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ABSTRACT

In the quest for improved performance of buildings and mitigation of climate change,
governments are encouraging the use of innovative sustainable building technologies.
Consequently, there is now a large amount of information and knowledge on sustainable
‘building technologies over the web. However, internet searches often overwhelm
practitioners with millions of pages that they browse to identify suitable innovations to
use on their projects. It has been widely acknowledged that the solution to this problem
is the use of a machine-understandable language with rich semantics - the semantic web

technology.

This research investigates the extent to which semantic web technologies can be
exploited to represent knowledge about sustainable building technologies, and to
facilitate system decision-making in recommending appropriate choices for use in
different situations. To achieve this aim, an exploratory study on sustainable building
and semantic web technologies was conducted. This led to the use of two most popular
knowledge engineering methodologies - the CommonKADS and “Ontology
Development 101” in modelling knowledge about sustainable building technology and
PV-system domains. A prototype system - PhotoVoltaic Technology ONtology System
(PV-TONS) - that employed sustainable building technology and PV-system domain

knowledge models was developed and validated with a case study.

While the sustainable building technology ontology and PV-TONS can both be used as
generic knowledge models, PV-TONS is extended.to include applications for the design
and selection of PV-systems and components. Although its focus was on PV-systems,
the application of semantic web technologies can be extended to cover other areas of
sustainable building technologies. The major challenges encountered in this study are
two-fold. First, many semantic web technologies are still under development and very
unstable, thus hindering their full exploitation. Second, the lack of learning resources in

this field steepen the learning curve and is a potential set-back in using semantic web
technologies.
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1. INTRODUCTION

1.1 General

The environmental impacts of construction are now well documented (Weight and
Rawlinson 2007; Levin 2008). Consequently, many environmental agencies and
governments are now recommending change in practices, use of advanced and
innovative technologies as strategies for the mitigation of the environmental impacts
from construction projects. These agencies and governments are supporting these
recommendations with the provision of grants and funding for projects that implement
innovative technologies such as sustainable building technologies leading to the
mitigation of environmental impacts. Despite this support and the benefits of
incorporating sustainable building technologies in construction projects, their uptake
has been very low (Cooke et al. 2007; Foxon and Pearson 2008). Some studies have
revealed that although there exists too much information in different media about
sustainable building technologies, the lack of knowledge about the same is still very
common among construction professionals and end-users (Powell and Craighill 2001;
Taylor and Wilkie 2008; Hall 2006). This has been regarded as one of the greatest
barriers to the uptake of sustainable building technologies as one of the major strategies
in the mitigation of environmental impacts from construction projects. Therefore, there
is a need for better ways of managing construction information for better exploitation by
construction professionals. This study investigates the use of advanced information
technology, the semantic web technology, in the acquisition of knowledge about the
domain of sustainable building technology. The semantic web technology is an
emerging technology and the next generation of the web technology or “a new form of
web content that is meaningful to computers and will unleash a revolution of new

possibilities” (Berners-Lee et al., 2001).
1.2 Background

The argument that atmospheric greenhouse gases are the major contributors of high
temperatures on earth is now widespread (Stern 2006; Stolarski ef al. 2010). The most
abundant greenhouse gases are water vapour, carbon dioxide (CO,), methane (CHy),
nitrous oxide (N;0), ozone and chlorofluorocarbons. In order to maintain the Earth’s

1



temperature constant, it is imperative to maintain the balance of greenhouse gases in the
atmosphere. This can be achieved if an inventory of the sources of the different
greenhouse gases are known and strategies put in place to control the flux into the
atmosphere (Stern, 2006).

The two main sources of greenhouse gases are natural and man-made. Natural sources
include water vapour in the atmosphere; the release of CO, from volcanic activities and
the breathing of people and animals, CHy4 that comes from digestion of food by cattle,
the release of N>O from the death and rot of plants and the natural occurrence of ozone.
The man-made greenhouse gas sources are the burning of fossil fuels to heat homes, to
run cars and operate machineries for the production of electricity, construction activities
and the manufacture of products for different purposes. In general man-made

greenhouse gas emissions are due to human activities from different sectors of life.

By the nature of the type of activities and the machineries involved, construction is one
of the sectors that contribute significantly to the emission of greenhouse gases.
According to the World Resources Institute’s estimates, buildings emit about 15% of
global greenhouse gases (Levin 2008; de la Rue du Can and Price 2008). In the UK,
energy use in homes accounts for around 25% CO; emission (CLG, 2006). Furthermore,
the impact of construction waste also contributes to affecting the climate. Construction
activities will always produce waste and it is perhaps as a result of this that 40% of all
landfill waste in UK is building waste (Weight and Rawlinson, 2007). Besides,
construction waste can cause negative impacts on the environment, including air and/or
water pollution which mostly occurs from waste transportation, emissions from
vehicles/machinery, noise, release of contaminants and the composition of wastes in’
landfills (Yahya and Boussabaine, 2006). In tackling the climate change impacts, UK
organizations have placed more importance and interest in sustainable construction
practices especially in building development projects. Furthermore, pressure from
various agencies within the UK construction industry to incorporate sustainable
building technologies into its building projects has been increasing. This is an additional
burden to the construction industry as it is already heavily laden with other problems
such as project and knowledge management of projects (Dainty et al. 2005; Egan 1998);
poor construction time, poor cost and quality performance (Egan 1998; Latham 1994;

Kagioglou er al. 2001) and the fragmented nature of the industry (Egan 1998; Latham
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1994; Kagioglou et al. 2001). Despite the government’s constant support, motivation
and recommendations for the uptake of sustainable building technologies, many
construction companies have reacted with mixed feelings and have expressed reluctance
to engage with the request (Pitt ef al. 2009; Taylor and Wilkie 2008; Egan 1998;
Dewick and Miozzo 2002; Sayce et al. 2007). Dewick and Miozzo (2002) argue that
institutional barriers (such as corporate governance structure, profit motivation and the
extent of stakeholder ownership) and lack of information flows are some of the major
reasons that contribute to the reluctance to the uptake of these technologies. Taylor and
Wilkie (2008), Sayce et al. (2007) and Egan (1998) argue that the lack of collaboration
between construction project partners which inhibits information flows contributes to
the reluctance for the uptake of sustainable building technologies. Pitt et al. (2009)
argues that the lack of fiscal incentives and regulations inhibits the uptake of sustainable

building construction as a whole.

Although an overview of the different barriers for the uptake of sustainable building
technologies into building construction projects will be made later in section 2.3.7, a
critical analysis will focus on information-related barriers. This is because; information-
related barriers are key to the establishment of the rationale of this study. Furthermore,
it is not feasible to provide a detailed analysis of all the barriers for the uptake of
sustainable building technologies in this study. In the ensuing paragraph, the challenges
associated with the sheer size of information being generated by the sustainable
building technologies and the most popular and widely used media, the internet, are

examined.

Firstly, the advent of sustainable building technologies is generating too much
information making it difficult for construction professionals to make informed
decisions about different technologies to be incorporated in their projects. Hence, the
implementation of better knowledge management techniques for knowledge modelling,
storing, understanding and sharing information about the domain of sustainable building
technologies is necessary to facilitate decision-making in building projects. However,
there is still very limited understanding of the best ways to foster the creation of
knowledge, let alone on how to capture it, and even less on how to ensure that
knowledge is readily available to individuals, project teams and companies (Shelbourn
et al., 2006).



Secondly, another challengé is inherent in the use of the current web, the best and the
most widely used medium in publishing information about different domains and
sustainable building technologies in particular. The current web has made a huge
amount of information available to end-users and has been a success story in terms of
growth rate of human users. This success and exponential growth of information have
rendered the web increasingly difficult to find, to access, to present, and to maintain
information of use to a wide variety of users (Fensel et al. 2005; Lacy 2005; Antonio
and van Harmelen 2004). This is one of the major reasons why its exploitation has been
very slow despite sustainable building technology information being abundantly
available on the web. It is therefore imperative to explore other media for management
of knowledge about sustainable building technologies so as to enhance their uptake by
professionals in building development projects. The semantic web technology which is
based on ontology knowledge modelling principles has emerged with a new vision to
overcome the current shortcomings of the current web and possesses so many potential
opportunities. These opportunities can be exploited in providing decision-support tools
to practitioners in making appropriate choices of sustainable building technologies for
use in various applications. The semantic web will be examined in Chapter 3. The

rationale, aim and objectives of this study will be examined in the ensuing sections.
1.3 Rationale

Globally, the construction industry contributes significantly to the economy of most
countries. In the UK, for example, it accounts for 10% gross domestic product (GDP)
(DTI, 2007). Despite being an important sector to most countries including the UK, the
sector is one of the largest resource consumer and polluter of the environment. Some of
the major pollutants are greenhouse gases with CO, being the most abundant. For
example, in the UK, energy consumption in buildings currently accounts for around
47% of the nation’s CO, emission (Edwards, 2010) while the built environment in
general is responsible for over 50% of the UK energy consumption (Mulholland et al.,
2006). The energy use in the UK housing sector accounts for over 27% of UK CO,
emissions (DEFRA, 2007). The consumption of natural resources and emission of CO,
and waste have been undoubtedly proven to have serious impacts on the environment
including the human well-being (Holtzhausen 2007; Horvath 2004). Estimates by

Dunster ef al. (2009) reveal that a typical four-person UK household that is responsible
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for 12 tonnes CO; per year over three generations will be directly responsible for the
suffering of people in a climate change hot spot. Climate change hot spots are regions or
areas that may be at relatively high risk of adverse impacts from one or more natural

hazards as a result of climate change (Giorgi, 2006).

Therefore, it is imperative for most governments including the UK’s to implement
climate change mitigation strategies to avoid or lessen adverse consequences on the
environment and the society at large. The response from the UK government towards
the implementation of mitigation strategies has been positive. One such response has
been the government’s involvement in many international and national commitments.
The UK is committed to international binding initiatives aimed at reducing its
greenhouse gas emission levels. An example is the Kyoto protocol, which legally binds
the UK to reduce its CO, emissions by at least 12.5% below the 1990 levels over the
period 2008-2012 (Hickman and Banister, 2007). This is however, a minimum
requirement and a guide only as the UK government has internally set its own targets
that can enable achievement of even higher targets. For example, the UK government
has set its CO, emission reduction target to 80% by 2050 compared to the 1990 levels
(DEFRA, 2008). Intermediate targets of a 20% reduction by 2010 and 30% by 2020
have also been set (Hickman and Banister, 2007). These commitments will require
carbon reductions to be made by all sectors including the building sector (Stern, 2006).
Consequently, the government has highlighted the building sector as a key sector, as it
is the sector with a greater opportunity to achieve significant carbon reductions. This
has been backed by the government policies to achieve or maximise this opportunity by

introducing some stringent standards.

Recent UK’s government report reveals that construction professionals are not only
required to comply with stringent standards but that the commitment to the reduction of
carbon and other greenhouse gas emissions is a legal obligation (BIS Construction
Innovation Growth Team Final Report, 2010). The two most important UK building
standards are the Code of Sustainable Homes (CLG, 2007) and the Building
Regulations (Planning Portal, 2010). The Code of Sustainable Homes is a national
standard for the sustainable design and construction of new homes. The code measures
the environmental performance of new homes vis-a-vis the following environmental

impact categories: energy/CO,, water, materials, surface water run-off, waste, pollution,
5



health and well-being, management and ecology. One of the main aims of the code is to
reduce carbon emissions and create homes that are more sustainable. As part of this
goal, the government has set out in its Building a Greener Future Policy Statement, that
new homes will be net zero carbon from 2016 (CLG, 2007). In order to achieve this
target, energy efficiency standards for new homes are to be improved by 25% in 2010
and 44% in 2013 relative to current 2006 standards (CLG, 2007). The Building
Regulations apply to building work in England and Wales and set standards for the
design and construction of buildings to ensure the safety and health of people in
buildings (Planning Portal, 2010). The Building Regulations also contain requirements
to ensure that fuel and power is conserved and facilities are provided for people,
including those with disabilities, to access and move around inside buildings (Planning
Portal, 2010). Although most of the requirements in these standards are mandatory,
there are no Speciﬁed mandatory technologies that can be used to achieve the required
targets. This means that while clients may be interested in choosing technologies that
improve the performance of their buildings they also need ways of determining the
different technologies and how the technologies can be used in the achievement of the

requirements in standards such as the Code of Sustainable Homes and the Building

Regulations.

Society and governments around the world are therefore encouraging the development
and use of innovative sustainable building technologies to improve the performance of
buildings and mitigate the effects of climate change. This has resulted in the
development of a wide range of different innovations with a large amount of
information and knowledge on sustainable building technologies. Information and
knowledge about these innovations are being made available to users through the
current web to facilitate accessibility and use. The emergence of the World Wide Web
(WWW) has brought exciting new possibilities in information access and electronic
business. The WWW has grown to be the largest distributed repository of information
ever created. Estimates reveal that the web currently contains about 3 billion static
documents and being accessed by over 500 million users from around the world (Bui et
al., 2007). An estimate by the United Nations agency put the number of internet users to
exceed 2 billion (nearly a third of the world’s population) in 2010 (BBC, 2010). Web
content consists largely of distributed hypertext and hypermedia, accessible via

keyword-based search and link navigation.



Although the attraction of the web lies in its simplicity and ease of accessibility (Fensel
et al., 2005), the sheer wide ranging nature of these innovations means that internet
searches often overwhelm individuals and practitioners with millions of pages that they
have to browse through to identify suitable innovations to use on their projects. Users
are therefore unable to make informed choices and have to rely on specialists with
experience on a limited range of innovations for advice. It has been widely
acknowledged that the solution to this problem is the use of a machine-understandable
language with rich semantics for some or all of the information on the web (Fensel ef al.
2005; Antonio and van Harmelen 2004; Berners-Lee er al. 2001; Gruber 1993). This has
led to the emergence of the semantic web; the next generation of the web, which
promises to considerably improve information representation, sharing, re-use and
automated processing by software agents to make inferences (Fensel et al. 2005;
Antonio and van Harmelen 2004; Berners-Lee et al. 2001; Gruber 1993). Key to this, is
the use of a common language or an ontology (Gruber, 1993) for representing
knowledge from different sources to facilitate decision-making. According to Gruber

(1993), “an ontology is an explicit specification of a conceptualisation™.

According to the WWW Consortium (W3C, 2010), the goal of the semantic web is to
allow data to be shared effectively by wider communities, and to be processed
automatically by tools as well as manuglly. The vision of the semantic web is very
ambitious and will require solving long-standing research problems in knowledge
representation and reasoning, natural language computing, computer visibn and agent
systems (Horrocks, 2008). However, considerable progress is being made in the
infrastructure required to support the semantic web, particularly in the develdpment of
languages and tools for content annotation and design and deployment of ontologies. No
wonder there has been an upsurge in research in the investigation of the use of semantic
web technologies in the development of applications in different domains. Some notable
examples of research that investigates the application of the semantic web are in the
fields of publishing, judiciary, bioinformatics, finance, and energy (Antonio and van
Harmelen 2004; Warren et al. 2006). Furthermore, some studies of semantic web
applications to the construction domain are also available (El-Diraby ef al. 2005; Rees
2006; Ruikar et al. 2007). However, knowledge of how these technologies can be
applied to the sustainable building technology domain is still very limited and
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overshadowed by the penchant among professionals to stick to old ways of doing

things.
1.4 Aim and objectives

The aim of this study is to investigate the extent to which semantic web technologies
can be used in developing a decision-support tool for practitioners in making

appropriate sustainable building technologies choices for their building projects.

The objectives are:

e To identify, and critically assess the role of sustainable building technologies in

the context of sustainability;

o To identify gaps in current web technology in managing sustainable building
technology information and exploration of how semantic web technologies can

be used in bridging the gaps;

e To elicit, model, and represent sustainable building technology knowledge using

semantic web techniques;

e To develop and evaluate a prototype decision-support tool for sustainable

building technologies selection in order to demonstrate the potential of semantic

web technologies.

1.5 Summary of the research methodology

This section outlines a summary of the research approach used in this study. The study
deals with two different emerging domains - the semantic web technology and the
sustainable building technology. The relationship between the two domains is that the
semantic web technology is applied on the sustainable building technology domain.
Considering that the semantic web and the sustainable building technologies are
emerging.domains and based on the different research methodologies reviewed, an
exploratory qualitative approach was deemed appropriate and adopted in this study

(Bryman 2001; Bernard 2000). Also, a case study was employed to support the findings
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of the exploratory study. Although a detailed review of an exploratory qualitative
research is outside the scope of this thesis, it is briefly described in section 1.5.2 to
provide an understanding of the underlying philosophy of its applicatioh. To offer

clarity on the summary of the methodology, it is important to state the problem domains

considered in this research.
1.5.1 Identification of the problem domain

After reviewing the sustainable building and semantic web technology domains it was
noted that both domains involve other domains and problem areas and that it was not
feasible to tackle all of them within the time frame available for this research. With
regards to the purpose of this study four key areas constitute the problem areas of this

research.

Firstly, to provide an overview of the problem area, the sustainable building technology
area was identified as a representative problem area. In this study, the key issues
covered in the sustainable building technology domain include the different types of
sustainable building technologies, the advantages and disadvantages, the barriers to
their uptake in building construction projects, and a generic ontology knowledge model
of the sustainable building technology domain. However, to demonstrate key
applications of semantic web technologies, the sustainable building technology domain
was further scoped down to the PV-system domain. Not only is the PV-system
increasingly becoming popular in the UK, its significant reduction in greenhouse gas
emissions required to meet the climate change targets makes it an appropriate choice. Its
negligible environmental impacts and highly energy-saving advantages over other
renewable energy technologies further justifies its choice as a suitable area to focus on.
Although, at the moment the cost of PV-systems is still more expensive than most
renewable energy technologies (Evans et al., 2009), other literature suggests that with
technological improvements and an increase in production rates, the cost set-back can

easily be overcome (Varun et al., 2009).

Secondly, given that sustainable building technologies can be used in different sectors
(e.g. PV-system can be used in electronics and the construction industry), it was

necessary to focus the study on a particular sector. The building industry was the logical
9



choice because: it is the sector that consumes the highest natural resources while at the
same time the sector that has the highest cost and carbon-savings potential. However, as
the building sector is part of the construction industry, some sections in this thesis have
been examined from a more holistic approach by reviewing the construction industry
before highlighting some key facts about the building sector. This was however a
challenge to avoid, as the construction industry is so blurred as there is no clear

demarcation between its constituent sectors (Harvey and Ashworth, 1993).

Thirdly, based on the applications of semantic web in this study, it was necessary to
scope down the particular types of applications. Three types were considered. The first
application which constitutes a lightweight ontology about the domain of sustainable
Building technology provided a holistic overview of the ontology knowledge based in
this study. Lightweight ontologies are taxonomy of concepts describing a domain and
often related by the “is-a” relationship (GOmez-Pérez et al., 2004). The second
application focused on the semantic web selection decision-support system of the PV-
systems. The last application focused on the design of the PV-system using semantic
~ web techniques. Given that the last two applications require constraints to enable the
application functional, the underlying ontology was a heavyweight. Heavyweight
ontologies model a domain in a deeper way and provide more restrictions on domain
semantics (Gémez-Pérez et al., 2004). The focus of these applications was on back-ends
rather than front-ends and so no easy to use or user-friendly interface was Built for use
by non-ontology engineers. This choice was justified by the fact that the front-ends or
interfaces of semantic web applications vary and are often designed to meet the various
requirements of different end-users. As part of future research, an investigation towards

the development of interfaces that will employ the back-ends will be conducted.

Fourthly, based on the fact that only the back-end of the prototype will be developed,
the targeted audience are those playing advisory roles in the use of sustainable building
technologies. Although any end-user with minimal computer skills can query the
prototype, main audiences include sustainable building technology consultants,
developers and home owners. To facilitate, easy acquisition of information and
knowledge from the prototype by the audiences with minimal computer science skills,

the Protégé-OWL related plug-ins (e.g. Semantic Web Rule Language Tab
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(SWRLTab)) has been incorporated into the prototype. It is easier to learn and run rules

and queries in SWRLTab than to query the main Protégé-OWL editor.
1.5.2 Brief description of the research methodology

Exploratory research provides an insight into and comprehension of an issue or
situation. The outcome of an exploratory research is the establishment of primary
findings that will dictate the path of subsequent procedures or activities of the study.
Based on the findings or claims, evidence should be formulated to support the findings
or claims. In such circumstances, evidence is taken to mean a convincing argument in
support of a claim or hypothesis, a justification from data analysis, and a proof-by-
demonstration. In computer science prototypes are often used as a proof-by-
demonstration piece of evidence in support of a claim (Pan, 2006). In the
implementation of the research approach, the sustainable building technology domain
was first explored. A variety of techniques including desk study and informal
discussions were used to capture knowledge about the sustainable building technology
domain. This exploratory study on the domain of sustainable building technology led to
the establishment of the state-of-the-art of sustainable building technology,
identification of the barriers for the uptake of sustainable building technologies, and the
establishment of why there is need for ways of efficiently managing sustainable
building technology knowledge. This provided an insight into the nature of knowledge
to be investigated about the semantic web technology. Furthermore, in consideration of
the available resources and the large scale of the sustainable building technology
domain, it was decided that it would be more informative from a research perspective to
focus on a specific sustainable building technology. It is for this reason that the PV-
system domain was chosen. In addition to the rich environmental values of the PV-

systems, they are currently generating a lot of interest in the building area with high

public visibility.

After the exploration of sustainable building technologies, semantic web technology
was explored. Like in the sustainable building technology domain, the state-of-the-art of
semantic web technologies was established. This exploration of semantic web
technology was undertaken through literature review and participation in training

courses, conferences and writing of papers for journal consideration. In total, ten peer-
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reviewed conference papers, one book chapter, one peer-reviewed research project were
published. Furthermore, five journal submissions were made. Out of these, four have
already been accepted for publication. The reviewers’ comments of one of the
submissions are still pending. Feedback from these publications, submission and
informal discussions with other researchers during conferences contributed significantly
to validating some of the results that emerged from exploring the sustainable building

and semantic web technology domains.

Two major outcomes of exploring semantic web domain are the identification of
specific technologies that can be used in modelling sustainable building technology
domain and the identification of the components of the semantic web technology that
enhances the current web technology. For instance, representing sustainable building
technology knowledge using the web ontology language (OWL) is an outcome based on
the review of different ontology languages. Based on other outcomes such as the
availability of rich and high expressive language power for modelling sustainable
building technology knowledge, availability of efficient search techniques and the
availability of rule languages that can easily be used in managing sustainable building
technology knowledge, a prototype was developed to verify and prove these concepts.
To provide a holistic view of semantic web technology, a generic knowledge model on
sustainable building technology was developed and the prototype system developed was
focused on PV-system technology. Proof by using prototypes is one of the ways of
justifying claims or findings in an exploratory study. The link between the exploratory

study and a prototype is represented in Figure 1.1.
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Claims/Outcomes
= Existence of rich knowledge representation formats
*  Facilities for intelligent/quick searches
= Reasoning based on rules

/ / N N

Prototype

Exploratory
study

Proofs demonstration from prototype
= [sthe knowledge model rich enough?

= Does the knowledge model contain rules?

= Does the prototype facilitate intelligent searches?

Figure 1.1. Relationship between exploratory and prototyping research paradigms

Having developed the prototype system, it is necessary to evaluate the system with real
data instead of simulated data (Sommerville, 2007). In this regard, a real-world case
study was used to validate the prototype system. The development of a prototype
validated through the use of real-world case study to demonstrate the capabilities of the

semantic web technology led to the achievement of the aim of this study.
1.6 The main achievements

The work undertaken in this study was motivated by the need for an information
technology methodology for the development of tools for the support of knowledge
discovery processes on sustainable building technologies that can be used in making
informed decisions. Furthermore, it was established through literature review that the
most popular and widely used technique of information dissemination, i.e. the current
web technology, has been very limited in disseminating knowledge about different
domains. This partly constituted the rationale for the investigation of better ways of
knowledge representation techniques such as the semantic web technology that can be
used in the domain of sustainable building technology. However, in order to exploit the
potentials of the semantic web technology, information about the domain of sustainable

building technology had to be modelled differently from conventional methods, e.g.



ontological representations. The search for new knowledge representation tools and

techniques led to the following main achievements:

Conceptual knowledge models of the sustainable building technology domain

that can be exploited for further use;

An ontology that models knowledge about sustainable building technology

suitable for use in application development;

An ontology that models knowledge about PV-system technology suitable for

use in application development;

The establishment of a semantic web approach that enables knowledge in the
sustainable building technology domain and the PV-system technology domain

to be represented and interpreted by computers for decision—suppbrt purposes;

A technique for integrating multi-criteria selection techniques with rule-based

techniques in a decision-support system;

A prototype system for PV technology decision-support (known as PV-TONS
meaning “PhotoVoltaic Technology ONtology System”) demonstrating the

potentials of semantic web technology.

1.7 Organization of the thesis

The thesis consists of nine chapters. The structure and order of writing of the chapters is

presented in Figure 1.2 and the content of each chapter is briefly described.
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" Figure 1.2. Structure of the thesis
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The first chapter presents the general background to the study. It highlights the main
issues associated with construction activities in relation to environmental impacts.
Furthermore, the chapter examines the role of sustainable building technologies in the
drive for sustainability including challenges associated with their incorporation into
building development projects. The chapter further argues the role knowledge about
sustainable building technologies could play in enhancing the integration of these
technologies into building developments. A highlight of challenges using current
knowledge technologies and media such as the current web in managing sustainable
building technology is mentioned. To overcome these challenges, opportunities in the
emerging knowledge technologies such as the semantic web that can be used in
managing sustainable building technologies are discussed. In this chapter the rationale,
the aim and objectives are presented. A brief summary of the main achievements and
research methodology is also presented. Acting as a sign post to other chapters, a flow
chart diagram depicting the thesis structure, the relationship between the chapters and

order of execution is presented (see Figure 1.2).

The second chapter examines the different sustainable building technologies currently
being used in the UK building industry. In particular, the chapter identified the
knowledge gaps about the domain of sustainable building technology. The three main
knoWledge gaps identified are: the establishment of the role sustainable building
technologies could play in mitigating environmental impacts within the context of
sustainability, the investigation into the challenges about the uptake of sustainable
building technology into building development projects, and the establishment of the
need for an application of advanced information technologies which can potentially
trigger the uptake of sustainable building technologies by construction professionals.
The knowledge gaps led to the formulation of fhe rationale, aim and objectives of this
study. The need for the application of advanced information technology in managing
sustainable building technology knowledge led to the investigation of the use of
knowledge modelling techniques, a subject of Chapter 3.

Thus, in Chapter 3, an exploratory study is undertaken to establish the emerging
opportunities of the semantic web technology. Key prototyping development
methodologies including software, knowledge and ontology engineering have been

reviewed. The review of software engineering, knowledge engineering and ontology
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engineering was aimed at situating the context of this research. Based on the review of
these key areas of engineering, a decision was made on whether to use one or a
combination of the engineering methodologies. The choice of a combination of the
above knowledge engineering methodologies led to the identification and selection of
appropriate methodoldgies; languages and tools for building ontologies. This chapter
also reviews existing ontologies for possible re-use. Upon the review of the domain of
sustainable building technology and the semantic web technology domain, it was
necessary to investigate previous studies on the application of semantic web technology
applied to modelling knowledge about sustainable building technologies. This will be
undertaken in Chapter 4.

In Chapter 4, a review of semantic web technologies applied in building construction is
undertaken. This is done from three perspectives. Firstly, the application of current web
techniques in facilitating knowledge acquisition in the domain of construction is
reviewed. The knowledge gaps were identified and, in the second instance a review on
the use of semantic web techniques applied to construction was undertaken. Like in the
first perspective, the goal was to identify the knowledge gaps with a focus on the
semantic web techniques. The focus was actually investigating the different types of.
semantic web techniques that have been applied to construction. Thirdly, a review on
the different construction areas that have implemented semantic web techniques was
undertaken. Some construction domains such as supply chain management, project
management and construction education were identified as areas that have used
semantic web techniques. A key finding from these three perspectives is that most
semantic web technology applications that have been developed in the afore-mentioned
areas of building construction use lightweight ontologies. It also emerged that very few
lightweight ontologies have Been developed in the sustainable building technology
domain. Furthermore, most of the identified sematic web applications that are based on
lightweight ontologies have never exceeded the prototypying stage and have hardly left
from the academic benches. Thus, it was imperative to design a methodology of how to
implement semantic web technologies in managing sustainable building technology
knowledge, the focus of Chapter 5. Based on the review of the literature in Chapters 2
and 3 and on the understanding of the research theme, a research methodology has been
designed and presented in Chapter 5. The methodology presented in this chapter will

then be implemented in the subsequent three chapters, i.e. chapters 6, 7 & 8.
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Chapter 6 presents the development of sustainable building technology conceptual
knowledge models. It starts by first filling the gaps identified in chapter 2. Major design
issues and difficulties encountered in developing the sustainable building technology
conceptual knowledge models will be mentioned and how they were overcome. A
Unified Modelling Language (UML) representation of the concepts, properties and their
relations will be presented before an implementation of the concepts into an ontology

editing, storage, reasoning environment is undertaken.

After the knowledge model has been developed in Chapter 6, it is necessary to
implement it in a software environment. Thus, Chapter 7 discusses the system
architecture that will be used to enhance integration and collaboration between various
agents and system components for efficient decision-making. The chapter will present
the different software components; demonstrate how the components have been
assembled, and how it will contain sustainable building technology information. The
justification of the choices of each component chosen will be stated. Furthermore, this
chapter concentrates on the implementation of the systems developed in chapters 5 and
6. The chapter illustrates how the implementation has been undertaken using key

semantic web technologies in the development of PV-TONS.

The prototype systém developed in Chapter 7 will be evaluated in Chapter 8. Given that
the first part of this study adopts an exploratory approach, it was imperative to design a
chapter that will focus on justifying the claims that might have emerged from the
exploratory study. Cﬁapters 6 and 7 demonstrate how knowledge about the sustainable
building technology domain can be modelled. Chapter 8 starts by evaluating the
prototype system developed in Chapters 6 and 7 for technical fitness. After evaluating
the prototype, the system is validated using a real-world case study. Based on the
evaluation results scenarios are examined to illustrate how information can be retrieved
from PV-TONS. The main aim of information retrieval from thle PV-TONS will be to

highlight the capabilities of a semantic web environment from an information retrieval

_perspective.

Chapter 9 is the concluding chapter that summarizes and synthesises the achievements
of the research, the contribution to knowledge, the scope for further research, and

recommendations for further study. Other than the main chapters in this thesis,
18



additional information relevant to this research is also presented in the appendices. The

appendices are as follows:
e Appendix 7.1. PV-TONS OWL ontology;
¢ Appendix 8.1. Verification for OWL compliance;

¢ Appendix 9.1. List of publications;

¢ Appendix 9.2. Selected journal publications.
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2. AN OVERVIEW OF SUSTAINABLE BUILDING
TECHNOLOGIES

2.1 General

This chapter presents an overview on the application of sustainable building technology
in building development projects. An investigative approach is undertaken to establish
why developers are reluctant to use sustainable building technologies in their projects
despite their immense benefits. Based on the identified challenges in the uptake of
sustainable building technologies, the chapter establishes the role advanced knowledge
modelling and management techniques could play in overcoming the challenges. Thus,
laying the groundwork for Chapter 3, where the semantic web technologies which can
contribute significantly in knowledge modelling and management will be investigated.
The chapter establishes the state-of-the-art of sustainable building technologies which
constitutes the problem domain upon which the knowledge base, which is the core of

this thesis, is developed.
2.2 Background

Today’s legislative pressures, market forces, investor’s concern and stringent
customers’ demands compel construction companies to re-assess their business
strategies and adopt changes in current construction practices. One of the business
strategies, top on the agenda of most business enterprises and governments is the
implementation of sustainable construction practices including the provision of services,
use of sustainable building materials, delivery and implementation of technologies. As
well as having direct impacts on the environment, the aforementioned practices are
directly linked to the socio-economic aspects of companies (Egan 1998; Udeaja 2002).
Given that the UK government is imposing caps on emission levels and rating buildings
for environmental performance, the case for sustainability in construction projects
becomes even stronger if companies are to achieve the required performance levels.
Sustainable building technology is key to sustainable building practices of construction
projects. While some countries in the West have made great advancement in the use of

sustainable building technologies, UK construction companies are being criticized for
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being too reluctant and hesitant in incorporating sustainable building technologies into

their projects (Tindale 2010; PHOB 2002; DEFRA 2010; Barlow ef al. 2003).

A recent report published by the Centre for European Reform (Tindale, 2010) states that
success of the European Union (EU) to meet its renewables target will largely depend
on the performance of big six countries, i.e. France, Germany, Spain, Italy, Poland and
the UK. Currently the report suggests that of these countries, Spain performs best, with
20% of its electricity generated renewably, and followed by Germany (15%), Italy
(14%) and France (13%). The UK (5%) and Poland (4%) stand out as the weak
performers (Tindale, 2010). Analysis reveals that in 2000, 58% of the UK government
energy Research and Development went to nuclear power while only 23% was spent on
renewable energy (PHOB, 2002). When compared to Switzerland, Denmark, Spain, the
US, Germany and Japan, the UK spent far less on renewable energy and development.
In terms of recycling, UK is still very much lagging in comparison to other the
European countries like Austria and Belgium, where more than 50% of their waste are
recycled (DEFRA, 2010).

Studies have shown that a more sustainable future entails a clean environment, a safer,
and more cohesive and inclusi\}e society and will be economically more successful and
resourceful (Pitt et al. 2009; Sayce et al. 2007; Barlow et al. 2003). In order to realise
the full benefits of sustainable practices, construction companies need a change in
current practices. One of the changes is by incorporating sustainable building

technologies into building projects (Hall 2006; Whittingham et al. 2003).
2.3 Overview of the construction industry and climate change

The ultimate cry from the international community has been to stabilise greenhouse gas
emissions at acceptable concentration levels. This is evidenced in outcomes of a number
of international conventions such as the Kyoto Protocol and the Article 2 of the United
Nations Framework Convention on Climate Change, just to list but a few. For the
objectives of the above conventions to be attained, sustainable policies must be put in
place to manage in a sustainable fashion, human processes, practices and exploitation of
natural resources. As an overview of sectorial emission levels, recent studies by IPCC

(2007) reveal the global anthropogenic greenhouse gas emissions by sector are as
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follows: waste and wastewater - 2.8%, energy supply - 25.9%, transport - 13.1%,
agriculture - 13.5%, forestry - 17.4%, industry - 19.4%, residential and commercial
buildings - 7.9%. However, focusing on CO, as the least potent but by far the most
plentiful and the largest contributing compound in the greenhouse gas effect we can
note that globally at 33%, the building sector is the second largest emitter of CO; gases
(Urge-Vorsatz and Novikova, 2068). This share rises to about 40% of CO; emissions
across EU and about 50% in UK (BRE 2010; RICS 2005). The emission of greenhouse
gases into the atmosphere is as a result of human activities largely driven by the desire
for a more comfortable life. Unfortunately, these greenhouse gases are having
undesirable long term and persistent impacts on the society as a whole (Stern 2006;
Commonwealth Foundation 2007; Winkler 2005; IPCC 2007). As such sustainability
concerns are no longer the pre-occupation of academics and pressure groups alone but
have gained widespread acceptance internationally and triggered heated debates among
practitioners on ways for devising and implementing sustainable development policies

that can eventually halt and reverse global warming.
2.3.1 Sustainable development: What does it mean?

“Sustainability” is a highly contested word. The term has nonetheless become so
ubiquitous in both public and private policy discourse that it can sometimes be viewed
as becoming almost an otiose due to the many different interpretations and definitions
of the terms and/or its adoption as politically expedient gestures. Indeed, it has been
noted that there are over 200 different definitions of the term (Parkin 2000; Parkin ef al.
2003). If defining sustainable development is difficult, then implementation in practice
is even harder. Consequently, there is a serious concern that the issue has become so
vague, contested and indeterminate a concept that it is open to wide spread abuse by
politicians and business people alike (Porritt 2005; Warner and Negrete 2005). Often
the term is equivocally used more as a rhetorical charade to justify the status quo or
absolute minimum measures that may be required by law rather than a real intention of

changing their ways (Keivani et al., 2010).

In fact the phrase “sustainable development” first came to notice in the “World
Conservation Strategy: Living Resource Conservation for Sustainable Development”

published in 1980 (Lee, 1994). It was, however, propelled to the front of the
22



international policy agenda in 1987 following the publication of the report of the World
Commission on Environment and Development “Our Common Future” otherwise
known as the Brundtland Report, named after the chair of the commission, the then
Norwergian Prime Minister (Our Common Future, 1987). However, it was five years
later at the 1992 Rio Summit in Rio de Janeiro Summit hosting the United Nations
Conference on Environment and Development, which more than 170 countries ratified

the Brundtland report and offered a more refined definition that has become the main

currency:

“To equitably meet developmental and environmental needs of present and future

generations” (United Nations, 1992)

Perhaps one of the most useful and holistic definition of sustainable development is that
of which comes under the banner of “triple bottom-line”, a phrase that was first coined
by Elkington (1998) and which will be defined conceptually as economic prosperity,
environmental quality and social justice. This trio are the key components in the
sustainable development agenda. It is within this context that the section 2.3.2 examines
the significance of the UK construction industry with respect to sustainable

development.

2.3.2 The significance of the UK construction industry vis-a-vis sustainability

agenda

From an economic point of view, the UK construction industry is a major contributor
and component to the national economy. Prior to the credit crunch of 2008 (GLAE,
2008), the UK construction industry represented about 10% Gross Domestic Product
and employed about 2 million people (DTI, 2005). It has a strong multiplier effect and it
is estimated that approximately 20% of all other types of employments are linked to the
construction industry (RICS, 2005).

- From a social point of view, the performance, quality and design of buildings including
access to public and private services and recreations directly affect the quality of life,
promotion of healthy living and a cohesive society. This assertion is further

strengthened by a positive economic impact as discussed in the preceding paragraph.
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High level employment entails high standards of quality living. On the contrary
unemployment leads to family break downs, high level of societal ills and poor
standards of living. Furthermore, the construction sector accounts for 9% of injuries at
work. This requires stringent health and safety measures and better technologies to

minimize the level of accidents on construction sites.

The impact on the environment is by far the most evident of the three components of
sustainable development with respect to construction practices. The construction
industry exerts enormous demands on global non-renewable natural resources, thereby
contributing significant negative impacts on the environment. The provision of
buildings and structures changes the nature, function and appearance of cities, towns
and the countryside. Their construction, use, repair, maintenance and demolition
consume energy and resources and generate waste on a scale which dwarfs most other
industrial sectors. According to UNEP (2006), taking into account its entire lifespan, the
built environment is responsible in each country for 25 to 40% of total energy use, 30 to
40% of solid waste generation and 30 to 40% of global greenhouse gas emissions. Areas
of key concern also include production of construction materials, use and recycling,
consumption of hazardous materials, integration of buildings with other infrastructure
and social systems, water use and discharge, etc. In the case of the UK, water use,
energy use and construction waste are important factors that impact negatively on the

environment. These three factors are examined in the ensuing paragraphs.

Firstly, with regards to water use, for the last 30 years water consumption in the UK has
experienced a drastic increase of about 70% (Brownhill and Yates, 2001). This
condition will be further exacerbated given that the number of households in the UK is

on the increase and due to the negative impact of climate change on water levels.

Secondly, with regards to energy use, the built environment is responsible for over 50%
of the UK energy consumption (Mulholland et al., 2006). The rise in UK energy
consumption has been partly linked to the growing UK economy (Mulholland et al.,
2006). Though there has been a growing demand in energy use, studies reveal that about
30% of energy consumed in the UK is wasted (Mulholland et al., 2006).
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Thirdly, with regards to waste creation, estimates show that of the 420 million tons of
materials used in the UK construction industry annually, 360 million tonnes are actually
incorporated in the desired products (Osmani et al. 2006; del Rio Merino and Gracia
2010). This statistic raises the following major concerns: the depletion of the already
limited and finite natural resources (e.g. buildings consume 40% of materials of the
world’s economy and 75% of the world’s timber), clients increasing demand for
improved environmental performance, the high cost involved in waste disposal, the high
spending of the UK construction industry on landfill tax and the fact that waste costs

companies 4% of turnover (Osmani ef al. 2006; Dainty and Brooke 2004).

Hence, from the above, the UK construction industry has a significant role to play in
driving forward the sustainable development agenda. It has therefore been increasingly
experiencing pressure from the community to address environmental and social
concerns. In response to these demands, the sector is developing and adopting
sustainable construction practices which build upon the principles of sustainable
development. Like sustainable development it is hard to coin a precise definition for
sustainable construction. However, it can be construed to mean bujlding construction

practices undertaken on the principles of sustainable development.

Many studies have actually demonstrated the role sustainable building technologies can
play towards sustainable developmenf (Whittingham et al., 2003). Therefore,
sustainable building technology is key to sustainable - construction. From an
environmental point of view, an example is the huge amount of enérgy and material
saving that can be achieved through the use of sustainable building technologies in
building projects. As argued by Rees (1999), sustainable building technologies have the
potential to make an enormous contribution to a required 50% reduction in the energy
and material intensity of consumption globally. The needed dematerialization increases
to 90% in the high-income countries. Hence, it is worth looking at its significance with
respect to the building sector. The reasons for choosing the building sector are on the
one hand directly related to its sheer contribution towards greenhouse gas emission,
waste generation, energy consumption, and water use previously examined in this
document. On the other hand, the building sector offers the highest low-cost potential
with regards to the implementation of su;tainable building technologies as part of a

global agenda of climate change mitigation (Urge-Vorsatz and Novikova, 2008).
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2.3.3 Sustainable building technologies and building development

Like sustainable development, technology is a highly contested word in the academic
community. From the various definitions in Borgmann (2006) it can be argued that
technology is the application of knowledge in building machines and processes that can
be used for the achievement of some well-defined goals or to obtain a solution of a
particular problem. Hence, the term “technology” encompasses not only the tangible
physical tools or machines; it also engulfs non-tangible things such as processes,
symbols used towards the achievement of a particular target. Thus, by combining the
definitions of sustainable development and technology, “sustainable building
technology” can be defined as a technology that fosters the goals of sustainable
development. In fact, sustainable building technologies are practical technological
solutions to achieve the economic, social development of the society but not at the

expense of the environment.

Some studies reveal that the implementation of sustainable building technologies in
construction projects contributes significantly .to enhancing cost effectiveness,
improving process, material, and product efficiencies (Katz 2003; Roaf e al. 2001;
Chiras 2000). To this effect, to qualify as sustainable building technologies, solutions to
be provided by these technologies must meet the triple bottom line components of
sustainable development. Taking into account the various impacts of construction
practices on the environment and the society as a whole, and the definition of
sustainable development, modern methods of construction, water conservation
technologies, renewable building materials, smart system technologies, waste
- minimisation technologies, and renewable energy technologies are technologies

currently being incorporated into building projects.

The aforementioned list of sustainable building technologies is by no means exhaustive
but it gives a holistic overview of the sustainable building technology domain. A
summarised description of the sustainable building technologies will be examined in the
ensuing sections. These will provide a backdrop against which to model knowledge

about the sustainable building technology domain in Chapter 6.
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2.3.3.1 Modern methods of construction

Many government papers and institutions have advanced various definitions as to what
constitutes modern methods of construction. The most notable ones are the
Parliamentary Office of Science and Technology (POSTnote, 2003), Burwood and Jess
(2005), Energy Saving Trust (EST, 2005), Barker 33 Cross Industry Group (Barker 33,
2006), and the Office of the Deputy Prime Minister (ODPM, 2005). Although the
difinitions advanced bylthese authors differ, they generally tend to agree on two main
categories of systems as modern method of construction systems. These are the off-site

manufacturing and non-off-site manufacturing modern methods of construction.

The main types of off-site manufacturing modern methods of construction are
panellised, volumetric or modular, hybrid, sub-assembly systems and non-off-site
manufacturing modern methods of construction. Panellised systems are factory-
produced flat panel units assembled onsite to produce the 3-dimensional (3D) structure.
The volumetric systems are factory-pfoduced 3D units stacked onsite to form the
dwelling. For example, a three bed-roomed semi-detached house would comprise four
units excluding the roof. The hybrid system is a combination of both the volumetric and
the panellised units/systems. Sub-assembly systems are factory-produced items not
regarded as full systems but they replace parts of the structure normally fabricated
onsite. Some examples are pre-fabricated floor and roof cassettes. Non-off-site
manufacturing modern methods of construction are innovative site-based forms of
construction. Examples include in-situ concrete constructions such as tunnel form and

thin joint block-work.

Although there are some concerns about the cost viability of modern methods of
construction when compared to traditional methods of construction (Blismas et al.,
2006), some disadvantages with the former still exist such as transportation cost over
longer distances, transport restrictions as seen on road signs may limit height in space,
traffic jams, and the risks associated with the transfer of the products to site. However,
studies have revealed that the advantages of modern methods of construction far
outweigh their disadvantages (POSTnote 2003; Ross 2005; Hall 2006). Some of the
advantages are fast return on investment, health and safety savings, time savings,

quality savings, efficiency savings, material savings, fewer defects and fewer mistakes.
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2.3.3.2 Water conservation technologies

Water conservation technologies are technologies aimed at reducing the usage of water
and recycling of waste water for different purposes like cleaning, washing, drinking, etc.
After the post-war period, there has been an increasing trend in the demand for domestic
water consumption per capita in the UK (Sim et al., 2007). The main drivers of this
upsurge in demand are increases in population, household numbers and reduction in
household size (Sim et al., 2007). According to the report by Sim et al. (2007) water
conservation technologies could play a key role in minimising water wastage. Some key
water conservation technologies already available in the UK markets are greywater
technology, rain water harvesting, very low flush toilets, waterless technologies,
reduced pressure showers, efficient dish washers and baths, regulating domestic water
flow, metering, green roofs, etc. Among all these technologies, greywater and rainwater
recycling have the greatest water saving potential of approximately 75 litres/person/per
day compared to the year 2001 standard appliance (Sim ef al., 2007). Hence, only these

two technologies will be considered in this study.

Greywater recycling refers to the appropriate collection, treatment and storage of used
shower, bath and tap water for use instead of potable water in Water Closets and/or
washing machines (CLG, 2006). Greywater recycling technologies are systems used in
the greywater recycling process. There are two main advantages of greywater. First, a
greywater system has a constant supply as it does not depend on external phenomena
such as rain; Secondly, the substitution of potable water with greywater used for
purposes other than drinking reduces demand and thus assists in the preservation of *

valuable water resources.
2.3.3.3 Renewable building materials

The total maferial consumed in the UK from all sectors amounts to approximately 678
million tonnes per annum (Dunster ef al., 2009). Of this amount 420 million tonnes of
materials are used in construction projects (Dunster ef al., 2009). This translates to more
than half of material resource use by weight! Some studies reveal that around 50% of all
global‘ resources go into the construction industry, with a specific example being that

70% of all timber is used for building. It is therefore important to carefully select
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materials that are environmentally benign. Some key performance indicators considered
for selecting construction materials are carbon impact level, embodied energy emission
level, thermal characteristics, greenhouse gas savings, lifespé.n, toxicity and
recyclability. Detailed studies about the different building material performance
indicators are outside the scope of this study. However, an illustrative example on
embodied energy of different materials is provided for clarity on how construction
materials can be selected. Embodied energy is energy used in producing a given
construction material (Roaf et al., 2001). Timber tends to generally have very low
embodied energy compared to plastics and metals with very high embodied energy
(Roaf et al., 2001). Therefore, in a building project, and assuming all other factors are
constant, timber frame could be preferred over metal frames because of its low

embodied energy content.
2.3.3.4 Smart system technologies

Smart building systems are integrated communication technologies fitted or installed in
a building to monitor and manage the performance of the building and support the
lifestyle choices of the occupant (Nicholl and Perry, 2009). In the literature, different
appellations have been used interchahgeably with smart building systems. The two most
common ones are intelligent building systems (Robin, 2005) and brainy building
systems (Morris, 2006). DeSpite the different appellations being used for smart building
systems, they have one main goal - that of monitoring and managing the building’s
performance. Put differently, building smart systems are equipped with capabilities to
monitor the environmental, social and economic performance of a building. From an
environmental point of view, smart building systems can estimate CO, emission rate
levels of a building. From a social point of view, smart building systems can be used to
provide services that meet the future needs of occupants in case their life style changes.
An example is a panic alarm installed in bathrooms to raise the alarm when an elderly
occupant falls. From an economic point of view, smart building systems can minimise
the use of services in a building leading to a significant reduction in waste and cost. An
example is the use of light sensors in a building that will only light when there is an

occupant and will automatically turn off when there is no occupant.
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2.3.3.5 Waste minimisation technologies

Waste minimisation technologies in buildings are technologies that are used in reducing
or eliminating waste in a building. Depending on the building types waste could be
classified as commercial, industrial, office and household waste (DEFRA, 2010). A vast
majority of waste from buildings ends up in landfills. Waste in landfills has serious
negative environmental impacts. For example, in each region of the UK, for every one
tonne of diverted landfill waste, 600 000 tonnes of CO, emission is saved in a year
(DEFRA, 2010). The increasing scarcity of landfills, pollution and emission control
currently being imposed by the UK government makes waste minimisation technologies
a better alternative to deal with waste and to comply with the governments control
strategies. Hence, waste minimisation technologies have emerged and most have been
developed with regards to the waste management hierarchy, a key part of the
government waste management framework. The waste hiérarchy has five key elements
namely in decreasing order of preference: prevention, minimisation or reduction, re-use,
recycling, recovery and disposal (DEFRA 2010; WasteOnline 2010). It is recommended
that this hierarchy be implemented in waste management techniques during the use of
common waste management technologies such as anaerobic digestion (WasteOnline,

2010), incineration (POSTnote, 2000), pyrolysis and gasification (DECC, 2010).
2.3.3.6 Renewable energy technologies

The current UK energy supply sector constitutes about 38% greenhouse gas emissions
- (Allen et al., 2008). Approximately 65% of the primary energy is lost as wasted heat
during the production of electricity using centralised production system (Allen et al.,
2008). Renewable energy technologies have the potential to dramatically reduce these
losses because when fossil fuels are used, the heat generated by localised electricity
production can be captured and utilised for space and water heating. Heat and electricity
can also be produced locally by renewable sources. Another great importance of
renewable energy source is the fact that it is carbon neutral (Hall 2006; Allen et al.
2008). A renewable source is said to be carbon neutral if the amount of CO, emitted
during the sourcing of the energy is off-set with an equivalent amount sequestered or

removed from the atmosphere.
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The UK government has been proactive towards the reduction of greenhouse gases such
as CO, emissions. For instance, and as discussed in section 1.3, the nation is now
legally bound to the Kyoto protocol to reduce its CO; emissions by at least 12.5%
below the 1990 levels between the 2008-2012 time frame (Stolarski et al., 2010).
Furthermore, the UK Government’s Climate Change Act 2008 sets a legally binding
target of 80% reduction in national CO, emissions by 2050 compared to 1990 levels
(DECC, 2009). To achieve these targets, and at the same time providing affordable and
clean energy to buildings, mitigation strategies including the use of renewable energy
technologies is being recommended by the government (DECC, 2009). Some common
renewable energy technologies in the UK are combined heat and power, geothermal,

hydro, tidal, wind, wave and solar energy systems.

Combined heat and powér (Biomass): is a community heating and electricity system
that generates fuel derived from biomass or organic matter. It is important to note that
combined heat and power is renewable only when dedicated crops or forest used or
where replanting occurs. In this case the carbon captured during growth will be equal to
the carbon emitted during combustion. Combined heat and power has a primary energy
conversion of 80% compared to a normal grid supply of 30-40 % (Allen et al., 2008). If

widely used, it can lead to significant CO; reduction.

Geothermal energy systems: refer to systems that capture energy from the earth’s
core. It has a potential in the UK, although it requires an electrical input which, with the

current electricity mix will be only partially renewable.

Hydro energy technologies: are technologies that use energy from moving Water,
usually by channelling water at high pressure from the top to the bottom of a dam or by

making use of river flows to drive an electricity generator.

Tidal systems: generate electrical energy by exploiting tidal water flows. Tidal systems
can be realised by constructing a tidal barrage in an estuary and operating it as a
conventional hydro dam. The UK has the largest tidal resources in Europe, i.e. about
50% of the EU’s tidal resources (Kaszewski 2009; Tindale 2010).
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Wind systems or wind turbines: are renewable energy technologies used in generating
energy from wind in motion. The UK has the largest potential wind energy resource in
Europe (SDC 2005; Tindale 2010). The UK possesses 35% of the EU’s wind resources
(Kaszewski, 2009).

Waves: transmit large volumes of energy from windy conditions far out to sea. Hence,
the potential of wave energy in the UK is very enormous due to its coastline. Studies
reveal that the UK wave resource is estimated to be 15% of current UK electricity

demand (Kaszewski, 2009).

Solar energy systems: are systems that harness energy from the sun. Currently in the
UK, this energy is used in three main ways, passive heat, solar thermal and PV-system.
As already explained in section 1.5.1, part of this study focuses on PV-system.

Consequently, the PV-system will be examined in more detail in the ensuing section.
2.3.4 Photovoltaic systems
2.3.4.1 An overview of the photovoltaic system

PV cells are semiconductor devices which convert energy in sunlight directly into
electricity. Individual cells only generate low voltages and currents, so they are usually
grouped in rectangular ‘modules’ that comprise a transparent cover, a metal mounting
frame and a back-plate, thus, forming a weatherproof enclosure. Modules are often
grouped into arrays. PV cells can also be moulded into solar slates or solar tiles for
integration into roofs, or bonded onto glass or metal sheets for incorporation into
architectural glazing and fascia systems. Various types of PV-systems use different
semiconductor materials and manufacturing techniques. PV-system installations have a
wide variation in outputs and are thus, rated according to their peak power output
(kWpeak or kWp). PV-systems can be grid-connected or they can be stand-alone. A
typical ‘grid-connected’ system allows the installation to put power into the building’s
mains electricity supply in parallel with the local grid. When the building demands
more electricity than the PV-system can provide, the grid provides the ‘top-up’. When
the PV-system is generating more energy than the building needs, the excess is exported

to the grid. The key component in such a system is the inverter, which converts the PV-
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system-generated direct current (DC) into alternating current (AC), and does so in
synchrony with the mains. Grid-connected systems require very little maintenance,
generally limited to ensuring that the panels are kept relatively clean. The wiring and
components of the system need to be checked regularly by a qualified technician. Stand-
alone systems, i.e. those not connected to the grid, need maintenance for other system
components, such as batteries. Prices for PV-systems vary, depending on the size of the
system to be installed, type of PV cell used and the nature of the building on which the
PV-system is mounted. The size of the system is dictated by the amount of electricity

required.
2.3.4.2 The description of major components of the PV-system

Studies by Jungbluth ez al. (2009), Roaf et al. (2001) and Chiras (2000) reveal that the
PV-system domain is a knowledge intensive domain. Thus, it is necessary to establish
clear definitions, boundary and scope of study about the different concepts to be
considered. Some of the major areas reviewed in this study are the different types of
PV-system, the different PV-array material type, the domain of application of the PV-
system, the specific location where the PV-system is implanted, and the major

components of PV-systems.

The two main categories of PV-systems in the UK markets are the grid-connected and
the non-grid connected. As earlier mentioned in the overview section, the latter contains
an additional component for storage of electricity, i.e. the battery. For illustrative
purposes this study examines a grid connected stand-alone DC-AC system. The
different components of a stand-alone DC-AC PV-system is captured and presented in

Figure 2.1.
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Figure 2.1. Grid-connected, stand-alone DC-AC PV-system
[Source: (Tah and Abanda, 2011)]

The most important component for any PV-system is the PV-array shown in Figure. 2.1.
The constituent elements of the PV-array are made from different materials with silicon
being the most widely used. The three main types of technology considered in this study
are the monocrystalline, polycrystalline and amorphous silicon cells. These three were

chosen because of their popularity in the UK PV-system market.

Monocrystalline silicon cells are made using a slice from a single crystal and are the
most efficient but the most expensive. Polycrystalline silicon cells are cheaper, but they
are less efficient compared to monocrystalline silicon cells. This is because
polycrystalline cells are made from silicon cast in a mould. The thin-film amorphous

silicon is cheaper but less efficient than both the mono and polycrystalline silicon cells.

The choice of the material type leads to different efficiency and hence different material
types may be more convenient with different applications. For instan