime increases. Considering the cumulative cash flow presented in Figure 15, which represent the net cash flows accumulated from year 0, the proposed grid connected PV system can be considered as a wealth accumulating investment as each year drops a substantial monetary value. 
Table 4: Yearly Cash Flow of the Proposed Design
	Year
	Net cash flow (NGN)
	Cumulative Cash Flow (NGN)

	0 
	-4866989.10
	-4866989.10

	1
	5971445.84
	1104456.74

	2
	7863139.41
	8967596.15

	3
	10225913.47
	19193509.62

	4
	13176907.87
	32370417.49

	5
	16862331.89
	49232749.38

	6
	13053077.68
	62285827.06

	7
	27211587.87
	89497414.93

	8
	34387228.77
	123884643.7

	9
	43346014.85
	167230658.55

	10
	54530050.75
	221760709.3

	11
	70107590.92
	291868300.22

	12
	38397199.91
	330265500.13

	13
	34409753.89
	364675254.02

	14
	136414236.6
	501089490.62

	15
	170271045.53
	671360536.15

	16
	212507668.12
	883868204.26

	17
	265190196.88
	1149058401.14

	18
	43874273.72
	1192932674.87

	19
	412813894.06
	1605746568.93

	20
	514943328.39
	2120689897.32




Figure 14: Net Cash Flow of the Proposed Design

Figure 15: Cumulative Cash Flow of the Proposed Design
Table 5 presents the financial viability of the proposed design with various financial indicators. The Net Present Value (NPV) of the project, which is the value of all future cash flows, discounted at the discount rate, in today's currency is NGN 554,223,639.10. as presented in the Table 5, the annual life cycle savings of this project is calculated to be NGN 60,713,246.03 and the simple payback period of the project is 2.7 years. By implication, it is expedient of this system to recoup its own initial cost, out of the revenue or savings it generates in two (2) years, eight (8) months and twelve (12) days. Meanwhile, the Equity payback period is 0.82 year; this implies that when this project is executed, it will take approximately ten (10) months 

Table 5: Financial Viability of the Proposed Design
	Parameters
	Values

	Internal Rate of Return on Equity
	152%

	Internal Rate of Return on Asset
	63.7%

	Simple Payback Period
	2.7 years

	Equity Payback
	0.82

	Net Present Value
	NGN 554223639.10

	Annual Life cycle saving
	NGN 60713246.03 per year

	Benefit-Cost (B-C) ratio
	115



and twenty-five (25) days for the owner of the facility to recover its own initial investment (equity) out of the project cash flows generated. The net Benefit-Cost (B-C) ratio, which is the ratio of the net benefits to costs of the project is evaluated to be 115. According to RETScreen software inbuilt documentation ratios greater than one (1) are indicative of profitable projects. 
Conclusively, the key financial indicator examined in this analysis revealed that the proposed grid connected PV system if implemented will yield a great financial benefit within a short period of time.
4.3.2	Emission analysis
Emission analysis is considered in this study to evaluate the environmental impact of the proposed system. it covers the investigation on the amount of GHG emitted throughout the lifetime. Though conventional diesel or gasoline generator was not considered as part of the components of the designed grid connected PV system, yet, been connected to the system make it contribute to the GHG emission, since the major source of grid electricity in Nigeria are coal and natural gas whose consumption is directly proportional to the amount of GHG emission. Using only the grid to meet the load demand of the proposed location, the GHG emission estimated using RETScreen is 21,771.24 kg/yr. However, when the proposed system was considered, the estimated GHG emission is 7,959.17 kg/yr, this implies that 63.4% GHG reduction was achieved when the proposed grid connected PV system was used. 
The reduction in GHG was as a result of PV penetration that resulted to less dependent on the grid. It can be concluded from this result that considering the PV integration to the grid can significantly reduce the GHG emission and in return attain a safer and healthy environment. A significant reduction can be seen from Figure 16. that presents the impact of the proposed system on GHG emission, tCO2 used on this figure implies tonnes of CO2 emissions.


Figure 16: GHG emission of the base case and proposed case
4.3.3	Sensitivity and risk analysis  
Sensitivity and Risk Analysis is carried out in this study to estimate the sensitivity of important financial indicators in relation to key technical and financial parameters. Sensitivity analysis was conducted on the NPV and the equity payback period of the proposed design to investigate on how they vary with respect to grid electricity cost (know by RETScreen as fuel cost-proposed case) and the project initial cost. The report for this analysis is presented in Table 6. From the report, it can be seen that there is an indirect correlation between the NPV, fuel cost-proposed case and the initial cost. As the values of fuel cost-proposed case and the initial cost change, the value of NPV also changes, this implies that, when the electricity cost from the grid increases, and the initial cost of the proposed system increases as well, the NPV will be decreased. However, when the grid cost increases and there is a decrease in initial capital cost, the NPV of the proposed design will be increased substantially.
Table 6: Sensitivity Analysis Report
	Net Present Value

	Fuel cost-proposed case (NGN)
	Initial costs (NGN)

	
	12167472.75
(-25%)
	14195384.88
(-12.5%)
	16223297
(0.00%)
	18251209.13
(12.5%)
	20279121.25 (25%)

	2643980.16
(-25%)
	657709921.48
	655804472.84
	653899024.19
	651993575.54
	650088126.89

	3084643.52
(-12,5%)
	607872228.94
	605966780.29
	604061331.65
	602155882.10
	600250434.35

	3525306.88
(0.0%)
	558034536.40
	556129087.75
	554223639.10
	552318190.46
	550412741.80

	3965970.24
(12.5%)
	508196843.86
	506291395.21
	504385946.56
	502480497.91
	500575049.26

	4406633.60
(25%)
	458359151.32
	456453702.67
	454548254.02
	452642805.37
	450737356.72

	Equity Payback Period

	Fuel cost-proposed case (NGN)
	Initial costs (NGN)

	
	12167472.75
(-25%)
	14195384.88(-12.5%)
	16223297
(0.00%)
	18251209.13
(12.5%)
	20279121.25(25%)

	2643980.16
(-25%)
	0.4882
	0.5854
	0.6881
	0.7969
	0.9123

	3084643.52
(-12,5%)
	0.5270
	0.6333
	0.7462
	0.8663
	0.9944

	3525306.88
(0.0%)
	0.5725
	0.6898
	0.8150
	0.949
	1.0692

	3965970.24
(12.5%)
	0.6267
	0.7574
	0.8979
	1.0368
	1.1576

	4406633.60
(25%)
	0.6921
	0.8396
	0.9994
	1.1285
	1.2661



Hence, the overall variation in both fuel cost-proposed case and the initial cost reveals that the NPV of the designed grid connected PV is still on the high side with the lowest value of NGN 450,737,356.72 when the inflation occurs on the key parameters. Considering the response of equity pay back to this variation, the payback period of the project was elongated when the fuel cost-proposed case and the initial cost are increased. However, the period was shortened when their costs are decreased.
Risk analysis was conducted on the NPV and the equity payback period to evaluate the impact of uncertainty associated with the key input parameters such as initial cost, operation and maintenance cost (O&M), fuel cost-proposed case, fuel cost-base case, debt ratio, debt interest rate and debt term. This analysis was performed on the RETScreen using Monte Carlo simulation that includes 500 possible combination of input variables resulting to 500 values of NPV and equity payback period. The outcome of this analysis was summarized in Table 7. With the risk level of 10%, the analysis revealed that, the minimum within level of confidence for NPV is NGN 402,022,920.05, which is the lower bound of the confidence interval that the NPV most likely falls within. The maximum level was estimated to be NGN 695,441,930.34. The relative impact of input parameters on this variable estimated by standard deviation is presented in Figure 17. By implication, it can be stated here that, with the price fluctuation in Nigeria, the confidence level of the NPV for this project is high, this is an eye opener for the investors justifying the profitability of this project with minimized risk level. 
Table 7: Risk Analysis Report
	Parameter
	Value
	Minimum
	Maximum

	Initial Costs (NGN)
	16223297
	12167472.75
	20279121.25

	O&M (NGN)
	43645
	32733.75
	54556.25

	Fuel cost-proposed case (NGN)
	3525306.88
	2643980.1594
	4406633.60

	Fuel cost-base case (NGN)
	9642827.03
	7232120.2748
	12053533.80

	Debit rate (%)
	70
	52.50
	87.50

	Debit interest rate (%)
	7
	5.25
	8.75

	Debt term (year)
	10
	7.50
	12.50




[image: ]
Figure 17: Relative Impact of Parameters on the NPV
Furthermore, the risk analysis as conducted on the equity payback period of the designed grid connected PV system revealed the the minimum and maximum within level of confidence of 0.56 year and 0.84 year respectively with median of 0.84 year. Figure 18 presents the relative impact of parameters considered on the payback period. Hence, it is clearly proven that apart from the part that the proposed design is profitable, it also has short equity payback period that is less than a year.
[image: ]
Figure 18: Relative Impact of Parameters on the Equity Payback Period
Conclusion:
The design and evaluation of the techno-economic and environmental benefits of an optimized grid-connected PV system were carried out in this study using HOMER and RETScreen software to improve epileptic power supply of National Museum of Unity, located at Aleshinloye, Ibadan, Nigeria. The following conclusions were drawn from the outcome of this study: 
i. The feasibility study of the proposed museum was conducted by evaluating the load demand and also considering the abundance of the weather resources of the location. The outcome of this evaluation revealed that the solar irradiance of the location is high close to 1000 W-hr/m2 which is the irradiance at standard test condition. Not only this, the irradiance hourly profile has a similar pattern with the load demand profile of the building. These validate the applicability of PV system in the proposed location.
ii. HOMER software was used to determine the optimal sizes of the modeled components. The outcome of HOMER simulation shows the optimal size of PV, battery and power converter that can offer the intended technical, economic and environmental benefits. The simulation showed that battery storage system in insignificant in a grid connected PV system where the grid is always available and accessible, but where the grid is not always available, a battery storage plays a vital role. 
iii. The RETScreen software was used to analysis the technical, economic and environmental viability of the HOMER-optimized grid connected power system and the comprehensive results showed that the proposed system, if implemented can offer a very huge return within a short period of time. Furthermore, the proposed grid connected PV system reduce the greenhouse gases (GHG) emission of the grid by 63.4% when compared to using only grid supplied electricity, this implies that the implementation of this project will not only proffer financial benefit, but will also reduce the emission of GHG and promote a healthy and safer environment.
The implementation of this research is strongly recommended to the Federal Government of Nigeria and other stake holders of National Museum of Unity (NMU), Ibadan. Although the work proposed NMU at Ibadan, other tourist and public centers can consider the implementation of this research.
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Nomenclature
	Symbol
	Physical Quantity
	Unit

	G
	Solar irradiance
	W/m²

	H
	Sunshine hours
	hours

	

	Energy required from PV modules
	kWh

	

	Peak energy requirement
	kWh

	L
	Energy lost in the system (loss factor)
	unitless

	

	Power generated by PV panel
	kW

	

	Rated power of PV module
	W

	

	Photocurrent
	A

	

	Reverse saturation current
	A

	V
	Output voltage of PV module
	V

	I
	Output current of PV module
	A

	P
	Output power of PV module
	W

	Rs
	Series resistance
	Ω

	

	Shunt resistance
	Ω

	n
	Ideality factor of the diode
	Unitless

	T
	Temperature of PV panel
	°C

	

	Reference temperature at STC
	°C

	

	Reference solar irradiance (STC)
	1000 W/m²

	q
	Charge of an electron
	1.602 × 10⁻¹⁹ C

	k
	Boltzmann constant
	1.381 × 10⁻²³ J/K

	

	Bandgap energy of semiconductor
	eV 

	α
	Temperature coefficient of photocurrent
	A/°C

	SOC(t)
	Battery state of charge at time t
	 unitless

	

	Charging and discharging efficiencies of battery
	unitless

	

	Charging and discharging power at time tt
	kW

	

	Battery capacity
	Ah

	

	Instantaneous battery power
	kW

	

	Battery ampere-hour capacity
	Ah

	

	Daily power consumption
	kWh

	

	Days of autonomy
	days

	

	Battery efficiency
	unitless

	

	Depth of discharge
	unitless

	

	Nominal battery voltage
	V

	

	Converter efficiency
	unitless

	

	Output power from converter
	kW

	

	Input power to converter
	kW

	NPC
	Net Present Cost
	NGN

	

	Total annualized cost
	NGN/year

	CRF
	Capital recovery factor
	unitless

	I
	Real interest rate
	%

	N
	Project lifetime
	years

	
 
	Powers from grid, PV, battery, and losses
	kW

	C
	Total project cost
	NGN

	IG
	Incentives or grants
	NGN 

	NPV
	Net Present Value
	NGN 

	IRR
	Internal Rate of Return
	%

	ALCS
	Annual Life Cycle Saving
	NGN/year

	SP
	Simple Payback Period
	years

	B/C
	Benefit-Cost Ratio
	unitless

	e
	Greenhouse gas (GHG) emission factor
	kg CO₂/kWh

	GHG
	Greenhouse gas emission
	kg/year or tonnes/year
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