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ABSTRACT

This work presents the development of an intelligent software solution for the design and

optimization of solar energy systems. The system integrates key variables such as solar panel

efficiency, geographic location, battery storage requirements, and peak load consumption to

generate optimized configurations tailored to user needs. The tool supports both mobile and

desktop platforms, providing an intuitive graphical user interface (GUI) for real-time analysis

and seamless data input.

The software features a comprehensive cost-benefit analysis module that compares the initial

investment with projected long-term savings in energy costs. The software architecture is

layered and modular. The GUI Layer enables users to simulate various solar system

configurations, input energy requirements, geographic location, budget, and preferences for

renewable energy components (e.g., solar panels, batteries, inverters). It provides actionable

recommendations, displays optimized system designs, cost estimates, and generates detailed

reports. The Data Layer consists of databases that store critical information, including solar

irradiance data, energy consumption profiles, technical specifications of solar components,

and pricing information. Data sources include third-party APIs, cloud storage, and local

servers. The system also features a dynamic database of available solar products and real-time

pricing updates through integrated APIs. The Computation and Simulation Layer simulates

energy production, consumption, and storage across different scenarios, leveraging historical

weather data and user consumption profiles to predict long-term system performance.

Mathematical models were developed to establish the relationships among system components

and to optimize system parameters for cost-effectiveness and reliability. These models were

implemented using the Django framework and simulated via MATLAB. They form the core

of the software's computation and optimization engine. The Optimization Engine, which

utilizes advanced algorithms to compute the most efficient and cost-effective solar

architecture. It processes user inputs, environmental data, and component specifications to

determine optimal combinations of solar panels, batteries, and inverters. Lastly, the Back-End

Services Layer manages the interaction between the user interface, optimization engine, and

data storage. These services ensure smooth data flow, handle computation requests, and

deliver results to the user in real time. The GUI was developed using the HTML, CSS and

JavaScript’s framework, with MySQL used for database management.

Designed for both residential and commercial applications, the tool streamlines decision-

making for installers, energy consultants, and property owners. Its flexibility in accounting for

various renewable energy sources and its detailed recommendations for system sizing and
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installation positions it as a valuable resource for optimizing both performance and budget in

solar energy projects. The software-optimized PV system configuration delivers significant

performance and financial benefits, achieving 15–20% higher energy output and 90–95%

battery utilization through intelligent energy management. By optimizing system design, it

reduces upfront component costs by 10–15% and saves 8–10% on labor and materials during

installation. End users experience 20–25% lower energy bills and 30–35% reduced grid

dependency thanks to efficient load balancing and storage cycling, making it an ideal solution

for both residential and commercial applications. Additionally, the tool provides key financial

metrics such as return on investment (ROI), levelized cost of energy (LCOE), and payback

period empowering informed decision-making. Field validation from over 150 survey

respondents in Nigeria confirmed the tool’s user-friendliness and the strong market need for

an integrated solar optimization platform. These results demonstrate a cost-effective, high-

performance solution that enhances energy efficiency, cuts operational expenses, and

accelerates the adoption of sustainable solar power

Keywords: solar power, energy costs, algorithms, optimizing, performance
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND OF THE STUDY

The global shift towards renewable energy is becoming increasingly important in light of

growing environmental concerns, depleting fossil fuels, and the need for sustainable energy

solutions. Solar energy, in particular, has emerged as one of the most viable and abundant

sources of clean energy. However, optimizing the design and implementation of solar

energy systems remains a complex challenge due to the variability of solar power, site-

specific conditions, energy demands, and the cost of installation.

Designing an efficient solar energy system involves selecting the right combination of solar

panels, inverters, battery storage, and other components based on the load requirements and

local environmental factors. Poorly designed systems can result in inefficiencies, higher

energy costs, and longer return-on-investment periods, making solar adoption less attractive

to individuals and businesses. Additionally, the upfront costs of solar installations remain a

barrier for many, making the need for cost-effective and optimized designs even more

pressing.

To address these challenges, the development of an Integrated Renewable Energy Design

Tool for optimizing solar system architecture, energy usage, and installation costs is crucial.

Such a tool would allow users, both individuals and companies, to assess their energy needs,

environmental conditions, and budget constraints while generating an optimized solar

energy solution. By using advanced algorithms and user-friendly interfaces, this design tool

would calculate the number of solar panels, battery capacities, and other necessary

components required to meet specific energy demands.

Moreover, the tool would consider factors such as geographic location, solar irradiance, load

profiles, and cost analyses to recommend the most efficient and cost-effective solution. This

integration of technical design and financial analysis in a single platform could potentially

accelerate the adoption of solar power by reducing uncertainty, improving efficiency, and

lowering installation costs.

In the context of this study, the Integrated Renewable Energy Design Tool aims to fill a

significant gap in the solar energy industry by offering a comprehensive and accessible

software calculator for optimizing solar system design and installation with emphasis on its

potential to revolutionize the way solar systems are planned and installed. The study will
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explore the effectiveness of this tool in real-world applications by integrating advanced

algorithms and real-time data analysis, to offer a comprehensive solution for both individual

users and large-scale installations, fostering the wider adoption of renewable energy in a

cost-effective and efficient manner.

1.2 STATEMENT OF THE PROBLEM

With the increasing demand for renewable energy solutions, particularly solar energy, many

individuals, businesses, and communities are turning to solar power as a sustainable

alternative to conventional energy sources. However, the design, implementation, and

optimization of solar systems pose several challenges. These include accurately calculating

the energy requirements, determining the optimal number and configuration of solar panels

and batteries, and managing the high upfront installation costs. In addition, factors such as

geographic location, weather conditions, and energy consumption patterns add complexity to

the decision-making process.

Currently, there is a lack of accessible, integrated tools that can efficiently guide users in

designing cost-effective solar systems tailored to their specific energy needs. Most existing

solutions require either technical expertise or multiple software platforms to calculate system

requirements, compare costs, and estimate energy savings. This fragmented approach leads to

inefficiencies, miscalculations, and suboptimal installations, which can deter individuals and

organizations from adopting solar energy systems.

Therefore, there is a critical need for an integrated renewable energy design tool that

simplifies and optimizes the entire process, from calculating energy consumption and solar

panel configuration to estimating installation costs. This tool should provide users with the

ability to input their energy requirements and receive an optimized system design that

balances performance, cost, and sustainability, empowering more widespread and efficient

adoption of solar energy solutions.

1.3 AIM AND OBJECTIVES OF THE STUDY

The aim of this project is to develop an integrated renewable energy design tool for

optimizing solar system architecture, energy usage, and installation costs. To achieve this aim,

the following objectives have been outlined:

i. Conduct comprehensive surveys and interviews with solar energy stakeholders in

Nigeria

ii. Design and develop a user-friendly, cross-platform software tool (accessible via
mobile and desktop) for the planning and configuration of solar energy systems.
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iii. Model Solar System Components and Environmental Factors: Create robust

mathematical models that incorporate key elements of solar system design, including

the sizing and selection of solar components. These models will integrate region-

specific data.

iv. Develop tools that will carry out cost and energy-efficient analysis, and evaluate
system reliability under various usage scenarios.

v. Develop an intuitive graphical user interface (GUI) that enables users to simulate
various solar system configurations.

vi. Evaluate the System

1.4 SIGNIFICANCE OF THE STUDY

The development of an Integrated Renewable Energy Design Tool for Optimizing Solar

System Architecture, Energy Usage, and Installation Costs holds significant importance, both

at the academic and practical levels. In a world increasingly shifting towards sustainable

energy, such a tool offers immense value by simplifying and enhancing the design process of

solar energy systems. This study’s contribution goes beyond academia, extending its impact to

the solar energy industry, environmental sustainability, and economic efficiency.

Firstly, the study addresses the increasing demand for renewable energy solutions by creating

a software tool that integrates solar energy design, optimization of energy usage, and cost

analysis. Solar energy is a widely available, clean, and renewable resource, but the complexity

of system design and high initial costs often discourage adoption. By optimizing solar system

architecture and providing real-time estimates on energy usage and installation costs, the tool

makes renewable energy solutions more accessible and user-friendly.

Secondly, this tool has educational and practical applications for students, engineers, and

installers alike. In the academic realm, it serves as an effective learning resource for students

studying renewable energy, electrical engineering, and environmental sciences. By offering

hands-on experience with system design and cost calculations, it can bridge the gap between

theoretical learning and practical application.

On the industrial front, the project provides an innovative solution to streamline the planning

and deployment of solar energy systems. Traditional methods for calculating energy output,

system configurations, and cost projections can be tedious and prone to errors. This integrated

tool automates these processes, providing precise, data-driven insights that reduce errors, save

time, and improve overall efficiency. By optimizing energy usage, it also allows users to

maximize the benefits of solar power while minimizing costs.
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Furthermore, this project contributes to environmental sustainability by promoting the use of

clean energy. The tool can potentially accelerate the adoption of solar systems, reducing

reliance on fossil fuels, and ultimately lowering carbon emissions. As governments and

businesses aim to meet sustainability targets, such a tool aligns with global efforts to combat

climate change.

Finally, the study holds economic significance. By enabling users to accurately assess

installation costs, it can lead to better financial planning and more cost-effective investments

in renewable energy. This could make solar energy solutions more attractive to both

residential and commercial users, fostering broader adoption of renewable technologies.

1.5 SCOPE OF THE STUDY

The scope of this undergraduate project focuses on the design and development of an

integrated renewable energy tool for optimizing solar system architecture, energy usage, and

installation costs. The project will target residential, commercial, and industrial applications,

providing a user-friendly platform to assist in the planning and implementation of solar energy

systems.

Key areas of the study will include:

Solar System Architecture Optimization: The tool will calculate the optimal configuration

of solar panels, inverters, and batteries based on user-specific inputs such as geographic

location, load requirements, roof space, and sunlight availability. It will simulate various

scenarios to recommend the most efficient design for different energy demands.

Energy Usage Analysis: This component will enable users to input their daily, weekly, or

monthly energy consumption patterns. The system will then analyze energy usage trends and

predict how much power can be generated and stored by the solar system, providing insight

into potential energy savings and consumption efficiency.

Cost Estimation and Optimization: The tool will include a financial module that computes

installation costs, including the price of panels, batteries, inverters, and other components. It

will take into account factors like local energy tariffs, rebates, and incentives to provide a

clear estimate of the total investment and potential return on investment (ROI) over time.

Integration of Renewable Energy Resources: While the primary focus is on solar energy,

the study will explore the possibility of integrating other renewable sources, such as wind or
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hydro, where applicable. This will enhance the tool’s flexibility and scalability for different

geographical regions or hybrid energy systems.

User Interface and Experience (UI/UX): The project will prioritize a simple yet effective

user interface to ensure accessibility for non-technical users, such as homeowners and small

business owners, while also providing advanced settings for technical professionals. The

UI/UX design will facilitate easy input, seamless navigation, and real-time feedback for better

decision-making.

1.6 RELEVANCE OF THE STUDY

The increasing global shift towards sustainable energy solutions necessitates the development

of tools that can optimize renewable energy systems. This undergraduate project design on an

Integrated Renewable Energy Design Tool aims to address the pressing need for accurate and

efficient software that can assist in designing solar energy systems, optimizing energy usage,

and reducing installation costs. This study is highly relevant in today’s context for several

reasons:

1. Addressing Climate Change: One of the most urgent global challenges is climate

change, driven by high carbon emissions from non-renewable energy sources. Solar

energy, being a clean and renewable resource, plays a crucial role in reducing carbon

footprints. The proposed tool can accelerate the adoption of solar energy by making it

easier for users to design optimized solar systems tailored to their specific energy

needs.

2. Cost Efficiency: One of the main barriers to renewable energy adoption is the initial

cost of installation. By integrating features to optimize the design of solar systems and

minimize unnecessary costs, this tool would help homeowners, businesses, and energy

planners lower the financial threshold for switching to solar power.

3. Energy Optimization: Solar energy systems, when designed optimally, can

dramatically improve energy efficiency. This project’s design tool will analyze

different factors—such as location, energy consumption patterns, and solar panel

placement—to provide the most efficient system architecture. This helps in

maximizing energy output and reducing wastage.

4. Technological Advancement: As the world moves towards smart and connected

technologies, having integrated tools for renewable energy solutions that combine

computational precision, energy usage analysis, and cost projections is vital. The

design tool will incorporate advanced algorithms and real-time data to give users the

most reliable and updated system recommendations.
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5. Educational Impact: Beyond the practical applications, this project also contributes

to the academic field by providing a blueprint for future research and development in

renewable energy system design. Students and researchers can build on this tool to

further improve its accuracy, applicability, and efficiency, enhancing the collective

knowledge in the area of renewable energy technologies.

6. Socio-Economic Benefits: Wider access to cost-effective solar energy systems will

have a positive social and economic impact, particularly in underserved regions where

energy costs are high or grid access is limited. By making renewable energy systems

more affordable and accessible, the tool has the potential to drive social equity and

contribute to sustainable development.

1.7 OUTLINE OF THE STUDY
This research proposal work will be extensively discussed from Chapter Two through Chapter

Five. Chapter Two begins with a background of the major research concepts and is followed

by a consideration of related works. Chapter Three provides the detailed methodology for the

research design. Chapter Four presents the results and discussion of the various methods

employed in the study. Finally, Chapter Five concludes the research with a summary,

recommendation, and contribution to knowledge.
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CHAPTER TWO

LITERATURE REVIEWS

2.1 Review of Related Works

The increasing demand for renewable energy solutions, particularly solar energy, has fueled

the development of numerous tools designed to optimize solar system architecture, energy

usage, and installation costs. Several works in the literature have addressed different aspects

of solar energy system design, offering valuable insights into the challenges and potential

solutions. This review explores relevant studies and tools that have contributed to the

development of integrated renewable energy design tools.

2.1.1 System Architecture

The system architecture of an Integrated Renewable Energy Design Tool is designed to

support the complete process of optimizing solar energy systems, energy consumption, and

installation costs. This architecture typically includes the following components:

i. User Interface (UI) Layer: The interface through which users interact with the

system. It allows users to input data such as energy requirements, location, budget, and

preferences for renewable energy components (solar panels, batteries, inverters, etc.).

ii. Data Layer: This layer contains databases that store relevant information like weather

patterns (solar irradiance), energy consumption profiles, solar panel and battery

specifications, and cost data. The data can be sourced from third-party APIs, cloud

storage, or local servers.

iii. Optimization Engine: The core of the system, responsible for applying optimization

algorithms to compute the most cost-effective and energy-efficient solar system

architecture. It takes to account the user inputs, environmental data, and technical

specifications to propose the best combination of solar panels, batteries, and inverters.

iv. Computation & Simulation Layer: This module simulates energy production,

consumption, and storage scenarios based on the proposed designs. It uses historical

weather data and user energy profiles to predict how much energy the system will

generate and store over time.

v. Back-End Services: A set of services responsible for connecting the various layers.

These services handle the computation requests, manage the data flow between the UI,

optimization engine, and database, and return the computed results to the user.
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vi. Cloud/Server Hosting: The system can be deployed on the cloud or a local server,

depending on the scale and scope of the project. This ensures scalability, reliability,

and accessibility from different platforms.

vii. Security and Authentication: This layer ensures that the tool’s data and user

information are secure. It implements user authentication and authorization, and

protects against unauthorized access.

2.1.2 User Interface Design:

The User Interface (UI) should be intuitive, responsive, and user-friendly to cater to a wide
range of users, from homeowners to solar system installers. Key design considerations include:

1. Input Forms: A clear and straightforward input form that allows users to enter

essential data such as energy consumption, geographical location, budget, and solar

energy preferences.

2. Interactive Maps: Geolocation-based inputs (e.g., Google Maps integration) to help

users specify their location for solar irradiance and weather data retrieval.

3. Visual Representation of Results: After computation, the tool should display results

in an easy-to-understand format, such as graphs, pie charts, and 3D models of the

system layout.

4. Recommendations: The UI should include a recommendation panel that provides

insights into the system design, such as the optimal number of solar panels, battery

capacity, and the installation cost breakdown.

5. Customization Options: Users should have the flexibility to adjust parameters,

explore different configurations, and optimize for either cost, energy efficiency, or

environmental impact.

6. Mobile and Desktop Compatibility: The UI should be responsive and available for

both desktop and mobile devices, ensuring a smooth user experience on different

platforms.

2.1.3 Optimization Algorithms:

The optimization algorithms are critical to the design tool, ensuring that the solar energy
system is both cost-effective and efficient. These algorithms include:

i. Linear Programming (LP): This is used to minimize the cost function subject to

constraints like energy demand, budget, and solar panel performance.
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ii. Genetic Algorithms (GA): A heuristic optimization technique that simulates natural

selection to find the best combination of system components based on user objectives

(e.g., cost, efficiency, or reliability).

iii. Particle Swarm Optimization (PSO): This algorithm mimics the behavior of

particles moving in space to explore the best possible system designs, balancing

energy production, cost, and storage.

iv. Mixed-Integer Nonlinear Programming (MINLP): Useful for handling the complex

relationships between the solar system’s variables, such as panel orientation, storage

size, and energy demand, while minimizing costs and maximizing energy efficiency.

v. Multi-Objective Optimization: These algorithms allow the tool to optimize for

multiple criteria (e.g., minimizing cost while maximizing energy output) and provide

trade-off solutions (Pareto front).

2.1.4 System Performance:

To ensure the efficiency and reliability of the system, its performance must be evaluated
through several criteria:

i. Accuracy of Energy Projections: The system should accurately predict solar energy

generation and energy storage based on weather patterns and consumption profiles.

ii. Cost Optimization: The tool should consistently provide cost-effective solutions

without compromising on energy production or system lifespan.

iii. Computation Time: The algorithms should run efficiently, providing results within a

reasonable time frame for real-time feedback.

iv. Scalability: The system should handle various scales of solar system designs, from

small residential installations to large commercial projects.

v. User Load: The system must support multiple users simultaneously without

significant performance degradation, especially when hosted on cloud infrastructure.

vi. Reliability: The system should provide consistent performance with minimal

downtime, ensuring that users can always access the tool and run their optimizations.

2.2 Existing Solar System Design and Optimization Tools

Various solar system design and optimization tools have been developed to streamline the

process of configuring solar photovoltaic (PV) systems. One notable tool is PV*SOL

(Valentin Software), which allows users to simulate and optimize PV system performance

under different conditions. PV*SOL provides an intuitive interface for assessing solar energy

production, energy storage, and system cost estimation. However, it focuses primarily on PV
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system simulation without offering comprehensive integration of renewable energy sources or

cost optimization.

Another widely used software is HOMER (Hybrid Optimization of Multiple Energy

Resources), developed by the National Renewable Energy Laboratory (NREL). HOMER

allows users to design microgrids that incorporate multiple renewable energy sources,

including solar, wind, and battery storage. The tool performs economic and technical

feasibility studies, helping users determine the most cost-effective and energy-efficient

solutions. However, while HOMER integrates multiple energy resources, its primary focus is

on microgrid optimization rather than detailed solar system design.

2.3 Energy Usage and Load Optimization

Accurate energy usage estimation and load optimization are critical for solar system design, as

they ensure that the system can meet energy demand efficiently. In this regard, several works

have introduced methods for optimizing energy consumption in residential and commercial

settings. For instance, "A Novel Method for Load Optimization in Smart Grids" by Zhang

et al. (2019) proposed an optimization algorithm that minimizes energy consumption through

intelligent load management. This approach uses machine learning to predict energy demand

and adjust system settings dynamically. While this work offers valuable insights into energy

usage optimization, it lacks the specific integration of solar system design considerations.

Moreover, EnergyPlus, a popular building energy simulation tool, has been used extensively

to model energy consumption in buildings. By simulating the thermal behavior of buildings

and energy use patterns, EnergyPlus can help optimize solar system size and configuration to

meet energy demand. However, it does not fully integrate renewable energy sources with cost

optimization, which is a crucial aspect of solar system design.

2.4 Cost Estimation and Financial Analysis

Installation costs remain a significant barrier to the widespread adoption of solar energy

systems. As such, various tools have been developed to estimate installation costs and return

on investment (ROI) for solar PV systems. RETScreen, developed by Natural Resources

Canada, provides a platform for analyzing the financial viability of renewable energy projects.

It offers detailed cost estimation, energy production forecasts, and financial analysis. However,

RETScreen’s focus is broader than just solar energy systems, and it does not specifically

optimize solar system architecture.
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SAM (System Advisor Model), another tool developed by NREL, performs detailed financial

modeling for renewable energy projects, including solar PV. SAM allows users to evaluate

different financial models, including power purchase agreements (PPAs) and feed-in tariffs

(FITs), to optimize the economic performance of solar projects. While SAM provides

excellent financial analysis, it does not integrate real-time energy usage data, limiting its

applicability in dynamic load environments.

2.5 Integrated Renewable Energy Design Tools

Recent works have focused on developing integrated tools that combine system design,

energy usage optimization, and cost estimation. For example, HelioScope, a cloud-based solar

design tool, integrates system layout with performance simulations. It allows users to design

solar arrays, simulate energy production, and estimate costs. However, while HelioScope

offers a streamlined design process, its cost estimation capabilities are relatively simplistic

compared to more detailed financial analysis tools like SAM.

Other works, such as Solarius PV, provide a more comprehensive approach by integrating

system design, energy usage simulation, and cost estimation into a single platform. Solarius

PV allows users to optimize solar array configurations based on energy demand while

providing financial analysis. However, it primarily targets small-scale residential systems and

lacks scalability for larger commercial or industrial applications.

2.6 Challenges and Gaps in Existing Works

Despite the advancements in renewable energy design tools, several challenges remain. One

common limitation is the lack of integration between energy usage data and real-time system

performance. Most existing tools rely on static data inputs, which may not accurately reflect

dynamic load patterns and energy consumption fluctuations. Additionally, while many tools

provide cost estimation, few offer a fully integrated approach that optimizes both technical

system performance and financial viability simultaneously.

Moreover, there is a need for user-friendly interfaces that allow non-experts to design and

optimize solar systems without extensive technical knowledge. Many current tools are geared

toward engineers or professionals with expertise in renewable energy, limiting their

accessibility to the general public or small businesses.
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2.7 Solar Photovoltaic System Design and Cost Analysis

Numerous studies have addressed the technical and economic aspects of solar photovoltaic

(PV) systems. Panwar et al. (2022) developed a software tool that integrates economic

analysis into the design of residential PV systems, demonstrating how variations in system

size and load affect both efficiency and costs. This tool allows users to optimize the placement

and size of solar panels, calculating payback periods and expected savings from energy

consumption reductions. In addition, Chauhan and Saini (2021) introduced a hybrid energy

system simulation that optimizes renewable energy use by combining solar with other sources.

Their work emphasizes cost minimization while ensuring energy reliability through the

simulation of multiple scenarios.

2.8 Energy Efficiency and Demand-Side Management

An important aspect of optimizing solar system design is energy consumption analysis.

Radmehr and Arshad (2020) developed a user-friendly tool that assists households in

improving energy efficiency by recommending changes in electricity consumption behavior.

Their software provides suggestions for appliance usage based on real-time energy monitoring

data. Furthermore, the work by Rathore et al. (2021) integrates solar energy systems with

demand-side management (DSM). The study proposes a model that allows users to plan

energy usage based on energy availability, thereby reducing peak demand costs and

improving solar PV system performance. This research emphasizes how efficient energy

usage complements the cost benefits of solar installations.

2.9 Solar System Optimization Algorithms

The complexity of optimizing solar PV systems has led to the development of advanced

algorithms for simulation and cost modeling. Srinivasan et al. (2019) implemented a genetic

algorithm-based optimization technique, focusing on the size, orientation, and tilt of solar

panels to maximize energy production and minimize installation costs. The tool developed in

this study allows users to input specific constraints such as geographical location and budget

limitations, producing custom-tailored solutions for each solar project. Yang et al. (2020)

extended this work by incorporating machine learning models to predict future energy

demands based on historical weather patterns and electricity usage data. Their approach

enhances the precision of solar system designs by accounting for variability in weather

conditions, leading to more accurate predictions of energy production and system performance.
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2.10 Life-Cycle Cost Analysis and Installation Optimization

Life-cycle cost analysis (LCCA) is critical for ensuring long-term financial viability when

investing in solar systems. Wang et al. (2021) conducted a detailed life-cycle cost study on

rooftop solar installations in urban areas. Their tool uses LCCA to compare different design

alternatives based on installation costs, operational savings, and maintenance requirements.

Additionally, Garcia-Sanz and Jones (2022) developed a multi-objective optimization tool

that integrates both solar architecture design and installation logistics. Their tool allows

designers to select installation techniques that reduce labor and material costs while

optimizing energy performance. The research also highlights the importance of incorporating

environmental and social factors into solar project planning.

2.11 Integrated Design Tools

The concept of integrated renewable energy design tools has been explored to combine

several features into a single platform. Hosseini et al. (2021) created a cloud-based application

that allows users to input energy demands, geographical data, and budgetary constraints to

receive a comprehensive solar system design and installation plan. Their tool combines

architectural design with cost estimation and energy efficiency simulations. This type of

integrated platform demonstrates the feasibility of creating user-friendly tools for both

consumers and solar engineers. Mirzaei et al. (2020) explored a similar approach by

integrating solar panel orientation, shading analysis, and real-time energy consumption data

into their software tool. The application’s interface allows users to visualize the solar system's

performance under different scenarios, enhancing the decision-making process for consumers

looking to invest in renewable energy solutions.
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CHAPTER THREE

METHODOLOGY

3.1 Research Methodology

This chapter outlines the methodology employed in the development of the Integrated

Renewable Energy Design Tool (IREDT) for optimizing solar system architecture, energy

usage, and installation costs. The methodology is structured to ensure a systematic approach

to achieving the research objectives, which include designing a user-friendly tool, integrating

renewable energy parameters, and optimizing cost and energy efficiency. The chapter details

the research design, data collection methods, software and tools used, and the analytical

framework for optimization.

3.2. System Design:

The Integrated Renewable Energy Design Tool is a software application designed to optimize

solar system architecture, energy usage, and installation costs. The tool incorporated

computational models for solar panel and battery sizing, cost estimation, and system

performance analysis. The design phase involved creating wireframes, workflows, and

database structures to outline the system's architecture and functionalities using a structured

software development lifecycle (SDLC) approach beginning with Data Collection and

Validation: Real-world data on solar energy systems, energy consumption patterns, and

installation costs were collected and used to implement the tool.

3.2.1 Requirements Analysis:

The development phase of the software included the following steps:

● Requirements Gathering: Engaging stakeholders through survey (e.g., engineers,

solar energy consultants) for Data collections and notable sources such as 59 Solar PV

Power Calculations With Examples Provided | Solar Plan Sets LLC and other research

journals to determine key features for the tool.

https://solarplansets.com/learn/59-solar-pv-power-calculations-with-examples-provided/
https://solarplansets.com/learn/59-solar-pv-power-calculations-with-examples-provided/
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● Programming: Implementing the design using programming languages such as

Hyper-Text-Mark-up-Language (Html), Cascaded Style Sheet (CSS) and Java Script,

integrating libraries and frameworks that support renewable energy calculations.

3.2.2 Data Collection Methods

Data collection was conducted in two stages: primary data collection and secondary data

collection

1. Primary Data Collection:

o Surveys and Interviews: Stakeholders, including solar energy experts,

installers, and end-users, were surveyed to gather insights into current

challenges and requirements for solar system optimization.

o Field Data: Energy consumption data and solar irradiation levels were

collected from selected residential and commercial sites to serve as input

parameters for the tool.

2. Secondary Data Collection:

o Literature Review: Peer-reviewed journals, conference papers, and industry

reports were reviewed to gather data on solar system architectures, energy

usage patterns, and cost structures.

o Public Datasets: Solar irradiation data, weather patterns, and energy pricing

information were obtained from publicly available databases such as NASA's

Surface Meteorology and Solar Energy (SSE) database and local

meteorological agencies.

3.2.2.1 The Survey Stage

The section discusses the survey phases which include; the development of the questionnaire,

study population, sample size determination, and analysis of data collected across Edo and

Delta state, Nigeria as the chosen locations for the study.

3.2.2.2 Development of Questionnaire

A carefully drafted questionnaire with relevant socio-demographic data and orderly structured

questions relating to the study objectives tailored to the topic "Integrated Renewable Energy

Design Tool (IREDT) for Optimizing Solar System Architecture, Energy Usage, and

Installation Costs" was developed. These questions were designed to gather insights from

stakeholders such as solar energy experts, installers, end-users, and policymakers. They are

divided into general questions, technical questions, and user experience questions.
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Additionally, pilot testing was conducted with 20 respondents to ensure that the

questionnaires can collect relevant data accurately (see Appendix A for the questionnaire)

The pre-model questionnaire was developed by considering two steps. The first step was

based on related works on solar system design tool. The second step was by interviewing 20

(twenty) persons with five persons from each local government area of Benin City Metropolis.

After these steps, a restructuring was carried out on the pre-model questionnaire. The

developed questionnaire was structured in two sections social-demographical characteristics

which include age bracket, sex, profession, states; and experience questions section. Google

form was used as platform to distribute the questionnaires.

3.2.3 Study Population and Sample Size Determination

A stratified random sampling method was used for the population study. The population was

divided into subgroups (strata) based on occupations. Hence, the following category of

grouping was considered:

i. Students (tertiary and secondary)

ii. Marketers of Solar products

iii. Solar Technicians

iv. Solar Installers

v. Private individuals and artisans

The total population size of Edo and Delta state as of the year 2024 when the survey was

conducted was first determined, as it is a requirement to determine the sample size. As of the

year 2006, Delta and Edo state's population count was 4,112,445 and 3,233,366 both male and

female respectively (National Population Commission, 2006). The total estimated population

figure for 2024 was determined using the Brinkhoff approach to estimate population size

(Brinkhoff, 2006). The formula used is shown in equation 3.1

�� = �� 1 + �
�

�
(3.1)

Where, �� = future population, Po = initial population of Edo and Delta state (7,345,811), r =

growth rate 3.3%, n = period (numbers of years) (National Population Council, 2006).

�� = 7,345,811 1 +
3.3
108

9

�� = 9,631,245
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The sample size for the study was determined using a formula developed by Cochran for

calculating the sample size for the estimated pollution size (9.631245 million people)

(Cochran et, al. 2012). The formula is shown in equation 3.2

n = p (100-p) Z2/E2 (3.2)

Where, sample size (n) = is the required sample size for an infinite population

� = �ℎ� ���������� �� ���������� �� � ����� �� ���������

� = �ℎ� ���������� ������� ����� ��������

� = �ℎ� ����� ������������� �� ����� �� ���������� �������

The margin error of 0.05, confidence level of 96 %, at 0.05 margin error: a Z value equal to

1.96, this level of confidence implies that 95 out of 100 samples will have the true population

value within the margin error.

n = (0.96) (100-(0.96)) (1.96)2/ (0.05)2

n =400

However, the total number of valid respondents was 107 with an assessed response rate of

82%.

3.2.4 Survey Data Analysis

Google form was used as platform to distribute the questionnaires. The data obtained from the

online platform were downloaded in an Excel Worksheet. Analytical framework was

developed for analyzing the data (see section 3.2.4). Using the data analysis tool pack

available in Microsoft excel, a descriptive data analysis which included all diagrams and

results tables was carried out. The results of the data analysis are presented in section 4.3.

3.2.5 Analytical Framework for All the Survey Questions

This section discusses the detailed approach and steps to the analysis based on the sample

responses provided. Step 3 present the proposed solutions based on the identified challenges

from the analysis. A total 50 (fifty) questions were developed and grouped into the following

themes:

i. Technical Challenges: Questions about system design, optimization, and performance.

ii. User Experience: Questions about tool usability, interfaces, and accessibility.

iii. Cost Optimization: Questions about installation costs, ROI, and cost-benefit analysis.

iv. Policy and Industry: Questions about regulations, incentives, and industry standards.
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Step 1: Sample Analysis of Responses

1. Common Patterns

i. Technical Expertise: Many respondents (e.g., system designers, researchers)

emphasized the need for accurate simulation tools and optimization algorithms.

ii. Cost Sensitivity: A significant number of respondents (e.g., installers, end-users)

highlighted the importance of cost optimization in solar system design.

iii. User-Friendliness: End-users and some installers stressed the need for intuitive

interfaces and simplified tools.

iv. Data Accuracy: Several respondents mentioned the lack of reliable data for designing

and validating solar systems.

2. Key Challenges

i. High Installation Costs: A recurring issue among installers and end-users, making

solar systems less accessible.

ii. Shading and Seasonal Variations: Technical challenges that affect system

performance and energy output.

iii. Complex System Design: Designers and installers find it difficult to balance

performance, cost, and reliability.

iv. Lack of Standardization: Policymakers and researchers noted the absence of

standardized tools and practices in the industry.

3. Opportunities

i. Advanced Optimization Algorithms: Develop tools that use AI or machine learning

to optimize system architecture and costs.

ii. Real-Time Data Integration: Incorporate real-time weather and energy pricing data

to improve accuracy.

iii. User-Friendly Interfaces: Create intuitive GUIs with tutorials and tooltips to cater to

non-technical users.

iv. Policy Alignment: Design tools that align with regulatory standards and incentives to

promote adoption.

Step 2: Analyze Responses by Theme

Theme 1: Technical Challenges
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● Common Patterns:

o Respondents emphasized the need for accurate shading analysis and seasonal

performance predictions.

o Many highlighted the importance of integrating battery storage and optimizing

energy usage.

● Key Challenges:

o Difficulty in balancing system performance with cost and reliability.

o Lack of tools that account for real-world variables like weather and grid

integration.

● Opportunities:

o Develop advanced simulation tools with real-time data integration.

o Incorporate AI-driven optimization algorithms for better performance.

Theme 2: User Experience

● Common Patterns:

o End-users and installers prefer tools with intuitive interfaces and minimal

technical complexity.

o Many respondents expressed dissatisfaction with existing tools' usability.

● Key Challenges:

o High learning curve for non-technical users.

o Lack of tutorials or guidance in current tools.

● Opportunities:

o Create user-friendly GUIs with drag-and-drop functionality.

o Include interactive tutorials and tooltips for beginners.

Theme 3: Cost Optimization

● Common Patterns:

o Cost is a major concern for both installers and end-users.

o Many respondents highlighted the need for accurate cost-benefit analysis.

● Key Challenges:

o Difficulty in estimating long-term costs and ROI.

o Lack of tools that provide customizable cost parameters.

● Opportunities:
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o Develop cost optimization modules with customizable inputs.

o Include ROI and payback period calculators in the tool.

Theme 4: Policy and Industry

● Common Patterns:

o Policymakers stressed the need for tools that align with regulatory standards.

o Industry experts highlighted the lack of standardization in solar system design.

● Key Challenges:

o Difficulty in keeping up with changing regulations and incentives.

o Lack of tools that support large-scale projects.

● Opportunities:

o Design tools that integrate policy updates and incentive programs.

o Promote standardization through industry collaboration.

Table 3.1 Tabulated Summary of Analysis

Theme Common Patterns Key Challenges Opportunities

Technical
Challenges

Need for accurate
simulations, shading
analysis

Balancing performance,
cost, reliability

AI-driven optimization,
real-time data

User
Experience

Preference for intuitive
interfaces

High learning curve, lack
of tutorials

User-friendly GUIs,
interactive tutorials

Cost
Optimization Cost is a major concern Estimating long-term

costs, ROI
Cost-benefit analysis,
customizable inputs

Policy and
Industry

Need for regulatory
alignment

Changing regulations,
lack of standardization

Policy integration,
industry collaboration

Step 3: Proposed Solutions to the Survey Findings

Based on the analysis, here are the actionable solutions:

1. Develop an AI-Powered Optimization Tool: Use machine learning to optimize

system architecture, energy usage, and costs.

2. Integrate Real-Time Data: Incorporate weather, solar irradiation, and energy pricing

data for accurate simulations.

3. Create User-Friendly Interfaces: Design intuitive GUIs with tutorials and tooltips

for non-technical users.

4. Include Cost-Benefit Analysis: Add modules for calculating ROI, payback periods,

and lifetime costs.
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5. Align with Policy Standards: Ensure the tool complies with regulatory requirements

and supports incentive programs.

3.3 The Proposed System Architecture Design and Implementation:

System Architecture Design: Based on the proposed solutions to the identified survey

findings, software engineering principles was used to design a user-friendly interface and an

effective backend system that integrates various algorithms for optimization.

● Input parameters such as solar irradiation, energy demand, usage duration and system size

were used to design the solar system architecture.

● The tool calculates the optimal number of solar panels, battery storage capacity, and

inverter size based on user inputs.

This architecture ensures a robust, scalable, and efficient renewable energy design tool that

serves both individual consumers and large-scale solar installations. Figure 3.1 shows the

system architecture for the developed software calculator and the interactions between the

components of the system.

Figure 3.1: Showing system architecture diagram

3.3.1 Overview of the System Architecture Components

The system involves a web application interface, that processes the user inputs, retrieve real-

time solar data, and generate optimized system designs. The IREDT system architecture is

divided into three main layers:

1. User Interface Layer (Frontend): Provides an intuitive interface for users to input

parameters such as location, energy demand, budget, and system preferences. Includes

forms, dropdowns, and sliders for easy data entry and view results. The Output

Module: Displays optimized solar system designs, energy usage predictions, and cost

analysis. Visualizes results using charts, graphs, and tables. Figure 3.2 shows the class

diagram for the user interface layer.
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Figure 3.2: Class diagram showing user interface

2. Application Logic Layer (Backend): Handles data processing, optimization

algorithms, and simulations. Data Processing Module: Validates and processes user

inputs. Integrates external data (e.g., solar irradiation, weather data) for accurate

simulations. Optimization Engine: Uses algorithms (e.g., linear programming,

genetic algorithms) to optimize solar system architecture. Balances performance, cost,

and energy usage. Simulation Module: Simulates solar system performance under

different conditions (e.g., seasonal variations, shading). Predicts energy output and

system efficiency. Cost Analysis Module: Calculates installation costs, maintenance

expenses, and lifetime savings. Provides a cost-benefit analysis.
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Figure 3.3: Class diagram Showing Application layer

3. Data Layer: Manages data storage, retrieval, and integration with external datasets.

Database: Stores user inputs, system configurations, and simulation results. Uses a

relational database (e.g., MySQL) for structured data storage. External Data

Integration: Connects to external APIs for real-time data (e.g., weather, solar

products prices). Uses datasets from sources like NASA's SSE database for solar

irradiation data. Data Analytics: Analyzes historical data to improve optimization

algorithms and predictions.
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Figure 3.4: Showing System Database Structure implementation

3.3.2 User Interface (UI) Development Frameworks

● Web Application

o Developed using Html, CSS, and Java Script

o Interactive UI for inputting system requirements

o Graphical representation of results

3.3.3. Backend System Development Frameworks

● Cloud-Based API

o Developed using Node.js (Express) or Django (Python)

o RESTful API to handle data processing and storage

o Authentication & user management

● Database

o PostgreSQL or MongoDB for structured and unstructured data

o Stores user data, historical solar performance, and cost analytics

3.3.4. Computation & Optimization Engine

● Solar Panel & Battery Sizing Module

o Computes the number of solar panels and batteries needed based on user input

o Factors in geographical solar irradiance, efficiency losses, and weather

conditions

● Cost Estimation Module
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o Provides cost analysis based on panel, battery, and installation prices

o Allows for user-defined cost constraints

● Performance Evaluation Simulation Module

o Simulates energy production and consumption over time

o Uses AI-based load prediction for better optimization

o The tool's outputs were validated using real-world data and compared with

existing solar system designs to assess its accuracy and effectiveness.

3.3.4.1 Mathematical Models for the Software Computation & Optimization Engine

Some key variables were required to develop the models and they were divided into three

groups: technical, economic and environmental variables.

1. Technical Variables Required to Develop the Models:

These influence the performance and efficiency of the solar system.

i. Solar Panel Efficiency (η_PV): The conversion efficiency of solar photovoltaic

(PV) panels.

ii. Solar Irradiance (G): The amount of sunlight available per square meter (W/m²).

iii. Panel Orientation (θ): The tilt and azimuth angle of solar panels for optimal energy

absorption.

iv. Temperature Coefficient (β): The effect of temperature on PV efficiency.

v. Battery Capacity (C_B): The total energy storage capacity (Wh or kWh).

vi. Battery Depth of Discharge (DoD): The usable portion of the battery’s total

capacity.

vii. Charge Controller Efficiency (η_CC): The efficiency of the Maximum Power

Point Tracking (MPPT) or Pulse Width Modulation (PWM) charge controller.

viii. Inverter Efficiency (η_inv): The efficiency of converting DC to AC power.

ix. System Load Demand (P_load): The power requirement of the connected

appliances.

x. Grid Connectivity (G_conn): Whether the system is grid-connected or standalone

(off-grid).

2. Economic Variables Required to Develop the Models:

These affect the cost-effectiveness and financial viability of the solar system.
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i. Total or Capital Cost (C_cap): Initial investment cost of panels, inverters, batteries,

and installation.

ii. Operation & Maintenance Cost (C_OM): Recurring costs for system upkeep.

iii. Levelized Cost of Energy (LCOE): The cost of generating electricity over the

system’s lifetime.

iv. Payback Period (T_PB): The time required to recover the initial investment.

v. Net Present Value (NPV): The financial return on investment considering system

lifetime and discount rates.

vi. Feed-in Tariff (FiT): Compensation for exporting excess energy to the grid.

3. Environmental Variables

These account for external factors affecting solar performance.

i. Ambient Temperature (T_amb): The surrounding temperature affecting panel

efficiency.

ii. Shading Factor (S.f): The percentage of shading due to nearby objects (trees,

buildings).

iii. Dust Accumulation (D_A): The reduction in panel efficiency due to dirt and dust.

iv. CO₂ Emissions Reduction (CO₂_red): The amount of carbon offset by using solar

energy instead of fossil fuels.

3.3.4.2 Software Computation Models for the Solar Components Sizing

1. Resource assessment

Monthly irradiation data for the sizing process are obtain through an API and log on into the

database as shown in Table 1. These data are used for the sizing process. On the other hand, a

separate three-month daily irradiation and ambient temperature data obtained from a weather

monitoring station at the site were used for computing (Loss of Power Supply Probability)

LPSP, Reliability and cost of installation upon completion of the sizing process. The LPSP is

the objective function that is minimized in the study (see section 3.x).

Table 1. Average daily irradiation for Benin city at different months.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Averagedaily
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irradiation, in

4.00 4.32 4.40 4.46 4.50 4.70 5.10 5.18 5.10 5.09 5.11 5.05

Peak Sun

Hours (PSH)

2. Load Profile

Every estimated load profile is determined from user input data and log into the database. The

load profile varies according to two seasons. For example, the estimated total daily load

demand for a barbing saloon is 11,400 Wh based on the worst total daily load demand

obtained from season 1 and 2. This load demand was used for the sizing process.

Table 2. Estimated load profile of the site.

AC

applianc

e

Numbe

r of

Power per Power Usage Season 1 Season 2

Units unit (W) factor time (h) (Jan-June) (July-Dec)

Ener

gy

Usage Energ

y

Surge

(Wh) time

(h)

(Wh) Facto

r

Water

pump

3 120 0.7 2 720 1 360 5

Light

bulb

15 40 1 10 6,00

0

13 7,800 1

Televisio

n

3 80 0.95 8 1,92

0

6 1,440 1

Stand fan 3 60 0.6 4 720 10 1,800 3

Daily load demand, EAC load

(Wh)

9,36

0

11,400

The architecture of the solar system consists of several key components: a photovoltaic (PV)

array, charge controller, battery, inverter, and cables. The interconnection of these

components is illustrated in Figure 5. The PV array, made up of PV modules, converts
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sunlight into direct current (DC) electricity. This DC electricity is used to charge the battery

bank through the charge controller. When needed, alternating current (AC) loads draw power

from the battery bank via the inverter, which converts DC power into AC power suitable for

the load profile.

To facilitate the sizing process, databases for each system component were developed,

including the PV module, charge controller, battery, inverter, and cables. These databases

contain the electrical ratings of the components, which were obtained from the respective

datasheets. These ratings are crucial for the system's proper sizing.

1. PV Module Electrical Ratings: The key ratings for the PV module include:

o Nominal voltage (V_nominal_pv) for charging the battery bank, in volts (V).

o Short circuit current at Standard Test Conditions (STC), Isc_stc, in amperes

(A).

o Maximum power at STC, Pmp_stc, in watts (W).

o Derating factor due to manufacturing tolerance, fmm (dimensionless). The

STC conditions are defined by an irradiance of 1,000 W/m², a cell temperature

of 25°C, and an air mass of 1.5.

2. Charge Controller Electrical Ratings: The ratings for the charge controller include:

o Maximum output charging current, I_c_max, in amperes (A).

o Efficiency of the charge controller, ηcc, as a percentage (%).

3. Battery Electrical Ratings: The battery’s electrical ratings include:

o Nominal battery voltage, V_nominal_bat, in volts (V).

o Battery capacity at a specific discharge rate, C_bat_disch, in ampere-hours

(Ah).

4. Inverter Electrical Ratings: The inverter's ratings are:

o Efficiency, η_inv, in percentage (%).

Figure 3.5: Components of the SAPV system
under study.
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o Maximum power rating, S_ac_max_inv, in volt-amperes (VA).

o Surge power rating, S_ac_surge_inv, in volt-amperes (VA).

5. Cable Ratings: Cable ratings are also considered, though they were not elaborated in

detail.

For the sizing process, twelve different models for each system component were considered.

Each model within a component's database was assigned an integer code, where the number

corresponds to the model's position in the database. As a result, there are 12 models for each

of the following components:

i. PV module (coded from 1 to 12),

ii. Charge controller (coded from 1 to 12),

iii. Battery (coded from 1 to 12),

iv. Inverter (coded from 1 to 12),

v. Cable (coded from 1 to 12).

Thus, a total of 12 × 12 × 12 × 12 × 12 = 20,736 possible combinations of system components

were generated for the sizing process.

3. Solar Components Sizing algorithms

The sizing process involves the determination of number of PV modules in series, number of

parallel PV strings, number of batteries per string, number of parallel strings of batteries, and

the inverter power capacities, the size of cables. The sizing algorithm was simulated in

MATLAB while the sizing procedure is explained in the following steps:

Step 1: Determine the worst month by identifying the month with lowest the ratio of average

daily solar irradiation, H, in PSH, to the daily load demand in kWh.

Step 2: Calculate the required daily load demand that must be met by the system at the DC

busbar, Ereq_daily in Wh for the system using:

����_����� =
���_����

���

where ���_���� is the daily load demand in Wh and ���is the Efficiency of inverter in %.

Step 3: Set the system voltage, SV in V. In this project, SV can be set to be 12V, 24V and

48V which are readily available in Nigerian markets.

Step 4: Determine the number of PV modules per string, Ns_pv using
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��_�� =
��

��������_�

where ��������_� is the nominal voltage of the PV module for charging battery Bank.

Step 5: Determine the number of parallel strings required to meet the load demand, ��_�� in

integers using

��_�� =
��������� × ��

�� × ����� × ����_��

where fo is the oversize coefficient for PV array and i.c is the expected charging current from

PV string in A. In addition, ηcou_bat is the coulombic efficiency of battery in %. The value of

Np_pv is rounded up to the nearest integer.

Step 6: Determine the total number of PV modules to meet the load demand, Ntot_pv in

integers using

����_�� = ��_�� × ��_�

Step 7: Calculate the maximum number of PV strings that can be connected to the charge

controller, Np_max_per_cc in integers using

��_���_���_�� =
��_���

���_��� × 1.3

where Ic_max is the maximum output charging current of the charge controller in A and

Isc_stc is the short circuit current of PV module at Standard Test Conditions (STC) in A. The

STC are testing conditions set at in-plane irradiance of 1,000 Wm-2, cell temperature of 25°C

and air mass of 1.5. In addition, the value of Np_max_per_cc is rounded down to the nearest

integer.

Step 8: Determine the required battery bank capacity, Cbat_bank_req in Ah using

����_����_��� =
����_����� × ����

�� × ������ × �����_���

where Taut is the required number of autonomy days of the battery bank (gotten user input

from the GUI) and DODmax (from the database) is the maximum allowable depth of

discharge of the battery bank. ftemp_bat is the temperature correction factor of the battery

bank.

Step 9: Determine the discharge rate of the battery bank in hours using where Idisch is the

designed discharge current from the battery bank.
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�����ℎ−��� =
����_����_���

�����ℎ

where Idisch is the designed discharge current from the battery bank.

Step 10: Determine the number of batteries per string, Ns_bat and the number parallel strings

in the battery bank, Np_bat, both are in integers using

��_��� =
��

��������_���

��_��� =
����_����_���

����_����ℎ

Where ��������_��� is the nominal battery voltage of battery in V and Cbat_disch is the

capacity of battery at specific discharge rate in Ah. The value of Np_bat is rounded up to the

nearest integer.

Step 11: Determine the minimum power of inverter based on maximum demand of the loads,

Sinv_max and minimum power of inverter based on surge demand of the loads, Sinv_surge in

VA using

����_���_���_������ = ����_����� × ��_��

����_���_�����_������ = ������_����� × ��_����

where Smax_loads is the maximum demand of the loads in VA and fg_max is the growth

factor of maximum demand of the loads in decimals. On the other hand, Ssurge_loads and

fg_max are the surge demand of the loads in VA and the growth factor of surge demand of the

loads in decimals respectively. Then, Sac_max_inv in VA and the surge power rating of

inverter, Sac_surge_inv in VA were selected based on two Equations above respectively.

5. Loss of Power Supply Probability

The Loss of Power Supply Probability (LPSP) in decimals is an indicator used to represent the

degree of reliability of the Solar system architecture in supplying power to load demand.

LPSP of zero indicates that the system is totally capable of meeting the load demand within

an observed period, while an LPSP value of 1 indicates that the power system fails to satisfy

the load demand during an observed period. A set of three-month daily irradiation and

ambient temperature data is used to compute LPSP. The LPSP can be determined using the

steps below:

Step 1: Calculate the energy yield of a given day n, Esys(n) using
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����(�) = ��_�� × ��_�� × ���_��� × �(�) × �����(�) × ��� × �����
× ���� × ��� × ���� × ������

where Pmp_stc is the maximum power of PV module at STC in W, H(n) is the total

irradiation received at the site in day n, ftemp(n) is the derating factor due to temperature

received at the site in day n, fmm is the derating factor due to manufacturing tolerance, fdirt is

the derating factor due to dirt accumulation on PV modules, ηinv is inverter’s efficiency in %,

ηcc is charge controller’s efficiency in %, ηbat is battery’s efficiency in % and ηcable is

cabling efficiency in %.

Step 2: Determine the battery bank's net energy content on day n, Ebat(n) in Wh. If Esys(n) is

higher than the AC load demand of the day n, ���_����(�) , the excess energy is stored in the

battery bank should be equal to the AC demand at night. During the charging period, Ebat(n)

is calculated using

����(�) = ����(� − 1) + [(����(�) − ���_����(�)) × ����]

where Ebat(n-1) is the energy content of the battery bank one day before day n,

On the other hand, when Esys(n) is lower than the AC load demand of the day �,

���_����(�), the charge content of the battery bank is discharged to meet the load demand.

During the discharging period, Ebat(n) is updated using

����(�) = ����(� − 1) − [(���_����(�) − ����(�)) × ����]

At any point of time during charging or discharging, the value of Ebat(n) is restricted to the

following constraint:

����_��� ≤ ����(�) ≤ ����_��

where Ebat_min and Ebat_max are the minimum and maximum energy content of the battery

in Wh respectively.

Step 3: Calculate the loss of power supply of the day n, LPS(n) using

���(�) = ���_����(�) − [(����(�) + ����(� − 1) − ����_���) × ����]

Step 4: Calculate the LPSP for the observed period using

���� = �=1
�� ���(�)

�−1
�� ���_����(�)

where N is the total number of days during the observed period.

3.3.4.3 Optimization Algorithm



44

Optimization Considerations:

● Objective Function:Maximize energy output, minimize costs, or maximize return on
investment.

● Constraints: System size, land area, battery autonomy, grid availability, and
regulatory policies.

● Optimization Techniques: Genetic algorithms, Particle Swarm Optimization (PSO),
Artificial Neural Networks (ANNs), and Linear Programming. where N is the total
number of days during the observed period.

3.3.4.3.1 Cost Evaluation Based on Monte Carlo Simulation
3. Optimization Problem
The primary objective of this section is to minimize the total cost associated with the
Solar system architecture. The objective function, as described in Equation below,
incorporates various cost components:

��������� = ������ + �ℎ������������������ + ������������ + ����������� + ���������

Each of these components must be optimized to achieve the minimum annual cost.
This optimization involves selecting the most efficient combination of installed PV
panel power and battery capacity. The specific definitions for these terms are provided
as follows:

������ =
����������� ∗ ��������������

������_����������

����������� =
��, ��� ∗ ��������������

������_����������
∗

������_�����������

������_����������

In order to solve this optimization problem, certain constraints must be satisfied. These
constraints ensure that the equipment sizes are physically feasible and prevent the
system cost from escalating to excessively high values. Specifically, the constraints are
shown in Equations below
Component size constraints:
Pginstalled ≥0
Qb,max ≥0
Size limit constraints:
Pginstalled ≤ 20, 000
Qb,max ≤ 35, 00
The final mathematical formulation of the optimization problem can be summarized as
follows

3.3.5. Data Integration

● Weather & Solar Data API

o Fetches real-time solar irradiance and weather conditions from external sources

● Cost Database Integration

Retrieves up-to-date pricing for panels, batteries, and installation service
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3.3.6. System Workflow

1. User Input

o User enters location, power consumption, and system preferences.

2. Data Retrieval

o System fetches solar data and cost information.

3. Computation & Optimization

o The backend computes optimal solar and battery sizing with other

considerations.

4. Optimization and Simulation of Energy Usage

o The optimization engine generates the best solar system design based on user

inputs.

o The simulation module predicts system performance and energy output.

o Energy consumption patterns were analyzed to identify peak demand periods

and optimize energy storage and distribution.

o The tool incorporates load-shifting strategies to reduce energy costs and

improve system efficiency.

Figure 3.6: Showing Optimization and Simulation of Energy Usage
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5. Cost Analysis:

o The cost analysis module calculates installation costs, savings, Cost Analysis:

o A cost model was developed to estimate the total installation cost, including

equipment, labor, and maintenance expenses.

o The tool provides a cost-benefit analysis, including payback period and return on

investment (ROI), to assist users in decision-making.

6. Results Display:

o The frontend displays the optimized design, performance predictions, and cost

analysis in an easy-to-understand format.

3.3.7. Security & Authentication

● OAuth 2.0-based authentication

● Secure API communication using HTTPS

● User data encryption for privacy

6. Deployment Strategy

● Mobile App: Deployed via Play Store & App Store

● Desktop Software: Distributed through official website/download portals

● Backend: Hosted on AWS, Google Cloud, or Azure for scalability
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Figure 3.7: Showing Deployment Strategy for mobile App

7. Future Enhancements

● AI-powered energy consumption prediction

● Smart Grid & IoT integration for real-time monitoring

● Blockchain-based secure energy transactions

3.3.8 Hosting:

Cloud Platform: AWS, Google Cloud, or Azure for scalable deployment.

3.4 Evaluation:

Evaluating the results of the Integrated Renewable Energy Design Tool (IREDT) involves

assessing its performance, accuracy, usability, and impact on optimizing solar system

architecture, energy usage, and installation costs. Below is the structured approach used to

evaluate the results, including key metrics, evaluation methods, and expected outcomes.
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3.4.1 Key Evaluation Metrics

To evaluate the IREDT, the following metrics was considered:

A. Technical Performance

● Accuracy of Optimization: How well does the tool optimize solar system architecture

and energy usage?

● Simulation Accuracy: How closely do the simulation results match real-world

performance?

● Cost Estimation Accuracy: How acqncurate are the installation cost and ROI

predictions?

B. Usability

● Ease of Use: How intuitive and user-friendly is the tool for different stakeholders (e.g.,

installers, end-users)?

● Learning Curve: How quickly can users learn to use the tool effectively?

● Feature Satisfaction: Do users find the features (e.g., optimization, cost analysis) useful

and comprehensive?

C. Economic Impact

● Cost Savings: How much cost savings does the tool enable compared to traditional

design methods?

● ROI Improvement: Does the tool help users achieve a better return on investment for

their solar systems?

● Payback Period Reduction: Does the tool reduce the payback period for solar

installations?

D. Environmental Impact

● Energy Efficiency: Does the tool help design systems that maximize energy efficiency

and reduce waste?

● Carbon Footprint Reduction: Does the tool contribute to reducing the carbon footprint

of solar installations?
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3.4.2 Evaluation Methods

A. Technical Validation

1. Case Studies:

o Test the tool on real-world solar projects and compare the results with actual

system performance.

o Example: Compare the tool's predicted energy output and costs with the

performance of an installed solar system.

2. Benchmarking:

o Compare the tool's optimization results with those of existing tools (e.g., PVsyst,

HOMER).

o Example: Evaluate how the IREDT's cost optimization compares to industry

standards.

3. Simulation Testing:

o Run simulations under various conditions (e.g., different locations, shading

scenarios) to validate accuracy.

o Example: Test the tool's shading analysis feature against real-world shading data.
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CHAPTER FOUR

RESULTS AND DISCUSSIONS

4.1 Result Presentation
This chapter presents the results obtained from the three stages of this research. This includes the

results discussion of the conducted survey, the results of the proposed software implementation

to address the identified challenges associated with solar system design, installation and

optimization, and the results of MATLAB simulation of the mathematical models.

4.2 Presentation of Survey Results and Discussion

This section presents the results of the analysis carried out on the survey data which include

results on respondents’ demographic data and population. The results of the analysis shown that

a total of 153 respondent across Edo and Delta state participated in the survey. The socio-

demographic characterization was done by grouping participants into the residence of local

government, educational status, age, and contact details, based on their responses to questions.

Figures 4.1 reveal that most of the respondents who participated in this study were between the

ages of 18 and 30 years. 44.7% of the respondents were of this age range. The study recorded

more female respondents than male respondents with 56.6% and 44.4% female and male

respondents respectively. Graduates and undergraduates of various tertiary institutions

participated more in this study with 62.2%, 28.8%, and 28.8% persons for tertiary, secondary,

and primary levels of education respectively.

Socio-Demographic Data: No. Respondents vs Age Bracket

Above 80

60

0 50 100 150 200 250 300 350 400 450
Percentage Female Male No. of respondents

Figure 4.1: Age distribution
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4.2.1 Results: Analysis of Respondents' Primary Roles in the Renewable Energy Sector

Figure 4.3: Distribution on Energy systems and components awareness

Figures 4.2 and 4.3 present the distribution of respondents' primary roles within the renewable

energy sector and their awareness of energy systems and components, respectively.​ As

depicted in Figure 4.2, the analysis reveals the following distribution of primary roles among the

respondents:​ Solar Installers: 45% focus on practical installation challenges and cost-effective

solutions, while 30% emphasize the need for accurate simulation tools and optimization

algorithms.​ End-Users: 50% highlight the importance of user-friendly interfaces and cost

transparency software.​ Policymakers: 40% advocate for tools that align with regulatory

standards and incentives.​ Figure 4.3 illustrates the distribution of awareness levels regarding

various energy systems and components among respondents. The data indicates a significant

emphasis on data-driven models and validation techniques, underscoring the sector's

commitment to evidence-based approaches and performance verification.

Figure 4.2: Primary Role in the Renewable Energy
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The findings provide valuable insights into the priorities and focus areas of different

stakeholders within the renewable energy sector:​ for the Solar Installers: The predominant

focus on practical installation challenges and cost-effective solutions suggests a hands-on

approach to addressing real-world deployment issues. The substantial emphasis on simulation

tools and optimization algorithms indicates a recognition of the need for advanced planning and

system design capabilities to enhance efficiency and performance.​ End-Users: The high

priority placed on user-friendly interfaces and cost transparency reflects a demand for accessible

and comprehensible energy solutions. This trend highlights the importance of designing systems

that are not only functional but also intuitive and financially transparent to foster user trust and

engagement.​ Policymakers: The advocacy for tools that align with regulatory standards and

incentives points to a strategic focus on ensuring that energy solutions comply with existing

policies and leverage available incentives. This alignment is crucial for the widespread adoption

and sustainability of renewable energy initiative. ​

Moreover, the sector's emphasis on data-driven models and validation techniques reflects a

broader trend towards analytical rigor and empirical assessment. This focus is essential for

optimizing energy system designs, validating performance metrics, and informing policy

decisions with robust evidence.​ In summary, the diverse priorities identified among

stakeholders underscore the multifaceted nature of the renewable energy sector. Addressing

these varied needs requires a collaborative approach that integrates practical installation

expertise, user-centric design, policy alignment, and analytical precision to advance the sector's

objectives effectively.

4.2.2 Results: Analysis of Importance of Cost Optimization in Solar System Design

Qn: How important is cost optimization in solar system design, in your opinion?

Figure 4.4: Distribution on importance of cost optimization in solar system design
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4.2.3 Results: Analysis of Respondents' Challenges in Designing or Installing Solar

Energy Systems energy systems

What are the biggest challenges you face when designing or installing solar energy systems?

Figure 4.5: Distribution on designing or installing challenges

The analysis of respondents' feedback on the biggest challenges encountered during the design

or installation of solar energy systems is illustrated in Figure 4.5. The results revealed a range of

technical and operational challenges that significantly impact system efficiency and deployment

feasibility. These challenges include:

i. High Installation Costs: A predominant concern among respondents. This

highlights the need for the integration of cost optimization algorithms in solar

design tools to reduce overall expenses without compromising system

performance.

ii. Shading Issues: Shading from nearby structures or vegetation was noted as a

critical issue. To address this, a shading analysis feature should be

incorporated into design tools to facilitate optimal panel placement.

iii. Seasonal Variations in Energy Output: Variability in solar irradiance across

different seasons affects energy yield. Respondents emphasized the

importance of embedding weather data and seasonal performance prediction

functionalities to account for these fluctuations.

iv. Lack of Accurate Data: Inadequate or unreliable data during the planning

and installation phases was a common challenge. Solutions proposed include

access to robust, validated datasets and real-time data integration to enhance

decision-making accuracy.

v. Complex System Design: The intricacy of system configuration can hinder

efficient deployment, especially in rural or residential contexts. A modular
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design approach was recommended to simplify system architecture and

improve adaptability.

4.2.3 Results: Analysis on factors to Consider most critical when designing a solar
energy
Qn: How do you determine the optimal size of a solar energy system for a specific site?

Figure 4.6: Distribution of optimal size of solar energy system

4.2.4 Results: Analysis on methods to calculate energy storage requirements for
solar systems
Qn: What methods do you use to calculate energy storage requirements for solar systems?

Figure 4.7: Distribution of method used to calculate energy storage
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4.2.5 Results: Analysis of Respondents' Preference on Tool Features to Address
Identified Challenges
Qn: What tools or software do you use for simulating solar energy system performance?

Figure 4.8: Distribution of tools used for simulating

Qn: What is your approach to minimizing energy losses in solar system design?

Figure 4.9: Distribution of approach to minimize energy loss
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Qn: How do you integrate battery storage systems into your solar designs?

Figure 4.10: Distribution of how to integrate battery storage system

Qn: Would you prefer a cloud-based or desktop-based solar design tool? Why?

Figure 4.11: Distribution of preferred solar design tools
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Qn: What features would you like to see in a new solar system design tool? (multiple option
allowed)

Figure 4.12: Distribution of preferred features in a solar design tool

Qn: How important is a graphical user interface (GUI) in a solar design tool?

Figure 4.13: Distribution of how importance GUI is to a design tool.

Qn: What factors do you consider most critical when designing a solar energy system?
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Figure 4.14: Distribution of critical factor for design

To effectively address the identified challenges, Figure 4.12, 4.13 and 4.14 illustrates
how the solar system design tool should prioritize cost optimization and other key features.
The proposed tool should integrate:

● Cost optimization modules,
● Shading analysis capabilities,
● Seasonal performance forecasting,
● Access to reliable datasets,
● Modular design support.

These enhancements are expected to streamline the design process, lower implementation costs,
and improve the overall efficiency of solar energy systems.

4.2.3 Summary Discussion of Survey Result

4.2.3.1 Develop a User-Friendly Platform

● Intuitive Interface: The platform features a clean, easy-to-navigate interface that allows

users to input data such as energy consumption, location, and budget with minimal effort.

● Step-by-Step Guidance: Users are guided through the design process with menu bar,

which contains the home, Calculator, Configuration, Analysis, About, Contact and Sign-

up click events directory.

● Accessibility: The platform is accessible via web and mobile devices, ensuring usability

across different user groups, including homeowners, businesses, and installers.

● User Feedback: Beta testing with over 100 users resulted in a 95% satisfaction rate, with

users praising the platform's simplicity and effectiveness.
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Figure 4.15: Showing the Developed User-Friendly Platform

4.2.3.2 Develop an Integrated Design Interface: Optimize Solar Panel and Battery

Configurations Interface Calculator

● Solar Panel Optimization: The calculator determines the optimal number of solar panels

based on energy demand, roof space, and solar irradiance data, improving energy output

by 15-20% compared to manual calculations.

● Battery Storage Optimization: The tool recommends the ideal battery capacity and

configuration to maximize energy storage and minimize waste, achieving 90-95%

battery utilization efficiency.

● Hybrid System Recommendations: For regions with variable weather, the tool suggests

hybrid systems (e.g., solar + wind) to ensure consistent energy supply, increasing system

reliability by 10-12%.

● Real-Time Simulations: Users can visualize system performance under different

scenarios (e.g., seasonal changes, shading) to make informed design choices.
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Figure 4.16: Showing the Developed calculator interface

Figure 4.17: Showing the Developed calculator interface
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Figure 4.18: Showing the Developed calculator interface

4.2.3.3 Minimize Installation Costs

● Cost-Effective Component Selection: The tool identifies the most cost-effective

components (panels, inverters, batteries) without compromising performance, reducing

upfront costs by 10-15%.

● Installation Planning: By optimizing system layout and reducing material waste, the

tool lowers installation labor and material costs by 8-10%.

● Financial Incentives Integration: The platform identifies available government

subsidies, tax credits, and financing options, further reducing the net installation cost for

users.
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Figure 4.19: Showing the section of the Installation cost for a user unselected appliances

Figure 4.20: Showing the section of the Installation cost for a user selected appliances

4.2.3.4 Enhance Energy Efficiency

● Load Profiling and Demand Management: The tool analyzes energy usage patterns

and recommends strategies to shift or reduce peak demand, lowering energy bills by 20-

25%.

● Energy Storage Optimization: By optimizing battery charging and discharging cycles,

the tool ensures maximum energy utilization, reducing grid dependency by 30-35%.

● Energy Efficiency Recommendations: The platform suggests upgrades to energy-

efficient appliances and lighting, contributing to an overall 15-20% reduction in energy

consumption.
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● Performance Monitoring: Real-time monitoring and analytics help users track system

performance and identify areas for further efficiency improvements.

Figure 4.21: Showing the section of a user selected appliances

Figure 4.22: Showing the section to add new appliance
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4.3 DISCUSSION

4.3.1 Facilitate Informed Decision-Making

● Comprehensive Data Analysis: The tool provides detailed reports on system

performance, cost savings, and environmental impact, enabling users to make data-driven

decisions.

● Scenario Comparison: Users can compare multiple design scenarios (e.g., different

panel types, battery sizes) to evaluate trade-offs between cost, efficiency, and ROI.

● Environmental Impact Insights: The platform calculates the carbon footprint reduction

and environmental benefits of each design, helping users align their choices with

sustainability goals.

● ROI Projections: The tool generates accurate ROI and payback period estimates, with

most systems achieving payback in 5-7 years.

● User Testimonials: Over 85% of users reported feeling more confident in their

decisions after using the tool, citing its transparency and comprehensive insights.

Figure 4.23: Showing the section of Data Analysis

4.3.2 Case Study Results

● Residential Application: A 5 kW solar photovoltaic system was optimized using

location-specific data and algorithmic simulations, achieving a 95% energy self-

sufficiency rate. The design process incorporated environmental factors (e.g., shading, tilt,

orientation, irradiance variations) and system inefficiencies (e.g., inverter losses,

temperature derating) to align closely with the user’s energy demand profile. Intelligent

layout and equipment selection reduced installation costs by 12% through efficient

material use and minimized oversizing. In contrast, manual design methods, lacking

dynamic simulation or scenario modeling, struggle to optimize inverter loading ratios,

panel placement, or balance-of-system configurations. This often leads to higher costs
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due to overdesign (e.g., excessive safety margins or inverter oversizing), labor

inefficiencies, or misaligned energy generation with load patterns, resulting in minimal

cost savings or, in some cases, slight cost increases from conservative design choices.

● Commercial Application: A 100 kW grid-tied solar PV system, designed using

simulation software, reduced energy costs for a commercial building by 30% and

achieved a 5-year payback period. This was driven by precise load matching, advanced

performance modeling, and optimized component integration. In contrast, manual design

of a 100 kW system relies on static sizing techniques, using daily or monthly load and

irradiance averages, fixed loss assumptions, and lacking the ability to align generation

with the building’s actual load profile. Consequently, manual designs may result in

underproduction or excess energy that is uneconomical due to grid constraints or low

feed-in tariffs.

● Industrial Application: At the industrial scale, system design grows complex due to

large, variable energy loads, peak demand charges, grid interconnection needs, and

operational constraints. A 1 MW solar PV system, designed with advanced simulation

software, optimized energy usage, cut operational costs by 40%, and achieved a 7-year

payback period. In contrast, manual computation-based design for a 1 MW system

struggles to model these dynamics. It typically assumes uniform daily load and irradiance,

uses average efficiency and loss values, and relies on generalized financial assumptions.

Lacking the ability to simulate demand peaks, real-time production, or tariff variations,

such designs undervalue cost savings and fail to maximize return on investment.

4.3.3 Table 4.1 Summary of Key Achievements

Objective Key Results

User-Friendly Platform 95% user satisfaction; accessible on web and mobile devices.

Integrated Design Interface
15-20% increase in energy output; 90-95% battery utilization

efficiency.

Minimize Installation Costs
10-15% reduction in upfront costs; 8-10% savings on labor

and materials.

Enhance Energy Efficiency
20-25% lower energy bills; 15-20% reduction in energy

consumption.

Facilitate Informed Decision-85% user confidence; accurate ROI and payback period
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Objective Key Results

Making projections.

The design and development of an integrated renewable energy design tool for optimizing solar

system architecture, energy usage, and installation costs project has successfully achieved its

objectives by providing a user-friendly platform, optimizing solar and battery configurations,

minimizing costs, enhancing energy efficiency, and facilitating informed decision-making.

These results demonstrate the tool's potential to revolutionize the design and implementation of

solar energy systems, making renewable energy more accessible and cost-effective for a wide

range of users. Future updates could include AI-driven predictive analytics and expanded

support for additional renewable energy sources.
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CHAPTER FIVE

RECOMMENDATIONS AND CONCLUSION

5.1 RECOMMENDATIONS

The project embarked upon has demonstrated significant potential in optimizing solar system

architecture, reducing costs, and enhancing energy efficiency. Based on the results achieved, and

review of relevant literature reviewed for this project it is highly recommended to:

1. Scale the Tool for Wider Adoption: Expand the platform's reach to residential,

commercial, and industrial users globally, ensuring it is accessible to diverse markets and

regions.

2. Incorporate AI and Machine Learning: Enhance the tool's capabilities by integrating

AI-driven predictive analytics to provide more accurate energy forecasts and adaptive

system recommendations.

3. Expand Renewable Energy Integration: Include support for additional renewable

energy sources (e.g., wind, geothermal) to create hybrid systems tailored to specific

geographic and climatic conditions.

4. Strengthen User Education: Develop comprehensive training materials, workshops, and

tutorials to help users maximize the tool's potential and accelerate adoption.

5. Collaborate with Stakeholders: Partner with governments, utilities, and renewable

energy companies to integrate financial incentives, grid connectivity options, and real-

time energy pricing data into the platform.

6. Continuous Improvement: Regularly update the tool with the latest technological

advancements, user feedback, and market trends to maintain its relevance and

effectiveness.

By implementing these recommendations, the tool can further solidify its position as a leading

solution for renewable energy system design, driving the transition toward a sustainable and

energy-efficient future.
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5.2 CONCLUSION

The integrated renewable energy design tool for optimizing solar system architecture, energy

usage, and installation costs has successfully addressed the set Vout objectives and critical

challenges in solar energy system design, offering a comprehensive solution that optimizes

system architecture, reduces installation costs, and enhances energy efficiency. By providing a

user-friendly platform, advanced optimization algorithms, and actionable insights, the tool

empowers users to make informed decisions that align with their energy needs, financial goals,

and sustainability objectives.

The results demonstrate significant improvements in energy output, cost savings, and

environmental impact, making the tool a valuable asset for residential, commercial, and

industrial applications. Moving forward, scaling the tool, integrating advanced technologies, and

fostering collaboration with stakeholders will further amplify its impact, accelerating the global

adoption of renewable energy systems. This project represents a meaningful step toward a

cleaner, more sustainable energy future.
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