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Abstract

The rise in global concerns over the continuous increase of greenhouse gas
emissions and the increasing demand for energy, has led to an increase in the
uptake of sustainable building technology products and photovoltaic (PV)
systems technology. However, despite the wide adoption of PV globally as a
substitute to the grid, it faces information-related challenges that hinder its
adoption. The enormous volumes of information available on these technology
products overwhelm intended users when acquiring valuable knowledge to make
informed decisions. Similarly, information on PV is represented on the web using
non-machine-processable languages that focus on describing the pattern of data
rather than execution models. The semantic web and its associated technologies
have become state-of-the-art solutions to such knowledge modelling,

representation, and reasoning challenges.

This research aims to exploit the extent to which semantic web technologies can
be used for knowledge modelling in the domain of sustainable building
technology products with emphasis on photovoltaic systems. This research
develops a unique methodological framework to develop rich and comprehensive
theoretical and conceptual knowledge models of the domain. As part of
operationalizing the methodology, the research investigates the integration of
semantic web with the standardised information foundation classes (IFC) for
efficient knowledge discovery. This led to the development of a rich and modular
ontology for the PV domain called the IfcOWL_pvOntology that extends the
standard IfcOWL ontology to represent knowledge on photovoltaic systems.
Consequently, this research further investigates and proposes a selection model
with an algorithmic approach for sizing and selection of photovoltaic technology
components involving multicriterial design parameters. Backed by mathematical
computations, this process model is used alongside the IfcOWL_pvOntology to
develop a successfully evaluated semantic web-based navigable prototype system
that provides recommendations on choices of PV technology products to intended

users.



The prototype system is developed to serve as a proof-by-demonstration and a
proof of the concepts established in investigating the extent to which semantic
web technologies can be exploited to provide decision support in sizing and
selection of PV systems to intended users. The decision to extend IFC is
paramount because only continuous use can make standards advance. The
proposed ontology could be adopted and approved by the buildingSMART
working group in the world wide web consortium (W3C) as an official extension
of IFC ontology for the photovoltaic technology domain. This prototype will be
treated as part of a future large expert system where the knowledge and inference
models will be used in practice in the industry to provide decision support for not
only photovoltaic systems but other sustainable building technology products at

large.
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1. Introduction

1.1. Introduction

The environmental impacts of greenhouse gases being generated from
construction activities have been comprehensively investigated and documented
(Shafique, Luo and Zuo, 2020; Liao and Li, 2022). The studies have informed the
design of new policies, measures, and targets to address impacts of greenhouse
gas emissions caused by the construction industry by governments and
environmental agencies globally. To ensure set emissions targets are met, these
agencies and governments recommend changes in practice such as substituting
high carbon emission products with Sustainable Building Technology Products
(SBTPs) to minimise and subsequently reduce the environmental impacts from
construction. Furthermore, their recommendations are made appealing through
grants and financial support that are given to construction projects that use these
SBTPs to mitigate environmental impacts. The benefits of the uptake of SBTPs
have gone beyond a matter of personal choice. The use of sustainable building
materials has become a new trend in the construction industry (Beroe Inc., 2021).
They have been implemented in projects aimed at increasing energy efficiency
and cost savings. Individuals are more inclined towards acquiring homes with
high sustainability documentation where energy-efficient materials are used. This

ensures reduced energy costs of the building in the long-run (Beroe Inc., 2021).

However, despite the uptake of SBTPs and available incentives from the
government, several factors continue to hinder a rapid growth in their use. These
include the high initial cost, exacting institutional and government permits, and
unclear long-term effects (Ogunmakinde, et al., 2016, Beroe Inc., 2021). Relatedly,
the greatest challenge that constrains the quick adoption of sustainable building
technologies is the lack of adequate knowledge about sustainable products
amongst construction professionals and end-users. (SolarFeed, 2021). Although
basic information about SBTPs is available from books or the web, they cannot be
exploited by either professionals or end-users to make informed decisions about

the selection or optimization of these products. Therefore, there is a need for
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better ways of representing knowledge on SBTPs so they can be used by
construction professionals. The rationale of this study is based on solving the
above mentioned challenges. This study explores an emerging semantic web
technology for knowledge acquisition and representation of SBTPs domain. This
is so that obtained knowledge is meaningful to humans or/and end-users as well
as computers and exploited to provide solutions to the challenges of the problem
domain. A more detailed discussion of the problem domain is provided later in

the chapter after the rationale of the study is presented in the ensuing section.

1.2. Rationale

It is no longer news that there has been a rise in global concern over the
continuous increase of greenhouse gas emissions and the negative impacts they
have on the environment (Lee, 2015; Shafique, Luo and Zuo, 2020). While
methane is often considered the most potent greenhouse gas, the worst in terms
of greenhouse sustainability effects is carbon dioxide (CO,). This is because it is
more abundant than other greenhouse gases and it strongly infiltrates the earth’s
pure atmosphere (Ecobin, 2021). While CO, obtained from the natural exhaling of
humans, animals, plants, and emissions from volcanic eruptions cannot be
controlled, emission of this gas and other greenhouse gases from combustion in
vehicles and industries can, and ought to be minimised. In 2020, due to Covid-19
pandemic, carbon emissions dropped in advanced economies on a per capita
basis. For instance, CO, emissions dropped by 4% below its level in 2019 in the
United States, by 3.7% in Japan, and by 2.4% in the European Union (IEA, 2022a).
However, in 2021, a report provided by the International Energy Agency (IEA)
showed the global carbon footprint rebounded to a record high of 36.3 billion
tonnes with China’s emissions accounting to 11.9 billion tonnes, making 33% of
the global total (IEA, 2022a). In 2022, global energy-related emissions increased
by 321 metric tons (IEA, 2023a).

The construction industry has a large impact on sustainability due to the nature

of the heavy types of machinery used in construction activities and their
9



respective carbon emissions (Liao and Li, 2022). The entire life cycle of buildings
contributes significantly to the emission of greenhouse gases, from construction
to demolition. The construction industry accounts for 35% of the global carbon
emissions (Liu, Pyplacz, Ermakova, & Konev, 2020). For instance, in the United
Kingdom (UK), carbon emissions generated directly from buildings (from the use
of fossil fuels for heating) make up 17% of the total greenhouse gas emissions,
while indirect building emissions (from electrical appliances) account for 23% of
the total (Climate Change Committee, 2020). Furthermore, construction and
demolition waste also contribute to carbon emissions. These include emissions
from machinery used in waste transportation, decomposition of waste, and the
release of contaminants and pollutants into the landfill. In the UK, about 40% of
landfill waste comes from building and construction waste (GOV.UK, 2021a),
while in the United States, 15% of its total emissions comes from its landfill waste

(Ecobin, 2021).

These concerns call for sustainability goals such as the effective use of natural
resources and minimization of environmental degradation and waste caused by
construction. To tackle these climate impacts, governments and industries have
begun to promote the adoption of sustainable practices and strict emission
mitigation measures. Various agencies around the world have put pressure on the
construction industry to incorporate an important aspect of sustainable
construction, that is, the adoption of sustainable building technology products
into construction projects. These are renewable, reusable, or recyclable products
manufactured from pure and clean sources which lessen the adverse
consequences of environmental impacts of carbon emissions. Thus, construction
projects that adopt SBTPs are widely supported through huge government
subsidies and incentives as an encouragement to reduce carbon emissions
(EnergySavingsTrust, 2021). The World Green Building Council (WorldGBC) has
called for a 40% less carbon emission target by 2030 and 100% net zero
emissions buildings by 2050 (WorldGBC, 2019). In Sweden, Finland and Norway,
approaches have been introduced to promote voluntary reduction in embodied
carbon to ensure the global carbon emission targets are met (WorldGBC, 2019). In

the UK, the government has set its targets and minimum requirements that
10



construction companies must abide by. In their recent sixth carbon budget, an
ambitious target was set to reduce carbon emissions by 78% by 2035 and attain a
net-zero emission by 2050 (GOV.UK, 2021b). It is evident that controlling
emissions of greenhouse gases may be the only absolute solution to global

warming (Ecobin, 2021).

The driving factors explained in the paragraphs above have made sustainable
building technologies gain prominence as a new global trend in the construction
industry (Beroe Inc., 2021). However, a more rapid increase in the use of SBTPs is
required to meet the set carbon emission targets. Despite the appealing
advantages of SBTPs, availability of government incentives, and support for the
adoption of these technologies, many construction companies are still reluctant to
adopt them fully. Some of the reasons include high initial costs of using
sustainable materials, strict regulations, exacting institutional and government
permits, unclear long-term effects, and overwhelming amount of information
about products constrains the quick adoption of sustainable building
technologies (Beroe Inc., 2021, Gehry, 2021, Ogunmakinde, et al., 2016, SolarFeed
2021). Furthermore, they argue that using sustainable building technology is
more complex than conventional technologies, thereby requiring artisans and
expert service providers. They further claim that finding such experts are often
challenging and time-consuming thereby making sustainable technologies less
desirable to use. It has been argued that there is a lack of adequate education,
training, knowledge, and integrated research on the use of sustainable
technologies (Ogunmakinde, et al., 2016, Solar Feeds, 2021). This study will not
provide a detailed analysis on the numerous barriers that hinder the uptake of
sustainable technologies due to the wide scope involved. However, it will focus on

two information-related challenges to adopting sustainable building technologies.

Firstly, the need for sustainable construction has led to the development of
state-of-the-art sustainable technologies that are energy-efficient and optimise
the performance of construction processes and buildings. Thousands of these
sustainable building technologies are available in the market with distinctive

features. The enormous volume of information has made it difficult for
11



construction professionals or intended users to acquire valuable knowledge to
make informed decisions about technologies to use. Hence, better knowledge
management about these technologies need to be implemented using knowledge
modelling techniques to facilitate decision-making in the construction domain.
This raises a number of research challenges. What are the best practices for
knowledge modelling? How can knowledge about the SBTPs domain be made

readily available to domain professionals?

Secondly there are limitations of the current web. The most comprehensive
source of information on any domain is generated and presented on the most
popular and widely used medium, the internet. The World Wide Web has
recorded enormous success in electronic access to large repositories of
information about numerous domains including sustainable building
technologies. Hundreds of sustainable building technology manufacturers and
suppliers use different websites to showcase their products. However, despite the
ease of accessibility the web provides, it is increasingly challenging for users who
wish to purchase and install sustainable technologies to traverse millions of
irrelevant pages generated by the search engines. Large proportions of results
may not be related to the user’s needs. It is therefore difficult to acquire relevant
information that would enable professionals and users to make informed
decisions about these technologies. Furthermore, information is represented on
the web using some non-machine-processable languages such as HTML, that the
computer does not understand. Such languages focus on describing the pattern of
data and they do not contain execution models. Computers cannot process data
represented in these formats. Therefore, it is imperative to develop better ways of
information representation on sustainable building technologies on the web, so
construction professionals and users can easily obtain useful information with
the aid of intelligent decision support tools. The research challenge here is what
format should knowledge on SBTPs be represented on the web so it can not only
be understood by humans but also by computers as well as to facilitate
decision-making? What is the best approach to overcome the limitations of the
current web? The solution to these information-related challenges may increase

the adoption of sustainable technologies in practice.
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To overcome these challenges, the use of a machine-processable language that
provides semantics to electronic information is proposed (Gruber, 1993). The
semantic web and its associated technologies improve information
representation, inferencing, and interoperability. These have emerged to create a
globally connected knowledge base of information presented in
machine-understandable formats that enable software agents to perform complex
tasks to provide solutions to users (Gruber 1993, Berners-Lee et al, 2001,
Antoniou et al,, 2012). One of the most fundamental techniques for representing
domain knowledge in the context of the semantic web is through an ontology.
When developed, an ontology provides well-defined formal syntax and semantics
to domain knowledge and enables the implementation of decision-support tools
and applications. However, to provide an ontology with formal semantic
structures it is necessary to research and identify the best knowledge engineering
frameworks that would facilitate the capture and specification of quality domain
knowledge and represent it in modelling languages (Stevens et al, 2014).
Furthermore, it facilitates the re-use or extension of existing domain ontologies
based on standard taxonomies such as Industry Foundation Classes (IFC)
(BuildingSmart, 2022a) to provide rich domain concepts of SBTPs. Since its
emergence, the semantic web and its technologies have been used in several
studies to provides solutions in a number of problem domains (Antoniou et al,,
2012; Grzybek et al., 2014; Pauwels and Terkaj, 2016; Abanda, Foguem and Tah,
2017; Fernandez-lIzquierdo and Garcia-Castro, 2021). A description of the

problem domain for this study is provided in the next section.

1.3. Identification of Problem Domain

Due to the large number of existing SBTPs and the associated enormous volume
of information, this research addresses sustainable building technologies with a
particular focus on the Photovoltaic (PV) system problem domain. The PV system
is believed to be one of the most popular sustainable building technologies where

researchers and industry professionals have developed a tremendous interest in
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(Al-Soud and Alsafasfeh, 2015; Energy Savings Trust, 2023). In the construction
domain, the adoption of PV systems results in a significant reduction in carbon
emissions thereby making it an appropriate choice of technology to meet the
climate change targets set. PV’s high energy-saving advantages and increase in
adoption compared to other sustainable energy technologies affirms why it is a
choice of focus in this study. IEA records high growth of PV use worldwide with a
record 156 TWh in 2020, a 20% increase to reach 821 TWh (IEA, 2021). A growth
in installations in the UK was noted from 2.8GW to 5GW in 2014, 8GW in 2015,
13.9GW in 2020, and a projection of 30TW by 2050 (Hartley, 2015, Whitlock,
2021). However, despite its popularity, its adoption still faces several challenges.
Users face multiplicity in design and selection of PV technology due to variation in
its components and their corresponding types, sizes, costs, and efficiencies.
Furthermore, observations from research and practice have revealed that
installed PV systems significantly underperform when poorly designed thereby
generating inadequate electric output to the user as against what they have been
designed to generate (Ma et al., 2018). The complexity of the permutations of PV
components and unique features must be explored in order to recommend an
appropriate approach and model to the design of PV systems. The intention is to
develop a selection process that covers sustainable building technologies at a high
level and then narrow the scope down to PV systems as a representative problem
domain for detailed investigation. Knowledge gained can then be generally

applicable to other domains.

The application of semantic web technologies in this study involves the
development of an ontology to provide well-defined syntax and semantics to PV
domain knowledge. Ontology is one of the most fundamental aspects of the
semantic web because it transforms information from its unstructured format to
a structured representation that is machine-processable (Patel and Jain, 2019).
Several research problems must be overcome to avoid developing an isolated
conceptualization of the PV domain. Primarily, the best knowledge engineering
frameworks must be researched and identified to ensure complete knowledge
acquisition of the domain. Another challenge that must be overcome is how to

ensure domain knowledge is represented in standard terms by exploring the
14



potentials of re-using domain-specific online product repositories, taxonomies,
and standards such as the Industry Foundation Classes (IFC). The compatibility of
semantic web and IFC must be investigated. Furthermore, it is imperative to
investigate how semantic web technologies can enable the implementation of
decision-support tools and applications. Since the development of an ontology is a
back-end application, this study also investigates the possibilities of further
implementations based on the developed ontology through a graphical user
interface as part of a web application. This decision is justified because while the
ontology provides a formal standardised representation of knowledge, the
semantic web application interfaces provide solutions to several challenges of the
problem domain. The outcome of this investigation and implementation would be
recommended to domain experts, manufacturers, and end-users for use in
practice. The domain problems introduced above led to the establishment of the

aim and objectives of this study.

1.4. Aim and Objectives

This study aims to investigate the extent to which semantic web technologies can
be used for knowledge modelling to support informed decision making and
recommendations on the selection of sustainable building technology products.

The objectives are to:

a.  identify challenges associated with managing information and selection of

sustainable building technology products on the web.

b. develop a conceptual knowledge model of a representative sustainable

building technology product problem domain.

c.  design and implement a prototype system that demonstrates the potential
of semantic web technologies to provide decision support in the selected

problem domain based on (b) above.
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d. evaluate the prototype system and make recommendations on the

implementation of such systems in practice.

1.5. Summary of the Research Methodology

The application of semantic web technologies to investigate the extent to which it
can aid with decision support in SBTPs cuts across three engineering stages:
Knowledge Engineering, Ontology Engineering, and Software Engineering. It is for
this reason that an exploratory qualitative approach that includes a selection of
valued methodologies from the above-mentioned fields is believed most
appropriate and selected for this study. A comprehensive investigation of the
research problem established key findings. To suit the context of this research,
evidence is provided (to support obtained findings) using substantial arguments
and demonstration through a prototype. The use of these approaches to achieve

the aim of the study is described against each objective.

Objective a was achieved through a critical review of SBTPs and emerging
semantic web technologies. The exploratory review of SBTPs undertaken focused
on renewable energy technologies with a particular emphasis on the PV systems
domain. This led to the identification of state-of-the-art SBTPs and development
of a selection process model based on the products' distinctive characteristics.
The review identified challenges faced during uptake of SBTPs and the need to
develop efficient ways of knowledge modelling. Similarly, state-of-the-art
semantic web technologies were critically investigated to determine their
expressiveness, reasoning and inference capabilities to overcome the limitations
of the current web, how they can efficiently model knowledge on SBTPs and
provide decision support and recommendation on the design and selection of
SBTPs. Successively, existing domain knowledge bases were identified for reuse to
ensure the development of a rich domain knowledge base. The research domain's

theoretical background is established.
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Objective b was conducted through an initial domain conceptualisation and a
subsequent complete knowledge specification of SBTPs and PV domain. The
thorough knowledge acquisition, specification, and refinement led to the

establishment of the complete conceptual knowledge model of the domain.

Objective ¢ was achieved by implementing the conceptual knowledge model
developed in (b) above. A prototype system was used to conduct a
proof-by-demonstration to verify and provide proof of the concepts established in

the research.

Objective d was achieved by thorough evaluation of the developed prototype
through semantic and syntactic verification. Validation was done using real-life
data through a case study. Challenges experienced during prototype development

were analysed and documented.

The successfully evaluated prototype that demonstrates the extent to which
semantic web technologies can aid with decision support in the selected SBTPs

led to the achievement of the aim of this study.

1.6. Research Achievements

This study focused on two things; to explore the domain of sustainable building
technologies and to investigate the capabilities of semantic web technology in
providing solutions to the challenges identified in the former. It is for this reason
that effective knowledge modelling techniques and tools were studied to support
knowledge modelling of SBTPs and their representation in an ontological format

to provide decision support. This led to the following achievements:

A comprehensive conceptual model - of the sustainable building technology
domain with a focus on photovoltaic systems which can be extended for further

implementations.
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Unique methodological framework - The creation of a semantic web-based
methodological framework for knowledge modelling and representation of
sustainable building technology and photovoltaic technology domain represented

in machine compatible format suitable for use in application development.

Photovoltaic technology selection model - A process model and an algorithmic
approach for sizing and selection of photovoltaic technology components

involving multicriterial design parameters.

Extension of IFC - An integration of semantic web with IFC for efficient
knowledge discovery about building domain knowledge. This led to the
development of a modular ontology that extends the standard IfcOWL ontology to
represent knowledge on sustainable building technology and photovoltaic
systems through the IFC standard structure. The proposed ontology called
[fcOWL_pvOntology could be used as an official extension of IFC ontology for the
photovoltaic technology domain. This ontology could be adopted and approved by
the buildingSMART working group in the W3C as a standard ontology for

photovoltaic systems that can be applied for use in practice in the industry.

Semantic web application (prototype) - A semantic web-based navigable
prototype system for exploring the integrated IFC and photovoltaic technology
ontology named SIPS, meaning “Semantic web IFC-inspired Photovoltaic System”
application for design and selection of PV systems. The prototype demonstrates

decision support for photovoltaic technology products.

Published Articles - Articles published include:

An integration of ontology with IFC for efficient knowledge discovery in the

construction domain (Usman, et al., 2018).

A process model developed based on the design of PV system components

(Usman et al., 2020a).
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A Critical Appraisal of PV-Systems’ Performance, discussed concerns and

performance challenges faced in installed PV systems (Usman, et al. 2020b).

Contemporary Applications of Semantic Web Technologies in the Construction

Domain. (Usman, et al. In Press.)

1.7. Organisation of the Thesis

The thesis contains ten chapters. Some chapters are requisite to the development

of the subsequent chapters. For easy comprehension, the structure and

arrangement of the chapters are provided in figure 1.1 below.
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Figure 1.1: Structure of the Thesis

Chapter 1 presents a general overview of the research. It presents the background

of the study and highlights the environmental impacts of construction. This led to
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the establishment of the role of sustainable building technology products in
sustainable construction and the challenges associated with their use.
Furthermore, challenges of knowledge representation and use on the current web
were presented. For that reason, the potential of emerging technologies such as
the semantic web to represent knowledge on sustainable products are discussed.
This is followed by the aim and objectives of the study. A brief discussion of the
problem domain, the research methodology, and the main achievements of the

study are presented.

Chapter 2 presents an overview of sustainable construction and sustainable
building technology products with an emphasis on photovoltaic system
technologies. This review resulted in the identification of three key knowledge
gaps in the domain. These knowledge gaps include the impact of sustainable
construction and sustainable building technology products on alleviating
environment concerns, the selection and use of sustainable building technologies
into existing and future construction projects, and the establishment of the
significance of using state-of-the-art information technologies in modelling
domain knowledge. This could potentially promote use of sustainable building
technologies in the construction domain. This formed the rationale, aim, and
objectives of this study. Furthermore, the need to apply state-of-the-art
information technologies in modelling knowledge on sustainable building
technologies led to the investigation of knowledge modelling techniques and

semantic web technologies in chapter 3.

Chapter 3 provides a comprehensive exploratory review on knowledge modelling
methodologies and the emerging semantic web technologies with their potential
in providing solutions to the problem domain. This review resulted in the
decision to have integrated/combined techniques of knowledge modelling
knowledge engineering, ontology engineering, and software engineering
approaches. Therefore, the chapter reviews these approaches, suitable
methodologies, tools, and development languages that fit the context of this study.
It was noted that the latest digital developments concerning sustainable building

technologies involve Building Information Modelling (BIM) and domain standards
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such as the Industry Foundation Classes (IFC) to support interoperability
between the disparate applications used in the industry. Because the resulting
prototype system in the study is recommended for use in practice, it was
imperative to develop it using domain standard taxonomies to facilitate future use

in practice. These standards are reviewed in chapter 4.

A review of BIM and IFC conducted in chapter 4 provides the rationale to use
these standard domain taxonomies in the study. The chapter assessed the
structures and forms of representation of building information represented by
IFC. Furthermore, the different schemas and specifications that resulted in the
different versions of the IFC standard are appraised. This led to the establishment
of the need to integrate IFC and semantic web in developing domain applications.
IFC’s Model View Definition (MVD) suitable for the implementation in this study
is identified and the choice was justified in this chapter. Based on the review on
sustainable building technology in chapter 2, review on semantic web
technologies in chapter 3, and review on BIM and IFC in chapter 4, it was
imperative to design a unique methodology to extend IFC and develop an
ontology to model knowledge on sustainable building technologies to address the
knowledge gaps identified. This forms the basis for chapter 5. Because the study
cuts across three engineering approaches: Knowledge Engineering, Ontology
Engineering, and Software Engineering, the knowledge engineering methodology
CommonKADS is adopted as the primary research framework and extended to
include methodologies from ontology modelling, software engineering and
exploratory case study approach. The research methodology has been presented

in chapter 5. This methodology is implemented in chapters 6, 7, 8, and 9.

Chapter 6 presents the development of the conceptual knowledge model of the
problem domain. This includes a group of concept representations under the
Unified Modelling Language (UML). Concepts, properties, and their relationships
have been identified from research sources, filling up knowledge gaps identified
in the review chapters. This conceptual model is then transformed into equivalent
Web Ontology Language (OWL) concepts to develop an ontology in chapter 7. In

this chapter, the first half of the implementation for this study is conducted. This
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chapter discusses the system architecture, and software components required to
develop the ontology. One of the key challenges faced was how to effectively
extend the standard IFC ontology called ifcOWL to contain knowledge on
sustainable building and photovoltaic system technology products. The chapter

presents how semantic web technologies can be used in knowledge modelling.

Chapter 8 presents the second half of the implementation which focuses on the
development of a prototype system - a web-based application that provides
recommendations on the choice of photovoltaic components to the user. This
chapter used the knowledge represented in the ontology developed in chapter 7.
Implementation done in this chapter involves several software components and
languages. The justification for the choice of adopted components is provided.
The development of this semantic web-based application is a proof of concept and
confirmation of the rationale of the study. It is imperative to represent knowledge
in machine-processable formats, so it can be read, processed, reasoned on, and
used by computer applications to solve domain problems. The prototype system
developed is evaluated in chapter 9. An evaluation chapter is vital to ensure that
the developed prototype justifies the claims that emerged from the review
chapters. It also ensures the methodologies presented in the methodology
chapter are followed. Evaluation proves that the prototype is technically fit and
correct, and performs the functions it has been developed to do. Syntactic and
semantic verification was conducted. Similarly, because an exploratory research
approach was adopted, the prototype is also validated using a real-life case study.

Evaluation results are presented.

Chapter 10 concludes the thesis by providing a summary of the achievements of
the research. It presents the contribution to knowledge, recommendations for use
in practice, and the scope for further research. Challenges encountered

throughout the research are also provided.
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2. Review on Sustainable Building Technology Products

2.1. Introduction

This chapter provides an overview of sustainable building technology products
with an emphasis on photovoltaic system technologies. The impacts of
sustainable construction and the applications of sustainable building technology
products in mitigating the continuous environment concerns on carbon emissions
is discussed. The chapter analyses the design, selection and uptake of these
products in construction projects. Based on the challenges that hinder the
adoption of sustainable building technology products identified, the chapter
signifies the importance and implication of using state-of-the-art information
technologies in modelling domain knowledge. This led to the investigation of

knowledge modelling techniques and semantic web technologies in chapter 3.

2.2. Sustainability and Sustainable Development

Sustainability, sustainable development and sustainable construction are
interrelated terminologies and practices. “Sustainability” as a term has a wide
range of multidisciplinary meanings, depending on the context and “what”
resource or material is being sustained. In the dictionary, it is simply the ability
for a material to endure and maintain itself. In academic literature, there are over
300 definitions of sustainability. Fedkin (2020), takes a stance that sustainability
presumes that resources are finite and therefore should be improved, managed,
and maintained, to avoid depletion and to remain available over a long period of
time. In an attempt to study the various definitions of sustainability, researchers
identified key components such as long-term, holistic approach, environmental
justice, social claim (Freyman, 2012). Similarly, sustainable development has
several definitions, but the most popular and frequently quoted definition is its
definition by The World Commission on Environment and Development (WCED),
popularly known as the Brundtland Commission. It defines sustainable

development as development that “meets the needs of the present without
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compromising the ability of future generations to meet their own needs' (WCED,
1987). However, one of the most useful definitions is the triple bottom-line
approach which defines sustainable development in respect to the three P’s -
people (social justice), planet (environmental quality) and profits (economic
prosperity). These three form the pillars of sustainable construction and establish

the connection between sustainable development and sustainable construction.

2.2.1. Need for Sustainable Construction
Sustainable construction focuses on achieving sustainable development by
applying environmental, economic, and human indicators of sustainability at all
stages in a construction's lifecycle. Social sustainability focuses on “people first”. It
encourages systems and structures to support diverse, equitable, inclusive, and
habitable communities (de Fine Licht and Folland, 2019). In terms of
construction, social sustainability means the design and quality of buildings
should promote healthy living and high quality of life (Missimer & Mesquita,
2022). Similarly, it could also mean safety and health measures in respect to
injuries and accidents on construction sites. Likewise, the construction industry is
labour-intensive and contributes to global employment rates. High-rates of
employment lead to high standards of living while low employment rates lead to
poor quality of life. This is also directly linked to economic sustainability. The role
of the construction industry in national economic development and sustainability
is vast. The construction industry contributes to 13% of global Gross Domestic
Product (GDP) expected to rise to 14.7% by 2030. This is achieved through fixed
assets and real estate and high employment rates (Khaertdinova, Maliashova, &
Gadelshina, 2021). According to the construction industry employment statistics,
in the UK alone, the industry is responsible for about 7% of all jobs (Crewit,

2022).

Environmental sustainability has the largest impact compared to the other two
sustainability practices. From inception to demolition, all stages in a construction
project's life cycle pose significant threats to the environment. The design,
construction, maintenance, and demolition of buildings have significant negative

impacts on the environment. It leads to depletion of natural resource bases,
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causes chemical pollution, increases waste, and increases energy consumption
(Thomas, Nair and Enserink, 2023). Construction industry is responsible for 35%
of total greenhouse gas emissions (Liu, Pyplacz, Ermakova, & Konev, 2020),
growing to over 36.8 Gt in 2022 (IEA, 2023a). Construction worldwide accounts
for 17% of the world's freshwater withdrawals, 25% of its wood harvests, 40% of
total CO, emissions, and 25% of ozone-layer depletion (Augenbroe, Pearce and

Kibert, 2010; Sangmesh et al., 2023).

There are several other areas of key concern. Firstly, the manufacture of
construction materials depletes natural resources and causes deforestation.
Sangmesh et al, (2023), affirm that a significant number of resources are wasted
every year in construction, through excessive use of water and wood. This
excessive use of wood has caused deforestation and hastening of global warming.
Secondly, manufacturing and assembling processes of construction materials
consume undue levels of energy. Both inherent chemical energy and embodied
energy are released during production. Despite the increase in renewable energy
utilisation in the world, buildings are still responsible for more than 40% of the
total energy consumption (IEA, 2023b) to power buildings for heating, lighting,

and ventilation purposes.

Ultimately, the foremost concerns are the excessive use of fossil fuels (to satisfy
energy demands) and the increase of greenhouse gases (GHGs) in the
atmosphere. For instance, in the United Kingdom (UK), carbon emissions
generated directly from buildings (from the use of fossil fuels for heating) make
up 17% of the total greenhouse gas emissions, while indirect building emissions
(from electrical appliances) account for 23% of the total (Climate Change
Committee, 2020). In 2022, global energy-related carbon emissions increased by
321 metric tons (IEA, 2023a), 40% of which originates from construction and
buildings, while production of construction material accounts for 15% (Sangmesh
et al.., 2023). Furthermore, waste creation and mismanagement of construction
products accounts for 33% of all waste globally (Thomas, Nair and Enserink,

2023).
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Sustainability in construction therefore calls for the effective use of natural
resources, minimisation of environmental degradation, waste, and greenhouse
gas emissions, and optimisation of healthy built environments. Kibert (1994)
reputedly defines sustainable construction as "creating a healthy built
environment using efficient resources, minimising depletion of natural resources
and enhancing an effective way of maintaining the environment". However, based
on the discussions above, it can simply be construction practices based on the
principles of sustainable development. Researchers emphasise the importance of
adopting technology on sustainable development to reduce the negative impacts
on the environment (Thomas, Nair and Enserink, 2023). The use of sustainable
building technologies would fulfil the principles of sustainability by making
construction affordable (economic), more suitable for human use (social) and to

make large natural material and fossil fuel savings (environmental).

2.3. Sustainable Building Technology Products

The terminologies within Sustainable Building Technology Products (SBTP), will
be broken down to facilitate a clear understanding of the definition. Sustainable
building can be defined as a building that is efficient in terms of its use of energy,
materials, its water conservation and its reduced impact on the environment. In
other words, a building is sustainable if it is built and operated in a
resource-efficient manner. The term “technology” is an application of knowledge
for practical purposes, mainly to solve a specific problem in an industry. In this
context, a technology does not only mean a device but goes beyond to include
processes or practices aimed at providing solutions. Therefore, sustainable
building technologies can be defined as heuristic fixes to the triple bottom line

principles of sustainable development.

Different Sustainable Building Technology Products (SBTP) exhibit different
degrees of sustainability. These technologies could be components for off-site

manufacturing, water management technology and waste minimization. SBTPs
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also include renewable energy technologies. As the name implies, water
conservation technologies are vital in minimising the use and waste of water in
buildings. These include recycling runoff water, rainwater harvesting and
greywater recycling technologies (Stang et al, 2021). It also includes regulating
domestic water flow through efficient dishwashers, baths, and flush systems and

several other water saving technologies (Lai et al., 2023).

Waste minimization technologies are technologies used in eliminating waste
related to construction and buildings. Waste creation and mismanagement of
construction products accounts for 33% of all waste globally (Thomas, Nair and
Enserink, 2023). Furthermore, construction and demolition waste also contribute
to carbon emissions. These include emissions from machinery used in waste
transportation, decomposition of waste, and the release of contaminants and
pollutants into the landfill. In the UK, about 40% of landfill waste comes from
building and construction waste (GOV.UK, 2021a), while in the United States, 15%
of its total emissions comes from its landfill waste (Ecobin, 2021). It is for this
reason that waste management techniques are promoted. These include
prevention, minimisation, re-use, recycling and disposal. Tan, Cai and Li, (2022),
studied the effects of construction demolition waste and developed an approach
to recycling them based on geopolymer technology. Wang et al., (2023) studied
waste carbon fibre and their effects on construction materials and provided a
review of state-of-the-art methods of recycling such waste in the construction
industry. Further knowledge on waste reduction and cleaner technologies can be

obtained from Hussain, Paulraj and Nuzhat, (2022).

Most smart home solutions are sensor based IoT applications that perform real
time data prediction, monitoring and managing the building’s performance (Lai et
al, 2023). Smart building systems fulfil social sustainability by improving the
standard of living in homes. Similarly, they improve energy conservation for
instance through light building sensors that operate only when the occupant is
present thereby reducing energy costs (and attaining economic sustainability).
From the environmental point of view, the use of smart building systems largely

reduces the building-related CO, emissions. Patil, Boraste and Minde, (2022)
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provide a comprehensive review of emerging smart building technologies and the
use of internet of things (IoT) to collect construction data. In another study,
researchers discussed the benefits of using emerging information and
communication technologies in smart building technologies and provided an

insight into their eventual applications (Zhao et al., 2023).

The most beneficial SBTPs are renewable energy technologies because they
generate energy from natural sources; that are clean, abundant, and free (Helal,
2023). A large number of rural communities especially in developing countries
have no access to cheap grid connection. Households connected to the grid may
want to contribute to their energy consumption to cut down their electricity bills.
Furthermore excess electricity generated by renewable energy technologies can
be sold into the grid (Okay, Eray and Eray, 2022); this is a payback on investment.

An overview of renewable energy technologies is provided in the ensuing section.

2.4. Renewable Energy (RE) Technologies

Renewable energy technologies are increasingly used in sectors that are hard to
decarbonize, especially the construction industry (Helal, 2023). The world’s
net-zero economy goal by 2050 has motivated the exponential increase in the
adoption of renewable energy technologies globally (Airswift, 2022). It is broadly
believed that the transition to a net carbon economy would continuously increase
renewable energy storage requirements significantly imminently (Khan, Asfand,
& Al-Ghamdi, 2023; IEA, 2022b; Kalay, Kili¢ and Saglam, 2022). In 2022, global
energy-related carbon emissions increased by 321 metric tons (IEA, 2023a), 40%
of which originates from construction and buildings (Sangmesh-B et al.,., 2023).
In the UK, the government has set its targets and minimum requirements that
construction companies must abide by. In their recent sixth carbon budget, an
ambitious target was set to reduce carbon emissions by 78% by 2035 and attain a
net-zero emission by 2050 (GOV.UK, 2021b). Therefore it is essential to adopt

renewable energy technologies in order to achieve this target. The most widely
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adopted renewable energy technologies are wind, hydro, biomass, concentrated

solar power, heat and photovoltaic technologies.

Wind turbines are renewable energy technologies in which turbines convert the
kinetic energy of the wind and convert it into electric energy (Nejad et al,, 2022;
Selin, 2023). Wind power is the renewable energy source. Zafar (2018), claims
wind energy technology is the cheapest widely available renewable energy
technology with minimal damaging effects on the environment. The vertical and
horizontal axes of the turbines are forced to rotate by the wind's force, to drive an
electrical generator. Naturally, the size of a wind turbine required depends on its
projected energy purpose. The largest turbines with diameter of over 162 metres
can produce about 4.8 - 9.5 megawatts of power while smaller turbines of about
40 metres blade length can produce up to 1.8 megawatts of power (Selin, 2023).
These smaller turbines can be used to provide power to individual homes. A
critical factor that determines the amount of energy wind turbines generate is the
average wind speed, such that for this technology to be an option, wind speed

must be above 5-6 metres per second (Selin, 2023).

Another important factor to consider when adopting wind turbines is the swept
area, the more extensive the diameter of the swept area, the larger the energy
output (Jenkins, 2015). Wind turbines' best locations are areas exposed to strong,
sufficient, and frequent winds without significant turbulence and obstructions
from tall buildings. These areas are not necessarily near the metropolises where
the electricity is required. Thus, transmission lines have to be built to transfer the
electricity (Selin, 2023). Potential wind sites can take several years of monitoring
to determine whether it is suitable or not. Wind speed also increases with height;
therefore, regions near hilltops or coasts are perfect. Nonetheless, wind energy
does not provide all the electricity a building requires; it only provides extra
energy causing an incessant dependence on the grid and fossil fuels. There is also
the risk of loss of blade; people and animals could be subjected to harm. Further
details on wind turbines, their designs, generators, power converters,operation

and maintenance can be found in Nejad et al, (2022).
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Another renewable energy technology is Biomass Generators. Biomass is defined
as “any plant matter used directly as fuel or converted into other forms before
combustion” (OECD, 2023). Electricity and heat are generated from organic
combustion of a wide range of plant-based materials, wood species, woody waste,
construction or demolition wastes, and cellulose as alternatives to fossil fuels.
They are also obtained from vegetable oil crops, crop wastes, and palm oils for
liquid energy and animal residues to make gas (Nehal, 2023). According to the
U.S. energy information administration energy reviews (EIA, 2023), the amount of
CO, biomass energy sources release when burnt is precisely the amount of CO,
absorbed during the biofuels' growth. Thus, it is carbon-neutral. Because biomass
raw materials can be found everywhere, it reduces residues and wastes that
naturally rot and generate CO, and methane; hence they are better used as fuel.
They are available all year round and can complement intermittent technologies
such as solar and solar thermal energy. However, this may compete with actual
food production and may become a matter of ethics and values. Is it appropriate

to use crops as biofuels when people are hungry worldwide?

There are few challenges faced that hinder the swift adoption of biomass
generators. These are high costs of operation and maintenance, policy changes,
supply chain and bioenergy conversions (Helal, 2023). Other issues include land
space to grow and store biofuels, proximity to alternative biofuel locations and
transportation, and water availability for biomass plant cooling purposes. Several
researchers have reviewed important aspects of biomass energy generation
including design and modelling of biomass supply chains for biofuel generation
(Martinez-Valencia et al., 2021), feasibility evaluation of bio-based industries with
emphasis on the effects of supply chain (Lo et al.,, 2021), and biogas production,
costs, and efficiency (Mottaghi, Bairamzadeh, and Pishyaee, 2022). An exhaustive
review of literature published is done on sustainable biogas optimization

approaches, biomass-to-bioenergy supply chain research (Helal, 2023).

One of the oldest sources of renewable energy is hydropower. Hydropower

converts the potential energy of a water source (stored at a height) to kinetic
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energy as it is released on a hydropower technology (made up of massive turbines
and electricity generators) (IHA, 2022). The gravitational energy from the water
dams, together with the moving turbines' mechanical energy, generate electrical
energy. This technology entails turbines, bearings, waterways, dams, ocean power,
sealing (Quaranta and Davies, 2022). Hydroelectricity can be produced 24/7 in
high demands, while dams/water can be closed and conserved when not in use.
Hydroelectricity has been a reliable source of renewable energy worldwide with
an increase of installed capacity to 1360 GW in 2021 and an estimated 3,600 GW
by the end of 2023 (IHA, 2022). The international hydropower association (IHA,
2020) presents emerging hydropower technology trends that entail digitalization,
flexibility, storage and novel scale of the technology. In Quaranta and Davies
(2022), researchers discuss emerging and innovative materials used in
hydropower technologies and their applications and provide emphasis on their
performance, advantages and challenges. However, despite the state-of-the-art
trends, the international hydropower association reports that the technology is

falling short of the progress much needed (IHA, 2022).

Hydroelectric power plants are costly to build with a considerable capital cost
and only possible in areas with huge volumes of water. The process of building a
dam may create floods causing threats to aquatic life and the natural
environment. When a dam is built in one area, the people down the river lose
control over the water flow. This may cause controversies. An example is the
Lagdo dam in Cameroon (Ma et al,, 2015). The river Benue used to be a means of
transportation and economic activities in northern Nigeria, but it is dry today.
Likewise, when the dam has excess water, the water is released and flows into
Nigeria, causing massive floods displacing tens of thousands of people every year.
Furthermore, this renewable energy technology is adopted at a community or

national level and not feasible for single household needs.

The renewable energy technologies most distinguished for household adoption
and also practical for community usage are technologies that use solar energy
from the sun for heating and electrical purposes for buildings. The potential of

solar energy technologies exceeds the other renewable energy technologies due
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to its inexhaustible source, decentralised reach (in terms of location) and its
ability to transform solar energy into heat and electricity without the emission of
CO, (Raboaca et al, 2019). The key solar energy technologies are photovoltaics
(PV), which converts the sun’s light (solar energy) into electricity; concentrated
solar power (CSP), which utilises the sun’s heat (thermal energy) using
concentrating collectors to run electric turbines and power cycles (Airswift, 2022;
Khan, Asfand, & Al-Ghamdi, 2023); and solar heating and cooling (SHC)
technologies, which uses thermal energy to provide heating and cooling solutions
to residential, commercial and industrial buildings (Sezen and Gungor, 2023;

SEIA, 2023).

In a review of literature, comparisons are done on the advantages of these
technologies. Researchers give credence to CSP claiming that unlike PV
technologies, CSP has a large capacity to store heat energy for long intervals for
conversion into electricity at a later time (Raboaca et al., 2019). Furthermore, CSP
can produce electricity after sunset or when clouds block the sun’s rays (Khan,
Asfand, & Al-Ghamdi, 2023). An installation of 1 square collector generates about
400kWh of electricity per year with about 12 tons of CO, reduction (Raboaca et
al, 2019; Khan, Asfand, & Al-Ghamdi, 2023). However solar technology
companies are convinced that although CSP collectors are run by a clean and
renewable source, its high cost and complexity of installation hinders its uptake

(Airswift, 2022).

The solar energy industries association has confidence that solar heating and
cooling (SHC) technologies can completely displace the use of fossil fuels for
electricity (SEIA, 2023). As the demand for air-conditioning increases due to
global warming, an important trend to look out for in 2023 is emergence of more
solar cooling technologies. Similarly, with rising energy prices, gas water heaters
will soon be phased out and replaced with solar water heating technologies. For
this reason, SHCs have become a very popular research topic where researchers
study and deliberate on the effects of solar radiation and ambient temperature on
the performance of the technologies (Zhou et al, 2020; Li and Huang, 2022; Sezen

and Gungor, 2023). Users can overlook the high costs of installation and operation
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since SHC technologies provide a return on investment within 3 to 6 years (SEIA,

2023).

A renewable energy technology that undoubtedly stands out is the Photovoltaic
(PV) technology. With PV, homeowners can have complete independence from the
grid and fossil fuel generated electricity because it can be used on a small scale
without a considerable increase in cost. Hirth (2015a) states, "...In contrast, coal,
hydro, and wind power plants feature significant economies of scale, such that
they cannot efficiently be deployed in household size" making PV the most widely
adopted renewable energy technology. Studies related to renewable energy
stipulate that solar PV contribution to net-zero electricity may be more than 50%
by 2050 (Sharma and Sengar, 2022). PV is also the most pleasing and attractive
renewable energy technology to NGOs and the most widely supported by the
government who gives massive subsidies and incentives to help the needy people
while reducing carbon emissions (EnergySavingsTrust, 2015). Because of the
enormous scope of sustainable technologies and volume of renewable energy
technologies, this study narrows down and focuses on PV technologies with
prospects to expand on in further studies in future research. An overview of PV
technology is provided in the ensuing section with robust reasons for its selection

as the problem domain in this study.
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2.5. Overview of Photovoltaic System Technology

Photovoltaic (PV) technology converts solar energy directly from the sun to electricity
through an arrangement of its components that include the semiconductor PV panels,
charge controllers, solar inverter, batteries and cables (Silva et al,, 2019). Researchers
and industrialists have generated tremendous interest in PV-systems and their design.
They are widely recognized for numerous reasons. Primarily, most habitual places
worldwide have enough solar radiation; therefore, solar energy is an easy choice for
individuals who wish to use sustainable energy technologies (Kalay, Kili¢ and Saglam,
2022). Similarly, it is widely applicable globally. Residents can install a few PV panels to
reduce their electricity bill or a large installation to completely offset their daily
demands or benefit from massive PV farms that provide the community with
carbon-free electricity (SEIA, 2023). PV is suitable for either centralised or distributed
power generation, designed from a few watts to power small applications such as
calculators, bus shelter lighting, road signs, fence electrification, to thousands of

kilowatts for homes, businesses and industries.

According to the renewable energy market forecast by the International Energy Agency
Affairs (IEA), the world’s renewable electric power capacity will rise by 1200 gigawatts
by 2024 due to reductions in cost and PV-systems account for 60% of this increase (IEA,
2019). Another survey shows that PV-systems can provide sufficient energy capacity
worldwide and exceed all other sources of energy by the next decade (Donev et al., 2018;
(Sharma and Sengar, 2022). Likewise, they are modular and can be easily expanded if
power demand increases in the future. Nonetheless, they have caused a high reduction
in greenhouse gases. A study by the World Energy Council shows that 1kW of electricity
installed in a home reduces its carbon footprint by over 3000 pounds annually (Aresolar,
2023). The International Energy Agency (IEA) reported that in 2022, 231 gigawatts of
PV were installed globally making a total of 1.2 terawatts of electricity (NREL, 2023). PV

systems have a prediction to quintuple the generation of electric energy until 2040.

A scholar outlined a notable conclusion that renewable energy technologies must be
cheaper than non-renewable energy technologies, "...we can make as many projects as
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we want, but decisions will be made against them." (Sustainable Sources, 2015). It is
common to choose the option that is cheapest at first glance. This is a reason why PV
could be selected over hydro technology that is capital intensive. In support of that,
researchers (Bazilian et al., 2013; Hernandez and Martinez, 2013) discuss more causes
of solar cost reduction. Hirth (2015a) proposes a 3-utilisation strategy for PV; firstly,
merge solar-generated electricity with the grid electricity, secondly, reduce the cost and
finally expand the production of PV technologies. Moore's law of PV implies that PV can
achieve substantial growth rates (Nelson, 2010). Thus, the cost of installing PV increases
to drop (Hartley, 2015). Although the initial cost of PV is high, its low cost of operation
and maintenance outweighs the fuel generator's low initial cost and its high cost of
operation. This makes PV the most cost-effective in the long run (Stand-Alone PV, 2015).
Similarly, Pra et al. (2015) prove the energy required in producing a PV module

compared to the energy it generates throughout its lifetime is insignificant.

An unfavourable element of PV technology is its intermittent nature (Gasparin et al.,
2022). It requires a sufficient amount of solar radiation to function, and so it may not
generate electricity during winter or on cloudy days. A simple solution is to combine
different renewable energy sources to form a hybrid system that provides electricity all
year round. Although all renewable energy sources have complementary sources, PV has
the largest complements. However, these complement energy sources must be selected
depending on the building's geographical location and load capacity (Tudu et al., 2014).
Scholars (Bansal et al., 2014; and Rahman et al., 2014) argue the hybrid system is most
reliable and cost-effective compared to when a PV technology is used alone. Several
researchers agree and have presented different techniques to optimise the PV hybrid
energy system. Sanchez et al. (2010) analysed a combination of PV-wind systems. Liu et
al. (2011) conducted a feasibility study for PV-wind-biomass hybrid system by while
Bilal et al. (2010), Koutroulis and Kolokotsa (2010), and Fadaee and Radzi (2012)
proposed a PV-wind-battery hybrid system. PV-wind-hydro combination is appropriate
for electricity in remote areas (Bhandari et al., 2014), while the use of photovoltaic/solar
thermal (PVT) systems is beneficial for large-scale heating purposes (Gulhane and
Chavan, 2014). Rahman et al. (2014) show there can be no limit to multiple
combinations. He proposed a Hydro-PV-Wind-Battery-Diesel based hybrid power

system at a geographical location where there is a good potential for all three energy
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sources. Khan et al, (2014) also created an optimal combination of PV, wind,
micro-hydro, and diesel systems to satisfy the energy load. When renewable energy
technologies cannot meet the load demand, one can use a diesel generator as a back-up
(Barbose et al., 2013). The hybrid system can meet high electricity demands enough for
a large community (Al-Soud and Alsafasfeh, 2015). However, it is complicated as
interactions between the PV arrays, inverters, batteries, generators, and the

complementary energy technologies must be controlled. The system becomes complex.

There are colossal PV technologies in the market, each with unique characteristics. Many
manufacturers own and use thousands of PV technology products, and a lot more
emerge. A market research firm (TPT, 2010) made available reports describing over 250
PV technologies that use different semiconductor materials with different designs and
components. The components also have distinctive sizes, efficiencies, and prices. They
also range from a few kilowatts to hundreds and thousands of megawatts. Therefore,
this different characteristic of photovoltaic systems makes it typically challenging for
individuals who wish to purchase and install PV to know precisely the type of PV
technology they require. It is challenging to select from large logs the photovoltaic
system type with the exact requirements needed by the user. Intended users need to
know this unique and diverse state-of-the-art technology product to make the best

choices. Careful planning and selection are essential.

2.5.1. Components of the Photovoltaic System

Several studies (Salim and Abu Dabous, 2023) have shown that the PV system domain is
knowledge intensive domain. Therefore, for the context of this study, the scope is
narrowed to focus on the major components of the PV-systems, the characteristics that

differentiate them, the guidelines for their application, design methods and installations.

PV-systems generate electrical energy through an arrangement of a set of components.
These begin with photovoltaic cells that are assembled to form solar modules (Marion,
2015; Schachinger, 2019; Silva et al,, 2019). Most PV-systems installed in residential

buildings need an inverter to convert the DC electricity generated by solar modules into
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alternating (AC) current for use by the building (Ali, 2018). Additionally, most
residential PV systems require batteries to store backup or excess electric energy.
Typically, batteries should hold an adequate amount of electric energy for use during
non-sunny hours and at night. Batteries require charge controllers to regulate the
electrical current and voltage that goes through to the system. Additionally, they prevent
batteries from excessive charging and discharging. Generators are used to connect the
PV system to other energy sources when required. Finally, cables and wires ensure that
all elements of the system are connected, thus providing paths for electricity flow
throughout the PV-system. The following section describes the major components of PV

components.

Modules - Modules are made up of photovoltaic solar cells containing two layers: the top
silicon and lower boron layers (Barbose et al., 2013; Lee, 2015). These layers capture
solar energy and convert it to electric energy (Aresolar, 2023). Each PV cell gives a small
amount of electricity; therefore, they are assembled and connected using frames to form
solar modules in standard sizes such as 36-cell, 60-cell, and 72-cell modules (Marion,
2015; Schachinger, 2019; Silva et al., 2019). PV-system modules can be found in different
forms of materials, sizes, efficiencies, and costs. Each comes with its unique watt rating
(given by the manufacturer of the module). Despite their difference, they all perform the
same task of converting solar energy to direct current (DC) electrical energy. A grouping
of these modules builds a solar array of a desired electric output. Figure 2.1 presents a

typical PV-array field showing the standard terms of some of the components.
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Figure 2.1. A Photovoltaic Array Field.

There are different types of module materials. The most common are monocrystalline,
polycrystalline, and thin film. Monocrystalline modules are made from a single thin slice
of pure, smooth and even silicon. They are the most efficient and most effective modules.
As the name implies, polycrystalline modules are made from several layers/crystals of
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silicon. They are less efficient than monocrystalline modules and therefore less
expensive. Thin films are made by depositing thin layers (films) of photovoltaic material
on a substrate such as a plastic, metal or glass. The next accepted module type is
amorphous module. Amorphous cells are a type of thin-film cells (EnergyInformative,
2019a). Most small appliances that use PV-cells such as calculators are powered by thin
film made of amorphous cells. Other types of thin-film module types are composed of
cadmium telluride (CdTe) and copper indium diselenide (CIS) (Energylnformative,
2019b). However, these technologies have high toxin substances that require cautious
handling during manufacturing and disposal (Seme et al, 2019). Other types of
PV-system modules include gallium arsenide and multi-junction cells which are less
common due to high cost. Additional module materials include Perovskite cells, organic
solar cells, dye-sensitised solar cells, and quantum dots; however, they are new and not
fully explored (Donev et al., 2018). Three (3) important factors that make each module
type suitable for different electric energy outputs are efficiency of cells, surface area, and
costs (Shafique, Luo and Zuo, 2020). Table 2.1 below provides the difference between

the dominant module types.

Table 2.1: Different Types of Photovoltaic Systems Modules

Module Description Efficien | Advantages Disadvantages

Type cy

Monocrysta - They are made from a single, 20-25% - High efficiency rate - Expensive

lline uniform, pure thin silicon crystal - High power output - Manufacturing
(Notton, Lazaro and Stoyanov, - Highly suitable for process is slow
2009) commercial uses - Itis labour intensive
- Module has a distinctive - Less affected by high
hexagonal shape and a dark crystal temperatures
look (Donev et al., 2018) - Space efficient

- High lifespan

Polycrystall - They are made from multiple 15-20% - Less expensive - Less efficient

ine grains of silicon crystals (Notton, - Sensitive to high
Lazaro and Stoyanov, 2009) temperatures

- They have a bright blue look,
with distinct squares.

- Polycrystalline modules are the
most dominant PV modules in the
market. They make up 70% of the
world’s PV modules.

- Shorter lifespan
- Not space efficient
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Thin Film - These modules are produced by | 7-10% - Flexible - Much less efficient
layering thin layers of PV material - Easy to produce - They take up a lot of
on a substrate such as glass, - Much lower price due space
plastic, or metal (Donev et al,, to economies of scale - These cells
2018). - Less affected by high experience about 20%

- The final product is very flexible temperatures drop in efficiency in the
and contains less than 1% of the first few months of
silicon used in making crystalline installation

modules (Al-Ghussain et al., 2023) - Much shorter lifespan

Concentrat - It uses curved lenses to focus Up to - High Efficiency under - Far less common than

ed PV cells solar energy on its cells 40% DNL the conventional cell
- It uses solar trackers to increase - Small array size types; it is not
efficiency. - Low cost of standardised.

- They use direct normal manufacturing - Power output could
irradiance (DNI) - Less affected by high be affected by shifts in
temperatures radiation

Inverter - Most residential PV systems require an inverter to convert electricity from DC

to AC (Malek, 2014). The details of the required inverter most often depends on the

module types and array size selected for the system. The inverter consists of several

electronic components, connectors and transformers. However, a comprehensive review

of these sub-components goes beyond the scope of this study.

Battery - Most stand-alone PV systems require the use of a battery to store back-up

energy. Detailed descriptions of the different types of batteries suitable for PV-systems

are provided in the design subsection below.

Charge Controller - As the name implies, charge controllers keep batteries within a

suitable limit of charge and prevent it from excessive charging and discharging. They

help to prolong the lifespan of batteries in a PV-system. Controllers can control

switching offloads, and alert users to do specific actions such as turning on a standby

power supply (Stand-Alone PV, 2015). For long-lasting connections, single-conductor

wires are used to connect PV-system panels.

2.5.2.

Types of Connections

A PV-system can be a stand-alone, grid-connected, or hybrid system. Stand-alone

systems are often used to power buildings in isolated areas far from grid electricity (Alj,
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2018). They operate independent of the grid and require a battery to store their excess
electricity. On the contrary, grid-connected PV-systems may not require the use of
batteries. They are connected to the grid through an inverter. If the PV system generates
more electricity than the building requires, the excess electricity can be sold to the grid
(Okay, Eray and Eray, 2022). This is a huge return on investment. A single challenge of
grid connected PV systems is its compatibility with the grid utility because each
generates electricity with different frequencies (Khosrojerdi, Gagnon, & Valverde, 2021).
Governments have conditions that must be met in order for one to be eligible to sell
their extra electricity to the grid. For instance, the United Kingdom government contains
detailed technical guidelines, guarantees, and legal demands that regulate transmission
of solar electricity to the grid. Figures 2.2 and 2.3 show the typical connections for

stand-alone and grid-connected PV.

Charge

Controller

Battery

DC

Loads

Figure 2.2: Stand-alone PV System Connection

|||||||||||||||||||||||||||||||||

........................

System )
Inverter
Controller

Utility Grid

Figure 2.3: Grid-Connected PV System
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PV  hybrid systems combine a photovoltaic generator with other power
sources—typically a diesel generator, but occasionally with another renewable
technology such as a wind turbine (QuetteDiaf et al., 2007). The PV-system generator
would usually be sized to meet the base load demand. This type of connection is the

most prevalent in countries (e.g., Nigeria) where the grid electricity is insufficient.

2.5.3. Methods Involved in Photovoltaic Systems (PVS) Design

Designing a PV system is quite complex. Several conditions and compositions must be
analysed. The first step in PV system design is to investigate the meteorological
conditions of the intended location, followed by the determination of the energy load of
the building. The size of the PV components are then determined based on the energy
output needed. Once all the components are selected and sized, the design is examined

to ensure that the negative conditions that affect performance are eliminated.

2.5.3.1. Geolocation and Solar Irradiance

For an effective design of a PV-system, the first factor to consider is the location of the
proposed building where the PV-system would be installed. Because of the PV
technology's intermittent nature (Gasparin et al, 2022), locations close to the equator
and other areas with high solar radiation are the best for PV adoption. The higher the
solar insolation, the better the PV system works (Lee, 2015). However, PV does not
operate well at very high temperatures. During very high-temperature days, PV
components get overheated, which affects performance drastically (Yolcan and Kose,
2023). For that, adequate airflow around the panels is necessary. Al-Ghussain et al,
(2023) confirm that PV systems in locations with high solar radiations with enough
airflow generate the highest electricity output. This is because the performance of
PV-system components depends on the solar irradiance and temperature (Yolcan and

Kose, 2023).
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Every geographical location has unique values for longitude and attitude. Furthermore,
the irradiation for each location comes in three (3) unique parameters (Dutta, 2019).
These are global horizontal irradiance (GHI), diffuse horizontal irradiance (DHI), and
direct normal irradiance (DNI). Table 2.2 below presents the descriptions of each of
these parameters. These components, together with the plane of array (POA) and the
ambient temperature of any given location, are vital to solar energy conversion
technologies. POA is a combination of direct solar radiation, diffuse radiation, and

radiation reflected by the ground (Kurtz et al., 2013).

In mathematical terms,

GHI = DNI x cos(0) + DHI,

POA =Icos0,

where | = direct normal irradiance;

® = angle of inclination (David, 2013).

Table 2.2 Difference between DNI, DHI, and GHI.

Instrument

Names

Description

Direct Normal

Irradiance (DNI)

Diffuse Horizontal

Irradiance (DHI)

Global Horizontal

Irradiance (GHI)

This gives the value of solar radiation coming directly from the

sun.

This is the amount of solar radiation reflected by the ground
(scattered in the sky) very close to the horizontal surface of

absorption.

This is the geometric total amount of the solar radiation received

in each dimension on the ground.

Pyrheliometer.

(David, 2013)

Shaded
pyranometer. (Hay,

1979)

Shaded
pyranometer (Hay,

1979)

Most PV-system performance models use either GHI or POA irradiance and ambient
temperatures as input factors. However, these parameters are rarely used in the design
of small-scale PV-systems because their measurement instruments are expensive (Dutta,
2019). Therefore, the accuracy of irradiance values for small-scale PV-systems rely on
general calculations made for POA and ambient temperature in any given location

(Gasparin et al, 2022). Mathematical models are available in the literature for POA
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(David, 2013). While the ambient temperature is the normal temperature around the
PV-system modules at the time of solar radiation, for a standard operating condition

(SOC):

TA =TC —(NOCT-20-C),

where TA is ambient temperature, TC is the module temperature, and NOCT is the
nominal operating cell temperature given by the PV module manufacturer (Ayompe et
al., 2010). Comprehensive mathematical models for ambient temperature can be found
in (Rupnik and Westbrook, 2014) and are adopted by satellite-derived values. In
literature, different design models were analysed to estimate the solar irradiance for a
PV-system resulting in dissimilar values for the energy yield (Da-Silva, 2019; Gasparin et
al, 2022). Researchers have argued that irradiance estimation errors are caused by the
parameters available for solar irradiance measurements (Bharadwaj and John, 2019;
Al-Ghussain et al,, 2023). The choice of the measurement parameter used can make a
difference of a few percent (Kurtz et al, 2013). Further studies on the difference
between the two methods of irradiance calculations, including the benefits and
drawbacks of each, can be found in (Ali et al., 2018; Dutta, 2019; Hay, 1979; Gasparin et
al, 2022). The predetermined solar irradiance values of any location in the world can be
found with NASA meteorological (NASA, 2019), Meteonorm (Meteotest, 2019) solcast
(Engener, 2019), Total Solar Irradiance (TSI) Composite Database (NOAA, 2019), Sorce
(Sorce, 2019) Photovoltaic Geographical Information System (PVGIS) (Commission,
2019), etc.

2.5.3.2. Determining the Energy Load of the Building
The size of a PV-system is primarily dependent on the energy requirement of the user.
This energy load can be acquired in different forms. The primary form of obtaining the
energy load of a building is by reading the electricity bill provided by the electricity
supplier in kilowatt-hours (kWh). Occasionally, a building may be charged a standing
(fixed) amount per day regardless of how much energy is consumed. However, the most
common method is to be charged per unit rate depending on the amount of energy

consumed. Individuals who may not comprehend the information provided in electricity
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bills may only note the amount due to be paid. In such situations, one could use the unit
rate that is charged by the electricity provider to calculate the energy consumption of
the building. For example, in the United Kingdom, although the price per unit rate may
vary depending on the region and the type of energy plan subscribed to, the average unit
rate of electricity is 14.37 p/kWh (pence/kilowatt-hour) (UKPower, 2020). Where this
average unit rate applies and a monthly electricity bill of £70 is charged, the energy load
of the building could be obtained through a simple equation where
electricityBillAmount = unitRate x energyLoad. The result is 487.3 kWh of electricity

consumed.

Another method is to obtain a cumulative sum of the energy consumed by all the
electrical appliances used in the building (Alsadi and Khatib, 2018). Electrical ratings,
such as wattage, current, voltage, frequency, etc., are normally clearly written on labels
on all appliances. However, if the wattage is not provided, it can be easily calculated

using its current and voltage such that
Active or Real Power (W) = Current (I) x Voltage (V), ... (i)

Electrical Energy (consumed by the appliance) = Active or Real Power (W) x Total time

the appliance is in use (hours). ....(ii)

Once the energy consumed by each appliance is obtained, a summation of all the values
gives the electrical energy load of the building. An energy load guide is provided as an

appendix at the end of the thesis.

Other approaches for determining the energy load of the building are available in the
literature. Menezes et al, (2014) created two (2) models for estimating energy
consumption through sampling of monitored data and a “bottom-up” approach that
predicts energy demand. Results from validation of both models gave similar values with
metered data. Researchers proved that it is an improved approach when compared to
common practices discussed above; however, their models are only suitable for
appliances with small wattage or power ratings. Similarly, average system loss of
components is estimated to be 30%; therefore, 130% of the calculated building load is
used in that study for the system design. In another study (Zheng et al., 2017), the

researchers developed a model that generates heating and cooling profiles for a building
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using real-life values obtained from monitoring mean temperatures outside versus the
corresponding electricity consumption inside the building. The model was applied on
case studies and proved accurate in determining energy loads of the buildings. However,
it is imperative to note there can be variable energy demand (peak, average, and
minimum energy load) depending on the time of day or the seasons. During the design
process, when the peak load is adopted, this means that the PV-system will be large and
expensive. Likewise, the energy generated will be wasted during the average and
minimum periods. On the contrary, if the minimum load is adopted, then users may
require alternative sources of energy to power appliances during the average and

maximum periods.

2.5.3.3. Sizing and Selecting Components of Photovoltaic Systems

The overall design of the PV system depends on the sizes selected for each component.
They are designed to operate together and evaluated in respect to one another so that
the overall PV system obtains the desired energy output. When the components’ sizing is
well-optimised, optimum performance of the PV system can be guaranteed. The
subsequent sections review how these components are sized as part of a PV system

design.

2.5.3.3.1. Modules

Four vital factors must be explored to help select the most suitable PV module that
would generate the peak output of electricity required by the customer. These are types
of modules, the surface area of modules, the cells' efficiency, exposure to solar radiation
(location), and building load (Stand-Alone PV, 2015; Zulkifli 2014). Researchers
(Al-Ghussain et al., 2023) argue that when the building roof is at an optimum angle, the
PV system generates a peak output of energy regardless of the efficiency of cells or
surface area. However, Jenkins (2015) asserts that the type of module and geographical
location are the most important factors to consider. Others researchers agree since the
ambient temperature, solar radiation and wind speed largely affect the PV module cell
temperature; and the temperature is directly related to the instantaneous efficiency of

the modules (Yolcan and Kose, 2023). An important point to make is that a module of
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higher efficiency generates more electrical energy output than a similarly sized module
of a lower efficiency. Comparably, modules of higher efficiency require lower amounts of
mounting surface area than modules of lower efficiency. However, the higher the
efficiency, the more expensive the technology. An important question to ask in selecting
modules is what matters most to the user. A PV-system owner with a large mounting
space may select a less efficient module type to cut down price, while another person
may prefer the most efficient module type if they have a small mounting space. Price,
space, and efficiency trade-offs are unavoidable when selecting modules. Conversely,
surface area constraint is mandatory, such that mountingSurfaceArea >

arraySurfaceArea.

Once a module type has been selected, the total number of the modules needed to
collectively generate the required capacity of electric output gives the array size. Several
researchers and experts have different ways of calculating the module's peak output and
array size (Leonics, 2013; Zeman, 2015; Stand-Alone PV, 2015). Some studies calculate
the array size as a ratio of total watt or power rating required, to the rated power of the
module type selected. In another study, the total power required is increased by 30% to
cover for energy losses (from inverters, batteries and wiring) in the system.
Furthermore, a varying factor known as the Panel Generation Factor (PGF) is
considered. PGF helps to determine the energy output after losses due to the
temperature, dirt, poor irradiance, and ageing of panels (Abdeljalil and Omer, 2023). A
similar calculation is available in (Ali, 2018). In (Notton, Lazaro and Stoyanov, 2009),

models were developed to calculate module efficiency and maximum power, where:
npv = nref {1 —a[(GB)/18) + TA—20]},

where npv is the module efficiency, nref is the reference efficiency, a - is the power
correction factor determined by the study, GB is the solar irradiance, and TA is the

ambient temperature. Similarly, the maximum PV power is determined by:
Wp =npvGBA,

where npv is the module efficiency, GB is the solar irradiance, and A is the PV module
surface area (Notton, Lazaro and Stoyanov, 2009). A comprehensive guide for array

sizing can be found in (IEEE, 2020). Solar energy engineers (Sustainable Sources, 2015;
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Stand-Alone PV, 2015) say when more PV-modules (than required) are installed, the PV
system performance will increase, and battery life will be enhanced. However, when
fewer PV-modules (than required) are installed, the PV system would not perform when
the weather is cloudy. As soon as the array size is determined, the design and size of the

inverter can be determined.

2.5.3.4. Inverter

Inverters are selected and sized based on the total energy output expected from the
PV-system. They are often selected based on their operational power and size. A suitable
PV-system inverter should be sizable enough to hold the total energy load of the building
at any point in time. Researchers analysed how and if variable energy demands can
affect inverter choice (Schweighofer et al., 2023). They proposed an algorithm to balance
nonlinear energy load. For a safe and practical purpose, the inverter's rating should be
equal to the rating of the PV array (Lee, 2015). However, others argue that the size of the
inverter should only be 80-90% of the power rating required to save costs, since the
PV-systems hardly generate its maximum required energy (Gougui et al, 2019).
However, other scholars disagree and argue that the size of the inverter should be
25-30% bigger than the required energy output (Jansson, Whitten and Schmalzel,
2011). Others agree and state that at high temperature, an undersized inverter becomes
strained and regularly reduces the performance of the PV-system (Al-Ghussain et al,,
2023). However, it is important to note that the bigger the inverter, the more expensive it
is. The configuration and reliability of inverters must be considered at the design stage
of the system. In (Jordan et al., 2020; Schweighofer et al., 2023), problems related to
poor inverter selection were reportedly the most common reason for poor performance
of the installed PV-systems. System interruptions caused by inverters led to poor energy
production for weeks. A detailed study on the performance of PV-system inverters can
be found in (Sc