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The building and construction sector is one of the major contributors to environmental
degradation. As a result of its extensive consequences, the need to include sustainable
practices in the building sector has never been more vital. Incorporating sustainable practices
in this sector means the integration of sustainable solutions from the early design phase to
the implementation phase. This is to ensure reduced impact on the environment.

One major principle that will ensure a building is sustainable, is in the selection of building
materials. When this process is properly initiated, the impact of different materials
(considered by the experts) can be effectively assessed. This is so that the most preferred
materials in terms of sustainability can be distinguished.

The five major criteria identified in this study are; environmental impact, resource
efficiency, technicality, life-cycle cost, and socio-cultural value. This is so that all major
arms of sustainable development are represented. The criteria were combined into a
composite sustainability index using multi-criteria decision analysis (MCDA) in the form
Analytical Hierarchy Process (AHP) for ease of decision making. The AHP method was
specifically adopted due to its ability to integrate subjective and objective factors in the
decision making process.

In order to determine the composite sustainability index of the different materials that were
assessed, a calculation model was developed and this was accomplished using Microsoft
Excel for transparency process and ease of modification in the future. The aim of this
calculation model is to calculate and rank different materials based on their sustainability
level. The calculation model was tested to ensure it worked effectively, and this tool will
greatly contribute in realising sustainability in the building sector.
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1. INTRODUCTION

The concept of Sustainable Education Design (SED), is one that not only incorporates a
comprehensive approach to developing a sustainable educational environment by merging a
dynamic approach of strong sustainability, education, access economy, design, and
sustainable energy; but sees to a much larger picture of creating a sustainable community.
The concept of sustainability when applied to any sector is to ensure the incorporation of

ecological, economic and socio-cultural sustainability. (SED Research plan 2015, 3-4.)

In this study, SED is designed to be versatile sustainably, in terms of civic engagement,
renewable energy, ecological building materials, and ICT solutions amongst other factors
thereby ensuring sustainability measures are applied to all the aspects integrated in creating
the school model. The idea focuses on understanding the needs of the recipient, culture and
environment and creating a holistic solution based on their needs. Therefore, achieving a
self-sufficient school which brings education to people in remote areas who otherwise do
not have easy accessibility to schools and education so as to promote meaningful and quality
learning. Although sustainability and sustainable development seems to be on the rise in
many sectors, there are still some impediments in integration. As a result, this research will
be focusing on integrating sustainability to a modular school. (SED Research plan 2015, 5-
7)

This chapter details the research background, research aim and objectives, rationale for the
research, research questions, scope and limitation, brief methodology, and organisation of
the thesis.

1.1.Research Background

Inadequate infrastructure and lack of accessibility to school facilities leads to a lot of children
from developing countries robbed of their basic rights. To ensure these underprivileged
children have access to education, creating a sustainable school and bringing education to
these children was proposed by the Sustainable Education Design (SED) team. This team
comprises of experts from Helsinki University, Lappeenranta University of Technology and
Tampere University of Technology. To accomplish this project, a lot of factors were taken
into consideration especially when adopting sustainability measures in constructing a

modular school. As a result, the overall outcome of SED was to create a community that
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adds to economic development, quality governance, environmental quality, flexible learning

environment, access to services, welfare and capacity development.

It is a well-known fact that the different life cycle phases of a building have great
environment impact and human impact as well. On a global scale, buildings (residential and
commercial) account for about 40% of final energy consumption and among European
countries, thermal comfort accounts for 76% of energy consumption. (Paudel et al. 2014, 1.)
The end effect of these consumption sees to depletion of natural resources and emission of
toxic gases which end up causing problems such as global warming. The absence of
environmental or sustainability assessment when planning and constructing these buildings
can be attributed to the colossal environmental impacts we are facing today. As a result,
sustainability assessment is critical in order to measure the overall performance of a building.
(Alyami 2015, 1.)

There has been a lot of research dedicated to measuring the performance of buildings and
there has been unanimity in ensuring that building constructions are more sustainable in all
phases to reduce environmental impacts and its consequences. (Ali and Al Nsairat, 2009;
CIB, 1998; Cole, 2006; Cooper, 1999; DETR, 1998; Ding, 2008; Halliday, 2008; Wong and
Abe, 2014.) A sustainable building is determined solely by the decisions made by
stakeholders of the building including but not limited to the construction firms, architects,
managers, owners and so on. The ability of these stakeholders to apply sustainability
measures to buildings also depends on their awareness and comprehensive understanding of
the repercussion of been wasteful and unsustainable. Hence, the need to be environmentally
responsible. Furthermore, sustainability in buildings majorly lies in the selection of materials
used in buildings, as material selection is considered one of the major factors that can impact
a building’s sustainability. Thus, having a comprehensive insight on sustainability issues
that can arise from the life cycle phases of a building is pertinent in accomplishing
sustainable construction. (Akadiri 2011, 2.)

1.2.Research aim

The aim of this study is to develop a calculation model in assessing the sustainability of
materials used in the sustainable education design. The reason for developing this model is
to enable ranking of alternative solutions when designing the school based on suitable
criterions. These criteria will be chosen based on relevance, reliability and easy

comprehension. The calculation model is expected to aid in choosing solutions that
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contribute to conservation and recycling of natural resources, utilising renewable resources

and most of all sustainable development.

In order to accomplish this aim, some aspects that will be looked into objectively include;
examining current sustainability assessment methods for buildings, making comparative
analysis of recognised sustainability assessment methods for the purpose of consolidating
assessment categories, identifying criteria that will be used in the development of the

calculation model, and testing the practicality of the calculation model.

1.3.Research questions

The main research questions that will be addressed in the study include:

i.  What are the criteria identified for use in this calculation model and how are they
evaluated in the sustainability assessment of the modular school?
ii.  How will the calculation model be used in aggregating sustainability criterions for

the purpose of ranking alternative solutions?

1.4.Research Methodology in brief

A comprehensive and analytical literature review was conducted all through the research in
order to develop a substantial theoretical base for the study and also establish a solid
groundwork to aid in addressing the highlighted research problems and accomplishing the
research objectives. Information and knowledge were explored from several sources
including but not limited to academic journals, industrial publications, library and university

databases.

Quantitative methods of data collection was majorly employed in this study. A
comprehensive literature review was conducted and it covered sustainable assessment and
reviewing acclaimed sustainable building assessment tools. Also, some background study
on developing a calculation model for sustainability assessment of a modular school was

carried out.

To develop this model, data is needed and the data was collected in two parts. The first part
was by creating a survey in form of a questionnaire for the purpose of rating different
identified criteria that will be used in the calculation model. Also, the purpose of the
questionnaire was so that missing criteria could be identified and added while redundant and

unimportant criteria could be removed. The second part of data collection was in the form
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of a pairwise comparison where the criteria were grouped in a structural hierarchy and each
level of the hierarchy was compared to the level above it for the purpose of achieving the

relative importance of one criteria above another.

Subsequently, all the different data collected was analysed using different tools based on
what is most applicable for the different situations. Some of the tools employed include;
relative importance index analysis, descriptive statistics analysis and multi-criteria decision
analysis. Microsoft Excel was mainly the software used to aid analysis and develop the
calculation model in order to ensure transparency and ease of use of model for future

purposes.

1.5. Organisation of the thesis

This thesis is made up six chapters and it is in accordance with the Final thesis instructions
of Lappeenranta University of Technology, LUT. Below is a brief overview of each chapter
of the thesis and also how it was organised.

Chapter one: This chapter gives a background information and overview of the study. It
explains the reason for embarking on this research, aims and objectives of the research,
followed by a justification for carrying out the research. Also, the scopes and limitations and
a brief research method adopted in this study were highlighted.

Chapter two: Chapter two reviews similar works done in this field of study by reviewing
different literatures thereby building a theoretical foundation for this study. The impact of
the construction industry on natural resources was examined and a comparison of acclaimed
sustainable building assessment tools was conducted. Furthermore, a review of single or
multiple dimension assessment tools was conducted which led to examining the principle of
multi-criteria analysis and subsequently led to the conceptual development of the calculation

model.

Chapter three: Following the literature review, chapter three provides an insight into the
different methods used generally in research and the selected methods used in this research.
Also, the methodology employed in this research gave insight into how the data used in this
research were collected and further explained the methods and tools utilised in analysing the

collected data.
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Chapter four: After some of the needed data had been collected, chapter four gave details
on the development of the calculation model and also how the criteria were identified and
selected. Subsequently, the selected criteria were rated based on relative importance. Based
on this, the criteria were regrouped and incorporated into a multi-criteria decision analysis
tool (calculation model) which will then form a composite sustainability index for the
purpose of ranking sustainable options. The procedures and computation used in developing

this calculation model was also further expanded in this chapter on a step by step basis.

Chapter five: This chapter discusses implementation of the calculation model and how the
additional data collected was analysed using the developed calculation model and how the
results were synthesised. The chapter further describes the sensitivity analysis conducted and

also the processes involved in validating the calculation model.

Chapter six: This final chapter gives a summary of the research and also concluding
remarks. The review of the aim and research questions were also conducted to ensure the

thesis was able to accomplish the main reason of embarking on the research.

2. THE BUILDING SECTOR AND THE ENVIRONMENT

Pollution, environmental degradation, depletion of natural resources have been on the rise
due to the liner model of consumption the industrial economy adopted in its initial stages.
Consequently, there has been a lot of resource inefficiency, hike in price of natural resources
and pollution among other factors due to this model of consumption. In a bid to improve
resource efficiency and dissociate material input from sales revenue, the theory circular
economy was developed. This theory connotes the remediation of the industrial economy by
designing products that can be easily reused, recycled, and refurbished. The theory further
signifies the need for waste to be used as raw materials, dependence on energy more from
renewable sources and reuse of disposed products which can also save energy usage. As a
result, the environment gains from less depletion of resources and consequently minimum

environmental impacts. (Ellen Macarthur 2013, 14-23.)

From the above theory, a relationship can be formed between circular economy and

sustainable development which is more or less used as the basis for development today.
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Sustainable development is actually not so much of a novel theory and it is defined according
to the Brundtland report as “development that meets the need of the present without
compromising the ability of the future generation to meet their own needs.” The increased
interest and ratification for sustainable development has aided an understanding and
awareness in the relationship between humans and the natural environment. As a result, the
need to better manage natural resources in preference to exploiting, for the sake of the future
generations. (Akadiri 2011, 36-37.)

2.1.Building and Sustainability

As this research is centralised on the sustainability of a building, it is worthy to note that
there has been an upsurge in the awareness of the impact construction activities have on
natural resources. The building industry is noted to be an immense energy consumption
sector. Thus, high greenhouse gases (GHG) are emitted, as energy consumed in this industry
is mostly from fossil fuel. Based on this, the building sector is noted to have the highest
capability for lessening the amount of pollution produced and in turn, saving energy.
(Alyami 2015, 16-17.)

Furthermore, the building industry is known to be one of the major causes for pollution.
(Holton et al. 2008, 30.) The industry can be said to be highly resource intensive as it
consumes about 50% of all non-renewable resources and has very low sustainability. (Dixton
2010, 2.) The tables 1 and 2 below, show an estimate of the amount of global resources

consumed by buildings and also attributed pollution to the industry.

Table 1. Global estimate of resources consumed in buildings. (Dixon 2010, 2.)

RESOURCE (%)

Energy 40-50

Water 50

Materials for buildings and roads (by bulk) 60

Agricultural land loss to buildings 80

Timber products for construction 60 (90% of hardwoods)
Coral reef destruction 50 (indirect)

Rainforest destruction 25 (indirect)
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Table 2. Global estimate of pollution associated with building. (Dixon 2010, 2.)

POLLUTION (%)
Air quality (cities) 23
Climate change gases 50

Drinking water pollution 40
Landfill waste 50
Ozone depletion 50

The high pollution from the construction industry is as a result of energy consumption during
the different life cycle stages of construction from sourcing and extraction of raw material,
transportation, processing, manufacturing, use phase and disposal. (Akadiri 2011, 85.) As a
result, of high amounts of pollution caused by this industry, it can therefore be inherently
related to the environmental issues faced today by the society at large. Thus, there is need to
apply sustainability to the industrial sector due to the rising awareness of the need to protect
the environment. Table 3 below illustrates amount of wastes generated from construction

and percentages of wastes incinerated and recycled or reused in some countries.

Table 3. Construction and Demolition waste and percentage recycled and incinerated. (Reproduced from
Akadiri 2011, 89.)

Member “Core” construction % re-used or % incinerated or
state and demolition waste recvcled landfilled
Germany 59 17 83

UK S0 45 23

France 24 15 85

Ttaly 20 9 g1

Spain 13 <5 =05
Netherlands | 11 Qo 10

Belgium 7 87 13

Austria 5 41 50
Portugal 3 <5 >05
Denmark 3 81 19

Greece 2 <5 =95
Sweden 2 21 70

Finland 1 45 55

Ireland 1 <5 =05
Luxembourg | 0 N/A N/A

The theory of sustainability of buildings is based on the three arms of sustainable
development which are; protection of the environment, economic growth, and health and

social well-being. As a result, in a bid to achieve sustainable development and incorporate it
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in industrial activities, the industry takes into the cognisance some necessary principles such
as minimising environmental impacts and energy consumption (fossil fuels) during phases
of construction, compliance to environmental laws and legislations, enhancing efficiency of
projects, and providing a healthy, comfortable and safe environment amongst other factors.
(Abidin 2010, 422; DETR 2000, 8.) Subsequently, for a successful accomplishment of
sustainability in the building industry, implementing a multi-disciplinary approach which
will encircle in it, some features including but not limited to energy and material efficiency,
material recycling and reuse, resource management, emissions control and pollution
reduction is essential. (Asif et al. 2007, 1391.)

2.2. Assessment methods

Assessment methods can either be single or multiple dimensional assessment methods.
Appraisal techniques are often used by decision makers to decompose a rather complex data
into a more manageable and simplified form in order to achieve objectivity when deciding
on a solution. However, when there is need to make substantial decisions which may involve
huge amount of money, the goals of project is often inclined into a single criterion
evaluation. This type evaluation technique had been adopted for the longest time and it
includes using tools like Cost-Benefit Analysis (CBA), ASHRAE amongst many others.
While CBA mainly focuses on the scenario with the highest financial return, ASHRAE
focuses mainly on energy efficiency. The downside with these two tools is that other aspects
that make up sustainable development are ignored such as environmental and social
sustainability as in the case of CBA. (Ding 2008, 458.)

Decision making should not be based solely on a single dimension. According to Nijkamp
et al. the decision making process involves a series of steps which includes; defining the
problem, defining and identifying the criteria, defining analysing and ranking the
alternatives, and subsequently drawing conclusions. The identification and ranking of
alternatives is usually dependent on a multiple set of criteria. (Nijkamp et al. 2013, 13-15.)
Therefore, the need to base decision making on a multi-criteria perspective is paramount and
this has led to the advent of multi-dimensional approaches to decision making so that all
aspects of sustainability and sustainability development are duly represented when making

decisions that will more or less affect the public and environment.
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2.2.1. Sustainability Assessment

Sustainability assessment is a concept that offers a novel outlook on impact assessment
directed towards sustainable developmental planning and execution. As it is seen that
focusing on the study of impact assessment alone will not fully aid in actualising a
sustainable community, hence, the need to study other aspects and mechanisms (such as life
cycle analysis, indicators, ecological footprint analysis) and also in interrelating these
mechanisms together to aid in actualising sustainability goals. (Sala et al. 2015, 314; Devuyst
2001, 9.)

According to Devuyst 2001, Sustainability assessment is a methodology “that can help
decision-makers and policy makers decide what actions they should take and should not take
in an attempt to make the society more sustainable.” (Devuyst 2001, 9.) Sustainability
assessment encompasses multidisciplinary aspects not limited to social, environmental and
economic aspects but also transcends into cultural, technical and value-based aspects. (Sala
et al. 2015, 314.) Additionally, improvement of assessment methods and corresponding
tools needed for sustainability assessment has been somewhat a challenge especially in the
aspect of managing knowledge and information flows between several indicator system
levels. (Mateus and Braganca 2011, 1963.)

Ness et al 2007, categorised sustainability assessment tools into three areas which are:

¢ Indicators and indices which can be classified into;

o Integrated which include ecological footprint, environmental sustainability
index, well-being index, human development index etc.,
o Non-integrated for instance, environmental pressure indicators.

e Product-related assessment tools which focuses on a service or product’s energy
and/or material flows from a life-cycle approach. For example; Life cycle
assessment, life cycle costing, product energy analysis etc.

e Integrated assessment which is a collection of tools for implementing a project or
changing of policies and can comprise of conceptual modelling, multi-criteria
analysis, cost benefit analysis, risk analysis, uncertainty analysis, system dynamics,

vulnerability analysis and impact assessment.

However, it should be noted that interpreting sustainability assessment is dependent on the

practitioner or decision-maker as it will be interpreted based on their perspective and
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political stance and here the question of fulfilling the objectives of sustainability assessment
is posed. (Ness et al 2007, 499 — 500, 505.)

Furthermore, according to Srinivasan et al 2011, the approach to sustainability assessment
can be characterised based on sustainability frameworks, metrics and analytical tools. Here,
the first level of characterisation can be based on assessment models to assist in comparing
several alternatives or substitutes for policies and project. An example of this kind of
assessment model is Environmental impact analysis. The next characterisation level
encompasses tools for analytical evaluation to aid in decision-making and the third
categorisation makes use of environmental metrics which includes rating systems like
BREEAM, LEED and scaling metrics Surplus Bio-capacity Measure for ecosystems and
Renewable energy balance for buildings (Srinivasan et al 2011, 352; Sala et al. 2015, 317.)

2.2.2. Multi-criteria analysis (MCA)

Saaty (2008) stated, “to make a decision we need to know the problem, the need and purpose
of the decision, the criteria of the decision, their sub-criteria, stakeholders and groups
affected and the alternative actions to take. We then try to determine the best alternative, or
in the case of resource allocation, we need priorities for the alternatives to allocate their
appropriate share of the resources.” As decision making has now become more of a
mathematical science, the need for transparency and comprehensive understanding for the

processes involved in easing decision making is paramount. (Saaty 2008, 84.)

Furthermore, multivariate analysis have been found to be more adequate than univariate and
bivariate analysis as the relationship between more than two variables is analysed using
multi-criteria analysis. Also, the different outcomes of these random but correlative variables
cannot be elucidated separately in a meaningful way. For this study and development of

calculation model, multi-criteria analysis (MCA) was employed. (Singh et al. 2007, 567-8.)

MCA was chosen because its framework captures the principle of sustainable development
while been practical and implementable. Although, the criticism to this method is that it
leaves a problem without a clear mathematical solution and also defaults in absolute
objectivity. However, this is countered by knowing that the all-round nature of sustainable
development and the numerous issues it incorporates, opposes the efforts made to evaluate
it using any specific techniques or methodologies. Despite this, MCA still remains a highly

effective framework for assessing sustainable development. (Singh et al. 2007, 567-8.)
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The next issue will now be selecting a suitable framework for assessing a composite
indicator. This method must allow weighted aggregation of each respective quantitative
variable, must also be transparent, logically sound, internally consistent, easy to use, and
should either be objective or comprehensive. There are quite a number of MCA methods
with a few namely; linear additive method, outranking methods, multi-attribute utility
theory, weighted sum method and analytical hierarchy process amongst other MCA
methods. (Dodgson et al. 2009, 20; 25-27.) For this study Analytical hierarchy process was

adopted and the reason for this is discussed below.

2.2.3. Analytical Hierarchy Process (AHP)

According to Saaty and Vargas (2012a), “Analytical Hierarchy Process (AHP) provides the
objective mathematics to process the inescapably subjective and personal preferences of an
individual or a group in making a decision.” (Saaty and Vargas 2012a, 23.) AHP was
adopted for the purpose of this study and this is because it offers a logical and illustrative

way of organising a decision-making problem and determining its priorities.

Analytical Hierarchy Process (AHP) was developed by T. L. Saaty in 1980 and its objective
is to break down a complex problem by structuring it in a hierarchy with the top of the
hierarchy being the goal (objective of the study), followed by a level of main criterions, then
sub-criterions at sub-levels and the bottom of the hierarchy houses the different alternatives
or options considered by the decision makers after which they are ranked. (Saaty 2008, 84.)
According to Saaty, the following steps should be taken when disintegrating a decision

making process to generate priorities in an organised way.

e “Define the problem and determine the kind of knowledge sought”.

e “Structure the decision hierarchy from the top with the goal of the decision, then the
objectives form a broad perspective, through the intermediate levels (criteria on which
subsequent elements depend) to the lowest level (which usually is a set of the
alternatives.)”

e “Construct a set of pairwise comparison matrices. Each element in an upper level is used
to compare the elements in the level immediately below with respect to it.”

e “Use the priorities obtained from the comparisons to weigh the priorities in the level
immediately below. Do this for every element. Then for each element in the level below

add its weighed values and obtain its overall or global priority. Continue this process of
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weighting and adding until the final priorities of the alternatives in the bottom most level
are obtained.” (Saaty 2008, 85.)

AHP is a well-established and acknowledged technique and one if its major advantages is
that it is easily understood and allows consistency check of the matrix being compared
through the calculation of its Eigen values. Also, it is able to handle quantitative and
qualitative data which is important in this study for sustainability assessment. AHP is
governed by four axioms which are; stakeholders must be able to implement a pairwise
comparison for the assessment of any two variables, stakeholders should never decide that
one criterion is infinitely exceptional to another criterion when comparing any two variables,
assessment of criteria must be in hierarchical form, and finally, all variables and criteria must

be represented in the structural hierarchy formulated. (Singh et al. 2007, 570.)

2.3.Notable Sustainable Building Assessment Tools

The need to reduce environmental impacts of construction process and in general to make
the building industry more sustainable has led to re-evaluating construction practices and
also endeavouring to make substantial changes in the sector. This can be said to be as a result
of necessitating environmental friendly services and products from the building industry.
(Alyami 2015, 18.) As discussed in the previous section, the building industry is known to
be one of the highest consumption of energy and resources and consequently releasing
Greenhouse gas (GHG) emissions. Therefore the need to reduce these toxic emissions bore

the sustainability need in the industry.

Reducing the environmental impact of the building industry can be achieved by analysing
energy and material flow and also by assessing a building during planning and analysis
processes to determine how sustainable a building will be. This gave rise to building
assessment methods or tools otherwise known as green building rating systems and one of
the major purpose of these tools is to measure the environmental performance of a building
and also communicate the result in an easily comprehensible way. (Wong and Abe 2014,
502.) The first sustainability assessment method for buildings was in 1990 was founded by
BREEAM (BREEAM 2016) and since then, there has been an advent of many building
assessment tools. The most leading sustainability assessment methods for buildings globally
include; BREEAM, United Kingdom; LEED, United States of America; CASBEE, Japan;

BEPAC, Canada; and SBTool, international collaboration.
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2.3.1. BREEAM

BREEAM (Building Research Establishment Environmental Assessment Method) was
established in 1990 and is also the first global method for sustainability assessment for
buildings. BREEAM was founded to aid investors, constructors and designers make more
efficient use of natural resources and also, to achieve cost effectiveness. Furthermore,
BREEAM offers expertise in different types of building sectors including but not limited to
Data centres, education, health care, residential and industrial. (BREEAM 2016.)

BREEAM aims to address various challenges relating to building construction and use by
ensuring the design of more energy efficient buildings, increased comfort, health and safety
of building occupants, increased innovation and excellent performance in buildings,
sustainable land use, reducing the negative impacts caused by construction, adopting
sustainable management practices, pollution control and prevention, sustainable means of
transportation for building occupiers, sustainable waste management, and sustainable water
use. (BREEAM 2016.)

Also, BREEAM offers independent assessments delivered through third parties that are
recognised and accredited to ensure reliability in evaluation and results. (Horvat and Fazio
2005, 73.) Assessments are evaluated and certified on a scale of Pass, Good, Very Good,
Excellent and Outstanding and this is determined by the overall number of credits achieved
by the BREEAM assessment, during the course of design and construction from the phase
of conceiving the idea to the completion phase. (BREEAM 2016.) The table below illustrates
the weighting system of the different environmental categories addressed by BREEAM and
also BREEAM rating scores.
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Table 4. BREEAM category weightings. (Reproduced from BREEAM 2011a)

Energy 19
Health and Wellbeing 15
Innovation 10
Land Use 10
Materials 12.5
Management 12
Pollution 10
Transport 8
Waste 7.5
Water 6

Table 5. BREEAM rating benchmarks. (Reproduced from BREEAM 2011b)

Outstanding = 85

Excellent =70

Very good =55

Good =45

Pass =30

Unclassified <30
2.3.2. LEED

LEED (Leadership in Energy and Environmental Design) takes a performance-based method
in ensuring indoor environmental quality and sustainable building as a whole. The tool was
created by the U.S. Green Building Council (USGBC) in 2000 which is committed to
sustainable construction and just as BREEAM, also operates using a third party verification
system to ensure the construction of sustainable structures globally. (USGBC, 2016.) LEED
was developed to work for all building types irrespective of the life-cycle phase of the said
building and one of its goals include, creating consumer awareness on the benefits of green
or sustainable buildings amongst others. It is a green rating tool for new constructions and

major renovations, schools, data centres, warehouses and distribution centres, core and shell
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development, schools, hospitality, healthcare, and multifamily low-rise and mid-rise homes.
(LEED, 2016.)

LEED projects earn points across nine basic areas which are; integrative process, location
and transportation, sustainable sites, water efficiency, energy and atmosphere, materials and
resources, indoor environmental quality, innovation, and regional priority. These areas
addresses significant aspects of green buildings. Depending on the number of points earned

by the project, it is rated based on one of LEED’s four rating levels which are;

e >40 points - LEED Certified

e >50 points - LEED Silver

e >60 points - LEED Gold

e >80 points - LEED Platinum (LEED 2016)

Table 6. LEED category weightings and points. (Reproduced from Reed et al. 2012, 2.)

LEED Points Weightings %
Sustainable sites 24 22
Water efficiency 11 10
Energy and atmosphere 33 30
Materials and resources 13 12
Indoor environmental quality 19 17
Innovation and design 6 5
Regional priority 4 4
2.3.3. CASBEE

CASBEE - Comprehensive Assessment System for Built Environment Efficiency was
developed in Japan by a research committee in 2001 and the aim of this tool is to rate and
evaluate the environmental performance of building. (IBEC 2016.) The tool can be used on
variety of buildings ranging from schools, offices, to multi-unit apartment buildings and it
assesses buildings in categories such as Energy efficiency, Resource efficiency, Local
environment and Indoor environment. These categories are made up of 80 sub-categories
which are then re-categorised into two key groups namely Q (Built Environment Quality)
and L (Built Environment Load.) (Horvat and Fazio 2005, 75; IBEC 2016.) The diagram

below illustrates this concept.
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Figure 1. Concept of Building Environmental Efficiency (BEE) (IBEC 2016)

CASBEE uses the concept of Built Environment Efficiency (BEE) in evaluating the
sustainability of buildings and this operates using the equation 1 below. (IBEC 2016.)

Environmental quality of the buildin
BEE — quality of g (1)

Environmental load of the building

The adoption of BEE as an assessment indicator sets CASBEE apart from other assessment
tools reviewed as BEE aids in simpler and more evident presentation of building
environmental performance assessment results, as other tools rely on simple additive
approach with the final sum been the summation of all points score. In the BEE value

assessment result, the higher the value of Q and the lower the value of L, the steeper the



25

gradient. This means a higher sustainability of the building in view. (IBEC 2016; Horvat and
Fazio 2005, 54). The diagram below illustrates the Environmental labelling based on BEE.

BEE=3.0 BEE=15 BEE=10

100

& : Ordinary building
©: Sustainable building (Example)

50

Q: Built Environment Quality

) 50_ 100
L: Built Environment Load

Figure 2. Environmental labelling based on Built Environmental Efficiency (BEE) (IBEC 2016)

e BEE ratings are as follows:
e BEE=3.0  Excellent

e BEE=15  Verygood
e BEE=10 Good

e BEE=05 Fairly poor
e BEE=<0.5 Poor

2.3.4. BEPAC

BEPAC - Building Environmental Performance Assessment Criteria was developed in 1993
by the University of British Columbia. This method of assessment was inspired by
BREEAM, making it more thorough, comprehensive and detailed evaluation method than
BREEAM. BEPAC provides evaluation and assessment of buildings in respect to the indoor
environment on local and global merits as a result of quality of performance. (Akadiri 2011,
142.) With the BEPAC method, assessment is done in two phases; base building phase, and
tenancy phase. This is due to the fact that BEPAC bases its building environmental
performance on the building design and also the way in which the building is utilised and
managed. The assessment of the two phases therefore results in separate certification.
BEPAC method is made up of four segments which are; Base Building Design, Base

Building Management, Tenancy Design, and Tenancy Management. These segments poses
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five structured groups for assessment criteria and sub-criteria which are; Ozone layer
protection, Environmental impacts of energy use, Indoor environmental quality, Resource
conservation, and Site and transportation. (Horvat and Fazio 2005, 74.) Table 8 below

illustrates BEPAC segments and its structured groups.

Table 7. BEPAC modules and five main evaluation groups. (Reproduced from Horzat and Fazio 2005, 74.)

BEPAC modules

Base Building Tenancy
S

£ L C O c

5 S 2 Q g

= S o > > 0

m c 0n o> 8 8 o

o2 o8 @ c 2
N n (7] c c

. . o @ @ g @ ) g
Evaluation topic groups mQ o N
Ozone layer protection . . . .
Environmental impact of energy use . . . .
Indoor environmental quality . . . .
Resource conservation . . . .
Site and transportation . - . .

Scoring in BEPAC is done by allocating points from 0 to 10 to each of the criterion that meet
up with the prescribed standard quality. Afterwards, the points scored by each of these
criterion is multiplied by the respective weighting factor. Weighting is limited to each
structured group and not combined with other structured group because of their fundamental
differences. Thereafter, the scores gained by each respective criterion characterises the

profile of the building with respect to performance. (Horvat and Fazio 2005, 74.)

2.3.5. SBTool

SBTool — Sustainable Building Tool, was developed on behalf of the International Initiative
for Sustainable Built Environment (iiSBE) by Natural Resources Canada in 1998. SBTool
is a tool for rating buildings and projects in terms of sustainable performance. The tool takes
into consideration, region-specific and site-specific factors. (iiSBE 2016.) SBTool assesses
variety of buildings from commercial, institutional and multi-unit residential buildings both
new and retrofitted. There are performance standards needed for assessment and this is done
for issues such as Energy and Resource consumption, environmental loadings, Indoor
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environmental quality, quality of service, social and economic aspects, cultural and perpetual
aspects, and site selection. (Horvat and Fazio 2005, 75.) The table below give details of

SBTool categories and weightings.

Table 8. SBTool Environmental Weightings. (Reproduced from Alyami 2005, 26.)

Site selection, Project planning and development 7.6
Energy and Resource consumption 21
Environmental loadings 25.2
Indoor Environmental Quality 21
Service quality 15.1
Social and Economic aspects 5
Cultural and Perpetual aspects 5

Scoring in SBTool is of the range -2 to +5, where +5 is the best achievable industry practice
without regarding cost effectiveness, +3 is best practice and 0 is minimum industry practice.
The scores are weighted in line with the pre-set weighting system and it is should be noted
that the weights can be adjusted based on the precise characteristics of the context in view.
(Horvat and Fazio 2005, 75; iiSBE 2016.)

The table below gives a summary of the aforementioned building assessment tools.
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Table 9. Summary of chosen Building assessment methods. (Adapted from Ding 2008.)

Assessment Methods Origin Characteristics

BREEAM - Building Research UK, 1990 *  Furst global method for sustamability assessment for buildings

Establishment Environmental s Uses pre-weighted credits approach

Assessment Method *  Assessments are evaluated and certified on a scale of Pass,
Good, Very Good, Excellent and Outstanding

LEED - Leadership in energy and USA, 2000 *  Developed by the US Green Building Council

environmental design * A certification process developed to create an industrial standard

»  Self-assessing system awards rating of certified, silver, gold and

platinum

*  Use simple checklist format to rate building performance

*  Fornew and existing commercial, institutional, high-rise
residential & major renovation

*  Comprises 5 areas of sustainability

CASEEE - Comprehensive Tapan, 2004 * A co-operative project between industry and government

Assessment System for Building s Applicable in accordance with the stages of a development in

Environmental Efficiency pre-design, new construction, existing building and renovation

»  Itis based on the concept of closed ecosystems to deternune the

environmental capacities

BEPAC - Building Environmental Canada, 1993 *  Developed by the University of British Columbia

Performance Assessment Criteria o Similar to BREEAM but a more detailed and comprehensive
assessment method

»  TUses point system for rating

SBTool - Sustamable Building International, 1995 &  The most comprehensive framework
Tool * International collaboration of over 20 countries
*  Absolute performance indicators to complement the relative
scores

*  More than 90 individual performance assessment

*  Four levels of weighting

* A comprehensive evaluation method that can be used by
different regions with the adjustment of regional variations

2.4.Critique of Assessment tools
There has been an advent of building assessment tools since BREEAM was developed in
1990. The need for building assessment methods cannot be over emphasized as they

imperatively aid in understanding better the connection between environment and buildings.



29

(Akadiri 2011, 148.) Building assessment tools have different strengths and weaknesses,
Hence, the recently developed and latest editions of building assessment tools have seen to
incorporating more criteria and features based on the weaknesses of previous editions of
assessment tools for the purpose of improving and developing more effective tools. (Cole
2005, 456.) Due to the limitations of some of these acclaimed assessment methods in its
adaptation of different markets around the world, many countries have in the past decade,
developed local building assessment methods that are applicable with regard to cultural
contexts and also climatic conditions. The advent of these domestic assessment methods
have led to the need to adopt a standardisation of assessment methods in order to ease the
process of purchasing buildings in different parts of the world for investors. (Cole and
Valdebenito 2013, 663.)

An analytical review of acclaimed building assessment methods (BREEAM, LEED,
CASBEE, BEPAC, SBTool) as discussed in the previous subchapter was carried out. As a
result, some certain weaknesses of these tools were identified and they include; economic
issues, weighting systems, regional disparity and assessment criteria. Details will be
discussed below.

2.4.1. Economic aspects

Building assessment tools have a variety of criteria to address different environmental issues.
However, tools such as CASBEE, LEED and BEPAC do not have in their framework,
economic aspects. This weakness may go against the main idea of sustainable development
as economic and environmental sustainability are pertinent to the ultimate goal of sustainable
development in order to achieve balance of resources and return on investments. (Ding 2008,
456; Abdalla et al. 2011, 444.) Also, it is worthy to note that for developing countries,
overcoming social and economic issues are pertinent than issues relating to the environment.
Therefore, both social and economic issues must be put into consideration when making
environmental assessment of buildings using these building assessment tools. (Alyami 2015,
43.)

2.4.2. Regional disparity

With regard to regional disparity, all the aforementioned tools were developed originally to
be country specific except for SBTool which was designed to allow regional customisation.
(Cole and Valdebenito 2013, 663.) Although some tools such as BREEAM are now

customised for additional countries such as Netherlands, Austria, and a few more countries
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and with weighting systems also been able to provide opportunities to review the evaluation
scale so as to reflect regional variations, it should be noted that these variations are intricate
and may be difficult to delineate. (BREEAM 2016; Ding 2008, 457; Abdalla et al. 2011,
444.)

2.4.3. Complexity

Building environmental assessment methods such as BREEAM, CASBEE, SBTool
comprise about 70 criteria, 80 criteria and over 150 criteria respectively. As a result,
complexity occurs when evaluating large quantities of comprehensive information. (Alyami
2015, 43.) To evade these complexities, the assessment framework of most of these tools
incline towards oversimplification in order to take into consideration most of the
environmental evaluation criteria. However, this method may not be able to produce a
distinct direction. As a result, emphasis should be on simplicity of assessment methods and

single common goal in terms of relevance. (Ding 2008, 457.)

2.4.4. Weighting

Weighting is needed to accomplish a comprehensive evaluation of criteria and rank them
accordingly. However, different assessment tools have different means of weighting criteria.
For instance, SBTool and BREEAM uses a weighting system that gives precedence to
environmental issues while LEED utilises a simpler approach which is the simple additive
approach. (Alyami 2015, 42.) The variations in weighting system and a not so explicit
assessment of criteria may see to an unsatisfactory result. (Ding 2008, 457.) CASBEE was
developed to allow customisation of weighting system to suit regional and domestic
conditions. (iiSBE 2016) Nonetheless, there is still need for criteria weighting to be resolved
on a project-by-project basis, thus, indicating the goal of the building project. (Ding 2008,
457.)

2.4.5. Measurement Scales

The aforementioned building assessment tools have a point system for measurement scales
and the total score collected after assessment and evaluation determines the overall
sustainability performance of the building. However, the way in which maximum number of
points are awarded to each criterion has no clear rationale and this makes the comparison of
building assessment results across countries a challenge. To ease this challenge, more

consistent and logical measurement scales are needed. (Ding 2008, 458.)
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2.5. Conceptual development of Calculation Model

The ability to properly identify, measure and rank different options or alternatives during
decision making is based on having various criteria and objectives. Therefore, decision
makers often operate using different assessment techniques in order to simplify a rather
complicated data acquisition so as to achieve a rational basis for selecting the most feasible
solution for a given problem or situation. Consequently, Multi criteria analysis is employed,
and it is considered one of the most prevailing techniques in optimisation analysis. This
technique is employed for quality decision making and ability to provide more transparency
for the decision maker. One of its major features is that it acknowledges problems of
assessment, evaluation, decision and selection issues constituted from multiple opposing
interests and inconsistency. (Akadiri 2011, 155; Nijkamp et al. 2013, 3-4.) Other criteria
taken into cognisance when selecting Multi criteria analysis include logical soundness,
transparency, ease of use, realistic resource provision for the analysis process, and software

availability where needed. (Dodgson et al. 2009, 20.)

Some of the criteria considered can also be based on the three arms of sustainability which
are; economic, socio-cultural and environmental sustainability. Environmental sustainability
is to ensure resource efficiency and ecosystem conservation. Economic sustainability is to
guarantee low running cost, and long term resource productivity while the socio-cultural
sustainability takes into cognisance the human protection, comfort, quality health and
safeguarding cultural values. (Kohler 1999, 317.) Furthermore, adopting multi criteria
analysis in designing a suitable sustainability index which aids in fulfilling the aim of this
study is by incorporating environmental, socio-cultural, technical, and economic in the

calculation model for ease of decision making.

A cyclic nature is considered for the evaluation process and this is because of the
interdependency of different stages on one another and the need for various and constant
consultations among the different parties involved. The figure below gives details of the
structure used in this study and it starts with determining what is to be evaluated to
identifying alternatives till the last process which is reaching a conclusion. Although each
stage partakes in feedback to ensure more information is supplied if needed and more
deliberation for the coming stages (Nijkamp et al. 2013, 12-13.)
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Figure 3. Multiple dimension model and structure of an evaluation process (Nijkamp et al. 2013; Ding 2008,

460)

Defining Problems: The first step is defining the problem and enacting a common
recognition of the decision needed for the situation. Also, a distinct comprehension
of the objectives are decisive in establishing criteria and identifying the
characteristics of the expectations of the model while also putting in mind those that
the decision may affect. (Dodgson et al. 2009, 32.) Also, it is essential to consider
constraints that may be attributed to the decision making process as these constraints
can be critical in establishing a more detailed and accurate set of options for the
optimisation of the chosen solutions. (Akadiri 2011, 162.)

Identifying alternatives: After defining the problem, the next step is to determine
the set of alternatives or options to be examined. These may include but not limited
to regional or location alternatives, technical, material and cultural options which
are usually collected from identifying the problem and subsequently going through
feasible solutions. An estimate of seven alternatives are usually recommended in
order to cap the number of options considered so as to avoid doubt, indecision and
uncertainty. (Akadiri 2011, 162.) There is always re-visitation to this step in

situations where alternatives given are not fully accepted or when there is a need to
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examine new alternatives that encompass the effectiveness or aptitude of two
different options in two different areas. (Dodgson et al. 2009, 32.)

Identifying criteria: Criteria are the performance measures of evaluating the
identified alternatives and also guide in analysing and assessing the impacts from
the different alternative considered. The criteria identified should be explicit and
limited for consistency purposes and ease of decision making. However, if the
identified criteria cannot be scaled down, then ranking or grouping the criteria is
recommended for easy categorisation. (Dodgson et al. 2009, 33; Akadiri 2011, 162.)
Assessing impact: Objective impact assessment such as material flows, energy
flows and so on have available methods for quantification. However, there may be
difficulty in assessing the impact of social issues. As a result, suitable methods will
be employed to assess and evaluate identified criteria which may be either a
quantitative or qualitative method. (Akadiri 2011, 163.)

Estimating weight: Criteria rarely have same weights and based on different
alternatives, the different criteria may outweigh one another. Nijkamp et al 2013,
recommend multiple methods in estimating weight and these have been categorised
into two broad approaches which are indirect and direct assessment. Direct
assessment may involve stakeholder participation as it involves estimating weights
of different criteria based on survey or related methods; while indirect approach
constitute using past ranking options or by enquiring from the decision makers and
other parties involved. (Dodgson et al. 2009, 41; Akadiri 2011, 166.)

Determining score: An overall score is assigned to each criteria based on the weight
estimated. As different methods may be adopted in estimating the weight, a multi
criteria analysis may then be employed in this stage in order to combine values of
the different identified alternatives for ease of decision making. Also, it is necessary
to standardise the different units of different criteria by translating the units to a
common or unified unit. (Akadiri 2011, 166.)

Reaching a conclusion: When all the aforementioned steps have been assessed,
including receiving feedback and making necessary adjustment and correction
where needed, a conclusion is then reached and decisions can then be made
according to the rank of the criteria identified based on the score of their weights
which is the main aim of this research. A calculation model will be developed in

order to actualise a single sustainability index that will enable different alternatives
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to be ranked. Furthermore, a sensitivity analysis will be employed so that the
robustness of the model will be weighed. Also, the comparison of different
alternatives will be undertaken while also possibly creating new alternatives that

may be better than the original set of alternatives. (Dodgson et al. 2009, 50.)

3. METHODOLOGY
3.1.Research Paradigm and Approach

The general approach to this research was achieved through a comprehensive and analytical
review of a large body of literature from various academic journals. This aided in
establishing a comprehensive theoretical background to the area of study, proffered a means
to accomplishing the aim of the research and offered deep insights and different perspectives
to issues concerning the relationship between buildings, sustainability and sustainable

development as a whole.

In this study, a number of research techniques were adopted, majorly, quantitative research
approach. The following subsection discuss in details all research approaches adopted and

reasons for adopting them.

3.1.1. Archival analysis

There is a considerable amount of literature on sustainability assessment of buildings, tools
and methods needed for these assessments, sustainable development, resource efficiency and
circular economy as a whole. Thus, an extensive and critical review of variety of literatures
related to the aforementioned topics was undertaken and this helped in the build-up of the
theoretical aspect of this study. The information were sourced mainly through the internet
by accessing academic journals and publications and also retrieving relevant and related

books from the university’s library database.

In the literature review, comparison of well-known building assessment methods was
undertaken to understand them better and also to understand what is needed in the processes
of developing a calculation model for sustainability analysis. Therefore, a critical analysis
of these building assessment methods was necessary. The building assessment methods
reviewed in the literature were selected based on the credibility and reliability of the

organisations that developed them and also their success and acceptance rate in the market.
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Furthermore, the technicalities of these methods were analysed to further have a deeper
insight into all the factors that were considered in developing the assessment method.

Subsequently, the lapses or weaknesses of these methods were also discussed.

BREEAM and LEED were chosen because they are leading building assessment tools
globally. Also, BREEAM has inspired and has been used as a template for developing many
other assessment tools (BEPAC) as discussed in the theory and both these tools are run by
credible organisations. SBTool was chosen due to the fact that it was a tool developed on a
more international scale as compared to rest that were originally regional specific and

CASBEE was chosen due to its special weighting system.

3.1.2. Survey

The survey technique adopted in this study was a questionnaire. This was developed to
assess, evaluate and prioritise the relative importance of the identified sustainability criteria
which was made reference to in the literature review. These prioritised criteria will further

be incorporated into a sustainability index for ease of decision making.

The questionnaires were administered by email as this is cost effective and expected to ease
data collection and processing. The questionnaire included both open and close-ended
questions. The open-ended questions were designed so that the respondent could answer the
question to whatever extent they wish in order to have a deeper insight into their expectations
of the calculation model while the close-ended questions were designed to aid in prioritising
the already identified criteria. Also, the respondents were given opportunity to note criteria
they may wish to appear, if it did not originally appear in the list of criteria. For the close
questions, the respondents were given different options to choose from to indicate the level
of importance of each of these criteria on a five point response scale which are: ‘not
applicable’, ‘not important’, ‘somewhat important’, ‘moderately important’, and ‘extremely

important’. A copy of the questionnaire is included in Appendix.
The different processes taken in the questionnaire analyses and processing are as follows.

1. The main survey
A total of 22 questionnaires were originally sent to experts of different organisations as
these were the project’s decision makers which are to decide on the outcome of this
study. The questionnaires were attached to an email stating the aim of the research in

order to guide the responses of the contributors. This was undertaken January 11, 2017.
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A follow-up questionnaire was sent as a reminder on January 23, 2017 when there was
not a satisfactory response from the first questionnaire.

Due to time constraints and a need to forge ahead with the project, the questionnaire was
sent out to students with the hope of more response. Although, the students are not
primary decision makers but the need for additional data was paramount for the
continuity of the project. Therefore, the later responses gotten in addition to the former
were collected and analysed. As a result of inadequate data, the data collected were
considered to be hypothetical rather than real data. This is to aid in continuation of the
research with the intention of the data analysis process been transparent enough so
practical data can be used in future.

The details of the copy of the sent questionnaire can be found in Appendix II.

2. Response rate
Of the 22 questionnaires mailed to selected decision makers for this project, only 3 were
returned. From the additional 8 questionnaires sent out to students, 6 were returned,
making a response rate of 13.6% from decision makers and 75% from students making

a total response rate of 30%.

Table 10. Response rate of questionnaire

Number of Response % of response
questionnaires sent rate
Decision makers | 22 3 13.6%
Students 8 6 75%
Total 30 9 30%

3.2.Method of Data Analysis

3.2.1. Descriptive statistics analysis

These are used in depicting the quantitative data and nature of distribution by employing
techniques such as charts and tables. The description of the statistics can be in form of
percentages, frequencies or mean. (Fellows and Liu 2008, 191-193.) For the purpose of this

research, this technique was employed to aid in analysing the responses of the respondents.
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3.2.2. Relative importance index analysis

This method of analysis was employed to rate responses from respondents. This method has
been acknowledged as an excellent way to cumulate the scores in an ordinal scale of different
variables as rated by the respondents. (Ding 2004; Braimah and Ndekugri 2009; Johnson
and LeBreton 2004, 241-242; Chileshe and Dzisi, 2012, 282-286; Ribeiro and Fernandes
2010, 170; Othman et al. 2005, 75; Holt 2014, 5-9.)

Microsoft Excel was used in analysing the relative importance of the different variables
using the equation below.

R =W )
AN

Where:

RII — Relative importance index;

W — Score allocated to a variable by respondents on a scale of 1 to 5;
A — Highest weight, in this case, 5;

N — Total number of respondents.

3.3. Description of sustainability index development

The major aim of carrying out this study is to develop a calculation model for the purpose
of ranking sustainability criteria to ensure the proposed education model conforms to a
sustainable use. This will be achieved by employing a multi-criteria decision analysis which
will aid in combining the different sustainability criteria into a composite sustainability

index. This will be further detailed in chapter four.

Furthermore, different scenarios or alternatives will be used to explore the dependencies of
different criteria in the composite sustainability index. This is to help rank the different
alternatives in order to identify a most preferable and sustainable option. The purpose of
adopting a case study or analysing different scenario is to allow a real-life context of this

study and to test the calculation model.
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3.3.1. Data collection and analysis

A pairwise comparison matrix was employed in comparing attributes against one another to
obtain results that will be used in developing a sustainability index. Analytical Hierarchy
process (AHP) form of multi criteria decision analysis method was employed for data
collection and analysis. The pairwise comparison was in form of a questionnaire which

captured the different hierarchal level of the AHP as illustrated in section 4.4.

This questionnaire was designed in a matrix form based on the AHP as proposed by Saaty
(developer of AHP). (Saaty and Vargas 2012a, 1.) The data was collected by attributing
weights based on the intensity of importance of the two criterions been compared. This
distribution of weights was guided by the AHP fundamental scale which is discussed in
detail in section 4.4. One pair of the identified criteria is compared one at a time, according
to their respective hierarchal level. After the comparison, the identified criteria were scored
by assigning weights to the criteria been compared. The assignment of weights was
conducted with a group of experts as this aspect required expert opinion and analytical
thinking. The pairwise comparison was carried out a number of times for the purpose of
improving the questionnaire, and also to achieve consistency. The details of the
questionnaire can be found in Appendix Ill. The data collection were analysed using

Microsoft Excel and more details of this can be found in chapter four and five.

4. DEVELOPMENT OF CALCULATION MODEL FOR
SUSTAINABILITY ASSESSMENT

The previous chapters discussed on literatures reviewed and also on the different types of
methodologies employed in this study. This chapter will set on developing the calculation
model for sustainability assessment and ranking purposes. The data used for this
development was collected through questionnaire and also pairwise comparison as discussed
in the previous chapter. This chapter presents the processes involved in developing the

calculation model.

4.1.Criteria Development and Selection

The comprehensive literature review conducted indicated that sustainability assessment

criteria for different studies and projects differed according to research and purpose of
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research. Therefore, there was not an all-inclusive list of criteria developed explicitly for
sustainability assessment of a modular school. As discussed in earlier sections, criteria are
assessed, developed and selected based on techniques such as reliability and logical
soundness, ease of use and availability of software and resources for analysis purposes.
Subsequently, criteria assessed in this study will be based on the following;

e Completeness — checks if all pertinent criteria and sustainability categories have
been taken into consideration.

e Redundancy — ensures insignificant or duplicate criteria are removed

e Operationality — assesses the identified alternatives against corresponding criteria
and ensures all criteria are defined explicitly for quality assessment.

e Applicability — ensures identified criteria is applicable through the different
identified alternatives and also for comparison purposes.

e Transparency — To ease identification and comprehension of criteria.

e Practicability — The criteria must be practicable and workable in terms of
availability of tools, time and resources needed for evaluation and assessment.
(Dodgson et al. 2009, 35; Foxon et al. 2002, 293-294.)

The criteria developed were influenced by the need to fulfil sustainable development thereby
cutting across the three arms of sustainability. These categories are classified and analysed
under environmental, technical, resource efficiency, and socio-economic categories. The

need to include the technical category is to ensure the functional performance of the building.

The table below shows the identified criteria for this study. Also, the selection of criteria was
aided using principles, theories, ideas and related concepts by (Pakzad and Osmond, 2016;
Barbosa et al. 2012; Mateus and Braganca, 2011; Wang et al. 2009; Alyami, 2015; Braganca
et al. 2010; Akadiri, 2011; Chang et al. 2007; and Foxon et al. 2002.)

Based on these criteria, a questionnaire was designed with the aim of rating the identified
criteria on level of importance and this is to ensure that ‘major’ criteria are selected instead
of ‘minor’ criteria. More rational techniques are employed in the process of criteria selection
for the purpose of distinguishing the identified criteria and establishing a more practical
criteria system. (Wang et al. 2009, 2269.) Details of these survey were already discussed in

the methodology section on how the survey was conducted.
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ENVIRONMENTAL CRITERIA

RESOURCE EFFICIENCY
CRITERIA

TECHNICAL CRITERIA

SOCIO-ECONOMIC CRITERIA

E1: Climate Change (CO; emissions)
E2: Water and soil pollution

E3: Low toxicity of building materials
E4: Material resource depletion

ES5: Environmental statutory compliance
E6: Construction waste management
E7: Use of recycled materials for
construction

R1: Energy saving and thermal
insulation

R2: Renewable energy technology
R3: Electricity usage sub-metering
R4: Potable water availability

R5: Grey water recycling

R6: Rain water harvesting

R7: Water fixture and conservation
strategy

R8: Use of local materials

R9: Use of materials with low
environmental impact

T1:
T2:
T3:
T4.
T5:
T6:
T7.
T8:
T9:

Maintainability of building

Efficient infrastructure

Life expectancy

Fire resistance

Functionality and flexibility of building
Durability and reliability of building
Ease of construction

Accessibility

Visual and acoustic comfort

T10: Indoor air quality

S1: Health and safety

S2: Aesthetics

S3: Heritage/Cultural identity

S4: Operation and maintenance cost
S5: Initial cost

S6: Disposal cost




41

4.1.1. Rationale for selecting criteria

After identifying the major criteria that will make up the sustainability index, it is essential
to ensure the calculation model that will be used in aiding decision making, encompasses
what sustainable development is all about by ensuring the major arms of sustainable
development are duly represented. Therefore, the section below will give a brief discussion

of these major criteria for the purpose of establishing the framework for their evaluation.
1. Environmental criteria

This criteria comprises sub-criteria such as effect of climate change, water and soil pollution,
low toxicity of buildings amongst others. Materials chosen for construction in buildings have
considerable impact on the environment thus, it is essential to take into consideration the
environmental issues associated with the respective materials used. As a result, this criteria

serves as a guide in choosing materials in terms of their respective environmental impact.
2. Resource efficiency criteria

The different sub-criteria highlighted under this major criteria is to ensure efficient use of
resources that will be required in the modular school construction. The need to accomplish
more with less resources is inherent in sustainable development to ensure maximum use of
resources with limited waste produced. As a result, energy from fossil fuel can be replaced
with renewable energy in order to reduce emissions of waste into the atmosphere.
Furthermore, construction industry as discussed in earlier chapters is a major consumer of
natural resources, and in this era of depletion of natural resources, it essential to use resources

efficiently and sustainably.
3. Technical criteria

The technicality of a building has to with the performance of the building, as seen from some
of the sub-criteria including but not limited to functionality and flexibility of the building,
accessibility, indoor air quality etc. This criteria ensures the building last for a while,
comforting to the occupants, safe and it’s designed enough to be flexible for future
modifications. Also, this criteria is important as the technicality of the building should be
efficient enough to ensure low maintenance cost and ease of overall maintenance of the

structure.
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4. Socio-economic criteria

The socio-economic criteria combines both social and economic criteria. The economic
criteria may be easier to quantify than the social criteria. However, the end goal of this
criteria is to ensure the structure is able to metamorphose into a community where
employment can be gained and other benefits associated with the structure, as a result of
effectively applying the other three criteria. Also, social criteria is important as it not only
helps conserve heritage which is one of its sub-criteria, but also helps in ensuring the
occupants are able to relate to the structure and not see it as something alien.

For the financial aspect, it is known that costing and financial return is of high significance
in any project. As a result, the need to be cost effective is paramount. More often than not,
focus is placed mainly on financial returns of the project at the detriment of other important
criteria as cited above, but with increasing pressure of sustainability measures and healthier
environment, balance is gradually been struck to ensure all the major aspects of sustainable
development are taken into consideration when embarking on a project. As a result, the life-
cycle cost helps in evaluating the most sustainable cost options for the decision makers.

4.2. Importance rating of criteria

According to Fellows and Liu 2008, researchers cannot accurately determine how much
measurement error is in the score of a respondent. Therefore, reliability of measurement
scale is recommended. In this study, reliability was conducted using Cronbach’s alpha (o)
which is a coefficient of internal consistency of the rating scale and this ranges from ‘0 to 1’
noting that the closer Cronbach’s alpha is to 1 the greater the reliability internal consistency

of the criteria as measured in the rating scale. (Fellows and Liu 2008, 226,266.)

The equation for Cronbach’s alpha is shown below.

NT

a = —— )

1+(N-1)7
Where ‘N’ is number of variables and ‘7 is the average inter-variable correlation of all the

variables.

Also, it should be noted that the critical level of reliability when employing Cronbach’s alpha
test for internal consistency is 0.7. Therefore, any value below this, shows that the variables
are not sufficiently inter-correlated.
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Based on the hypothetical data used, Cronbach’s alpha value for environmental criteria,
resource efficiency criteria, socio-economic criteria and technical criteria are 0.779, 0.878,
0.858 and 0.824 respectively. With these values, it can be seen that based on the hypothetical
data, all the generated Cronbach’s alpha coefficients are greater than 0.7 which indicates that
the internal consistency of the measurement scale of the criteria is excellent. The calculation

of cronbach’s alpha was conducted using Microsoft Excel.

Table 12. Cronbach's alpha coefficient for identified criteria

Criteria Cronbach’s alpha
Environmental 0.779
Resource efficiency 0.878
Socio-economic 0.858
Technical 0.824

To further identify the relative importance of each of the variables based on the data collected
in the survey, a relative importance index analysis was performed. Also, it is to be noted that
there are three major importance levels which are; High (H) (0.8 to 1.0), Medium (M) (0.6
to <0.8), and Low (L) (0.2 to <0.6) (Chileshe and Dzisi 2012, 286.)

The table below shows the rating of the different criteria based on relative importance level.



Table 13. Rating of different criteria based on relative importance level
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Relative

Total importance | Rank by Overall Importance

SUSTAINABLE CRITERIA RESPONSE SCORE response index category ranking rating
1 2 3 4 5

ENVIRONMENTAL CRITERIA
E1: Climate Change (CO; emissions) 0 0 0 4 5 9 0,911 4 10 H
E2: Water and soil pollution 0 0 0 0 9 9 1,000 1 1 H
E3: Low toxicity of building materials 0 0 2 2 5 9 0,867 6 18 H
E4: Material resource depletion 0 0 0 4 5 9 0,911 4 10 H
E5: Environmental statutory compliance 0 0 1 0 8 9 0,956 3 6 H
E6: Construction waste management 0 0 0 1 8 9 0,978 2 2 H
E7: Use of recycled materials for construction 0 0 2 5 2 9 0,800 7 28 H
RESOURCE EFFICIENCY CRITERIA
R1: Energy saving and thermal insulation 1 0 1 2 5 9 0,822 6 25 H
R2: Renewable energy technology 0 0 0 1 8 9 0,978 1 2 H
R3: Electricity usage sub-metering 1 0 0 4 4 9 0,822 6 25 H
R4: Potable water availability 0 0 0 1 8 9 0,978 1 2 H
R5: Grey water recycling 1 0 2 4 2 9 0,733 9 31 M
R6: Rain water harvesting 0 0 1 6 2 9 0,822 6 25 H
R7: Water fixture and conservation strategy 0 0 1 3 5 9 0,889 3 17 H
R8: Use of local materials 0 0 2 2 5 9 0,867 4 18 H
R9: Use of materials with low environmental H
impact 0 0 2 2 5 9 0,867 4 18
TECHNICAL CRITERIA
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T1: Maintainability of building 0 0 0 2 7 9 0,956 1 6 H
T2: Efficient infrastructure 0 0 0 4 5 9 0,911 4 10 H
T3: Life expectancy 0 0 0 2 7 9 0,956 1 6 H
T4: Fire resistance 0 0 1 1 7 9 0,933 3 9 H
T5: Functionality and flexibility of building 0 0 2 2 5 9 0,867 7 18 H
T6: Durability and reliability of building 0 0 0 4 5 9 0,911 4 10 H
T7: Ease of construction 0 0 2 3 4 9 0,844 9 23 H
T8: Accessibility 0 0 1 4 4 9 0,867 7 18 H
T9: Indoor air quality 0 0 0 4 5 9 0,911 4 10 H
SOCIO-ECONOMIC CRITERIA

S1: Health and safety 0 0 0 1 8 9 0,978 1 2 H
S2: Aesthetics 1 0 1 5 2 9 0,756 5 29 M
S3: Heritage/Cultural identity 0 0 2 3 4 9 0,844 4 23 H
S4: Operation and maintenance cost 0 0 1 2 6 9 0,911 2 10 H
S5: Initial cost 0 0 1 2 6 9 0,911 2 10 H
S6: Disposal cost 1 0 1 5 2 9 0,756 5 29 M
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RESOURCE EFFICIENCY

ENVIRONMENTAL CRITERIA

CRITERIA
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Figure 5. Resource efficiency criteria importance

Figure 4. Environmental criteria importance
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Figure 6. Technical criteria importance
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Based on the table and figures shown above, a total of 32 sustainability criteria were
identified for sustainability assessment of the modular school. However, if real data were
used instead of hypothetical data, there is possibility of some criteria been excluded if they

are considered not important from the perspective of the decision-makers.

However, based on available data, ‘water and soil pollution (E2)’, ‘construction waste
management (E6)’, ‘renewable energy (R2)’, ‘potable water availability (R4)’, and ‘health
and safety (S1)’ were all considered to be of the highest overall importance with relative
importance index between 0.978 and 1. Subsequently, ‘grey water recycling (RS5)’,
‘aesthetics (S2)’, and ‘disposal cost (S6)” were considered to be of the lowest importance
when compared to the rest of the criteria. Overall, R5, S2 and S6 have medium importance
levels as their relative importance index was between 0.6 and 0.8 while the rest of the criteria

were of high importance with relative importance index above 0.8.

Factor analysis was not conducted in this study as the response to the survey was low which
did not comply with the principles of factor analysis (major aim is for data reduction).
However, after subsequent brainstorming process and for ease of comparisons and decision
making, the four major criteria were further broken down into five major criteria
(Environmental impact, Resource efficiency, Technicality, Socio-cultural value, and Life-
cycle cost) and factors that came across as repetitive were further regrouped to avoid
redundancy. These criteria will be used to develop the sustainability index which will be

measured using Multi-criteria decision analysis.

4.3.Conceptual framework

In the previous section, sustainability criteria were identified and these criteria were
specifically developed for the design and construction for the sustainable modular school.
Having a large number of criteria may make decision making arduous, hence, integrating
these sustainability criteria into a composite index that will address the three major pillars of
sustainable development is paramount in easing decision making process. Subsequently, the
developed sustainability index will combine environmental impact, resource efficiency,
technicality of building, lifecycle cost and socio-cultural value to form an index of both

objective and subjective factors.

The need of a sustainability index is to compare different material options and assess them
based on the most sustainable through ranking different alternatives of construction options
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based on aggregated weight generated after the application of multi-criteria decision analysis
for each of the factor. This in turn forms an algorithm which forms the sustainability index

and the greater the index score, the more sustainable. (Ding 2008, 460.)

Environmental impact

Resource efficiency

Multi-criteria Decision
Technical aspect Analysis (MCDA)

Y

Sustainability Index

Socio-cultural value

Life cycle cost

Figure 9. Sustainability index formed form multi-criteria decision analysis.

4.4. Calculation model formulation and computation method

A calculation model will be established to implement a basis for computing the sustainability
index of the different structural options of the Sustainable modular school. This model will
help compare the different alternatives considered in relation to the factors identified in
earlier sections which are; environmental impact, resource efficiency, technicality, life-cycle
cost and socio-cultural value. The steps for decomposing a decision making process as
discussed in the previous section will be applied and a pairwise comparison will be
developed to make the numerical computation of the sustainability index. Details of the

pairwise comparison will be found in the appendix I11.

In formulating the calculation model and computing the sustainability index, the AHP steps
will be applied. The problem has already been defined and it is the aim of conducting this

study as discussed in chapter 1. The next step is now in establishing the structural hierarchy
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which will be discussed as follows and subsequently, other steps required in developing the

calculation model.

1. Hierarchal structure

The hierarchal structuring happens to be possibly the most significant and creative part of
decision making. Therefore, the need to ensure all elements to be considered in the pairwise
comparison are represented in the structure. The question to be asked when structuring a
hierarchy is “Can I compare the elements on a lower level in terms of some or all of the
elements on the next higher level?” The goal of the hierarchy is usually at the top while the
options or alternatives to be considered are at the bottom of the hierarchy. The intermediate
levels of the hierarchy houses the main criteria and sub criteria depending on how complex
the problem and analysis requirement. (Saaty and Vargas 2012a, 8 - 26.)

Following the steps to be taken on structuring a hierarchy, the hierarchal structure for this
project is shown in figure 8 below. As seen in the diagram the first level of the structure
illustrate the goal of the project which is the main aim of the project. The second level
consists of the main criteria which are; environmental impact, resource efficiency, life-cycle
cost, technicality, and socio-cultural value. The next level consists of the sub criteria while
the last level houses the different alternatives to be considered. These intermediate steps will
require pairwise comparison to be made between pairs of criteria of a given level which will

aid in arriving at a decision.

For ease of decision making, the sub-criteria were further regrouped after a brainstorming
process, repetitive and redundant criteria were excluded and related factors were grouped as
one to aid in ease of evaluation and assessment. The structural hierarchy gives further

illustration of the newly merged factors



Level 1:
Goal

Level 2:
Main criteria

Level 3:
Sub-criteria

Alternatives

Ranking and Selection of the most Sustainable option for the modular school design
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Impact
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| E3

— E4

E5

Resource Technicality Life cycle cost Socio-cultural
Efficiency Value
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ALTERNATIVE 1 ALTERNATIVE 2

E1- Climate change

E2- Water and soil pollution

E3- Low toxicity of building materials
E4- Materials Resource depletion

E5- Environmental statutory compliance

R1- Renewable energy utilisation
R2- Water availability and management
R3- Sustainable material use
S1- Health and Safety
S2- Heritage and cultural identity
L2- Initial cost

L3- Disposal cost

Figure 10. Structural hierarchy for modular school design.

T1- Structural life cycle

T2- Functionality and flexibility
T3- Accessibility

T4- Indoor air climate

L1- Maintenance/operation cost
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After the first step of organising the elements in hierarchical terms, the next step is to

generate a pairwise comparison that will be used in determining the relative importance of

each of the criterion and sub criterions. As seen in the structural hierarchy above, pairs of

elements in each level is compared and this is done to realise the relative worth of each

element in relation to another. It should be noted that only elements with a mutual objective

are compared to one another.

To accomplish pairwise comparison, a scale is needed to measure relative importance of the

different variables. The table below illustrates the scale further.

Table 14. The fundamental scale of absolute numbers. (Reproduced from Saaty 2008)

Intensity of Definition Explanation

Importance

1 Equal importance Two activities contribute equally to the objective

2 Weak or slight

3 Moderate importance Experience and judgement slightly favour one activity
over another

4 Moderate plus

5 Strong importance Experience and judgement strongly favour one
activity over another

6 Strong plus

7 Very strong or demonstrated An activity 1s favoured very strongly over another: 1its

importance dominance demonstrated in practice
8 Very, very strong
9 Extreme importance The evidence favouring one activity over another is of

the highest possible order of affirmation

Reciprocals of

If activity j has one of the above

above non-zero numbers assigned to it
when compared with activity j,
then j has the reciprocal value
when compared with |
11-19 If the activities are very close May be difficult to assign the best value but when

compared with other contrasting activities the size of
the small numbers would not be too noticeable, vet
they can still indicate the relative importance of the

activities.
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The values gotten from the pairwise comparison of elements in each of level of the hierarchy

are entered into a matrix which is used to realise the priority weights. Pairwise comparison

are usually evaluated in an open group discussion where priority weights are determined

through a common consensus amongst the group members.

The following notations and formulas are used for deriving and computing the pairwise

comparison and the matrix below shows a representation of a pairwise comparison:

wi/wy | wi/w, | wy/wy wy /Wy
wo/wy | wy/ws | wo/ws wo /Wy
A= wy/wy | wy/w; | wi/ws ws/wy
Wy !'{Wl Wy /Wz Wh /WS Wn/{Wn

Where A = matrix of the values of the pairwise comparison a;
Aij = wi/w; which means importance of element i as compared to element |

w; = weight of the criterion i, where i=1,..., n, and n = number of criterion

Since a;; = wi/w matrix A becomes:

ajg a2 i3 Ain
9 35 Az Gopn
A 3 i35 sz 3
Qnq y2 (y3 Apn

(4)

(5)

Furthermore, to compute the values in the matrix, it should be noted that if a,, is x times

more important than a,,, then it means that a,, is 1/x times as important as a,;. Hence, we

have a;; = 1/a;; and vice versa. This aids in consistency with individual pairwise comparison

and is also a necessary assumption when using AHP. Therefore, matrix A can now be

represented as:

1 5P Qi3 ain

1/a;; 1 sz aopn

A= 1/a;3 | 1/as; 1 Qan
]-.faln 1;"a2n l}(OLSn 1

(6)
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As seen from the matrix A above, when a criterion is compared with itself, it equals 1 due
to equal weight of the criterion (i.e. w; /w; = 1.) Also it can be seen from the matrix above

that the priority weights below the diagonal are reciprocals of the priority weights above the

n(n-1)

diagonals. As a result only >

values in the pairwise comparisons need to be derived

from the decision makers as compared to n? of the completed matrix A. However, if there is
inconsistency in the derivation of values in the pairwise comparison from the decision
makers and a;; # 1/a;j, then (n? - n) derived values of the pairwise comparison will be

required. (Saaty and Vargas 2012a, 8 - 26.)

3. Weights determination

After carrying out the pairwise comparison, the vector of priorities form the matrix A is
derived. However, due to inherent error in human judgement, there is need to ensure
consistency in the matrix formulated which leads to the formulation of eigenvalues. For
consistency calculations, Amax which is the largest eigenvalue of matrix A and its equivalent
eigenvector is used (consistency will be discussed more in the next step.) This is then
normalised to have an aggregated sum of components to equal 1 which then represents the
vector of the respective weights of the elements. Normalisation is necessary in order to
ensure that weights of individual criterions within each hierarchal level aggregates to 1
(Saaty and Vargas 2012a, 7-9.) The following equations below gives a representation for

achieving consistency and normalisation.

From the formulation a;; — wi/wj and a;; = 1/a;;

We have; a;; a; = a;; ai” =qjw = a2 =21 =1 (7
To achieve consistency we will have;

a.. —

l Wi g, Wherei=1,....,n (8)
J W,

[N

~.

By multiplying the equation through by w; we have,

n
Zaijo = nw; Wherei=1,.....,n (9)

j=1
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In matrix form,

w; Wy wq

w; Wp Wn

we W " w Wy wy

— — W3 W

W, owy Wy, : =n| : (10)
Wp Wy Wy, W?‘l Wy

Wy Ws Wy

From equation 9 and 10, it can be concluded that Aw = nw

4. Consistency measurement

In AHP, cardinal inconsistency is more likely than cardinal consistency when judgements
are being made, as decision makers are incapable of accurately estimating measurement
values even when the scale is known and the situation is worse when intangibles are been
dealt with. For example in the case of intangibles in cardinal inconsistency, where a is twice
as preferable to b and b is three times preferred to c, but a is preferred to c five times or in
the case of ordinal intransitive situations where a is preferred to b and b to ¢ but c is preferred
to a. These are situations of inconsistency when judgements are made. To ensure
consistency, in cardinal consistency as stated, a must be preferred six times than ¢ and for

ordinal consistency, a has to be preferred to c. (Saaty and Vargas 2012a, 63.)

As seen in previous notations, If a;; is the importance of element i as compared to element
j and a;y, is the importance of element j as compared to element k. Then for judgements to
be cardinally consistent; a;; ajx = Qi

To expand this further we can see that

wi Wj wi

= =L (11)

Ly ¥k w; Wk Wi
If a;; a;, # aj then the relationship is said to be cardinally inconsistent.

When inconsistencies occur in a matrix, it is caused by some small perturbations (&ij) made

in the matrix. Therefore, we have

wi
aij = (W_]) gij (12)
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Where Eij >0

Expanding the matrix further we have:

Wi W] wi
— & X — &y = —E&; 13
w; ij Wi jk Wi ik ( )

To measure consistency, Saaty and Vargas (2012a) proposed the following consistency

index.

_ (Amax - n)

(o) 1)

(14)
Where Amax = largest eigenvalue of matrix A; and n is the number of elements or variables
compared within a level. If the matrix A is of perfect consistency, then the value of Amax
will be equal to n and at a minimum. As a result of this perfect consistency, C.I will equal
zero. The more the inconsistency in the matrix, the more the value of Amax and the higher
the value of C.I. The consistency ratio (C.R.) obtained calculated using the following

equation.

_Cl

CR =
R.I.

(15)
Where R.1. is the Random consistency index. According to Saaty and Vargas (2012a), R.I.
“is derived from a sample of randomly generated reciprocal matrices indexes using the scale
1/9, 178, ...., 1, ....., 8, 9.” After applying the R.I., if the C.R. is not less than 0.10, then the
problem should be studied and judgements revised. If the consistency ratio is less than 0.10
then it shows evidence of good judgement. Consistency is achieved through (1) homogeneity
of elements compared in the group (2) decision maker’s knowledge about the problem been

studied and (3) sparse amount of element in a group. (Saaty 2000, 104.)

The table below shows the average random consistency index as generated by the Saaty. The

first row (N) is the size of the matrix while the second row is the random consistency index
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Table 15. Average random consistency matrix (R.I1) (Reproduced from Saaty and Vargas 2012a)

Matrix size (N) | 1 2 3 4 5 6 7 8 9 10
R. I 0 0 052 | 089 [1.11 | 1.24 | 1.35 | 140 | 145 | 1.49

5. Sustainability index calculation and synthesising priorities

After the pairwise comparison has been conducted and respective weights of each element
within each level of the hierarchy has been calculated, the data collected for each of the
different options considered for ranking purposes is converted to usable values which will
be used to compare element in the sub-criteria level. According to Saaty, options or

alternatives can be dealt with in an absolute or ideal way. (Saaty and Vargas 20123, 5.)

Scoring or absolute measurement is applied for the purpose of ranking the different options
or alternatives considered. The ranking will either be in terms of the criteria or intensities
(ratings) of the criteria. (For instance; very poor, poor, below average, average, good, very
good, and excellent.) Subsequently, ideal intensity measurement is achieved by setting
priorities for each criterion and then dividing the respective priorities by the largest rated
intensity. The alternatives are scored through a ratio scale which is achieved from checking
off the respective ratings of each criterion and aggregating the ratings for all criteria. (Saaty
and Vargas 20123, 5.)

Finally, to obtain the sustainability index of all the sustainability criteria identified, the
normalised local priority weights of the criteria are aggregated. This is so that the global
priority weights are actualised and this is achieved by multiplying the score of each element
and its respective weight. This is then aggregated according to the individual levels in the
hierarchy. The practicality of this will be discussed in the next chapter when the results are

discussed.

4.4.1. Composite Sustainability index

The five major criteria (Environmental impact, Resource efficiency, Technicality, Life cycle
cost and Socio-cultural value) come together to form the sustainability index. However,
these five criteria are quite distinct and incompatible. To make them compatible and
comparable as this will be needed to develop the composite index, there is need to convert

these seemingly distinct criteria into a common dimension or dimensionless unit. This can
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be accomplished by scoring the individual criteria based on standardised methods of scoring
for each criterion. These scores can be in the form of interval-scale property, ratio-scale or
additive constraint. (Ding 2005, 165.)

Afterwards, the standardised criteria is incorporated into the calculation model and

consequently, the sustainability index (SI) can be expressed using the equations below:

]
Slizz:ejin (l :1, ......... ,I)

- (16)
e;; = f{EL,RE,T,LCC,SCV}. (17)

Where SI; is the sustainability index for the alternative |
W, is the weight of the criterion j
ej; is the value of alternative i for criterion

El is environmental impact, RE is resource efficiency, T is technicality, LCC is life
cycle cost and SCV is socio-cultural value

It will be revealed from the results gotten from applying this equation that the higher the
values of e;; and W, the better the score. Based on this, an alternative A will be rated higher

than alternative B if its sustainability index score of alternative A is higher than alternative
B.

The score of each of the main criteria can be gotten using the formulas below;

I
j=1

Where; EI is the environmental impact, i is the alternatives, j is the sub-criteria, and X is the

impact.

(19)
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Where; RE is the resource efficiency, i is the alternatives, j is the sub-criteria, and Yis the

efficiency.
- (20)
r=Yaw
j=1
Where; T is the technicality, i is the alternatives, j is the sub-criteria, and Bis the benefit.
i @)
1
j=1

Where; LCC is the life-cycle cost, i is the alternatives, j is the sub-criteria, and C is the cost.

(22)

Where; SCV is the socio-cultural value, i is the alternatives, j is the sub-criteria, and Vis the

value.

These formulas are used to calculate the sustainability index for each of the criteria and then
aggregated which yields a single sustainability index score. Based on this score, the different
alternatives are ranked. The higher the sustainability index of an alternative, the better. (Ding
2005, 163-166.) The main purpose of formulating an index is so that the aggregate of all
variables will yield a unidirectional solution. Therefore, the sustainability index must be a
vector quantity with magnitude and direction so that it can be uniquely interpreted. (Singh
et al. 2007, 567-8.)

4.4.2. Assumptions
The criteria chosen were considered to cover major process involved in construction of the
school building. Although, there may be need to include more criteria in future and the

calculation model can be tailored according to the requirement of the project. Also, the AHP
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methods require the decision maker to be an expert in the field and have adequate knowledge
when comparing criteria for scoring in the pairwise comparison. Therefore, the expert

involved in the pairwise comparison was assumed to have sufficient knowledge in this field.

Furthermore, the materials alternatives used in testing the calculation model were assumed

to have gone through a sustainable process during extraction and production of the materials.

4.4.3. Benefits of sustainability index

The sustainability index framework is a tool that aids the decision maker in consolidating
the different aspects of sustainability during assessment and evaluation processes in order to
reach a sustainable conclusion. This index encapsulates economic, technical, environmental,
resource optimisation and social issues in a holistic manner into one composite index for
ease of decision making. Furthermore, this methodology incorporates both subjective and

objective measures which gives an account of the materials used.

When the sustainability index tool is applied, it provides the ability to rank materials based
on their sustainability level according to the preference of the experts participating in the
sustainability assessment of the different material options, before been used for construction
or in the construction process. The sustainability index derived at the end of the comparison
which the ranking of materials are based, not only reflect the priority of different criteria
when compared to one another but also reflects the extent of resource consumption and

impacts on the environment during the assessment and evaluation processes.

5. ANALYSIS OF RESULTS

The aim of this study as discussed in chapter one was to develop a calculation model for
assessing and ranking of the most sustainable option in the sustainable school project. This
will be accomplished by combining the identified sustainability criteria into a composite
sustainability index as discussed in the previous chapter. In this chapter, the practical
implementation of the calculation model will be carried out. Also, this chapter will describe
how the composite sustainability index works with different scenarios (alternatives) which

will be used to validate and test the calculation model.
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5.1. Implementation of Calculation Model
For practical application of the model, there will be some scenarios considered. The AHP
will be used to analyse these scenarios and subsequently ranked based on the most suitable

scenario according to the decision makers.

The proposed scenarios considered for this study are; wood and red brick as materials to be
used for the building structure. Albeit hypothetical, these scenarios are considered in order

to test the calculation model.

The data was collected through the use of a pairwise comparison questionnaire by comparing
one level with another level directly above it. This method is in reference to the proposed
concept of AHP matrix by the founder, Thomas Saaty. The details of the questionnaire will

be given in the appendix and more details of the data collection can be found in 3.3.1.

5.1.1. Implementation of AHP

Based on the hierarchal structure generated in section 4.4, it was seen that the main criteria
and sub-criteria regrouped in order to avoid redundancy and repetition. Furthermore,
according to the AHP steps which were discussed in section 2.2.3, the first step which is
defining the problem and ultimate goal of the research has already been discussed in detail
in previous chapters. The next step is in development of the hierarchal structure which also
has been accomplished. The figure below will illustrate in details the hierarchal depiction of

the calculation model.



Goal

Main criteria

Sub-criteria

Alternatives

Ranking and Selection of the most Sustainable option for the modular school design
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Figure 11. Hierarchal representation of the calculation model
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5.1.2. Implementation of Pairwise Comparison

After the detailed structural hierarchy as shown in the figure above, pairwise comparison
was conducted. The theory of this process has been explained in details in chapter four.
These comparison was carried out in a brainstorming session with experts in the SED project.
After carrying out the pairwise comparisons, the results gotten were inputted based on Saaty
fundamental scale. The pairwise comparison was conducted a number of times until
redundancy and repetitiveness was excluded, and necessary consistency was achieved. The

results were analysed using Microsoft Excel for transparency purposes and future use.

Furthermore, the consistency ratio (C.R.) of the results of the pairwise comparison should
be <0.10. If the C.R. is above this value, then the judgements of the decision makers should
be revised till the accurate consistency is achieved. (Saaty and Vargas 2012a, 9.) More

brainstorming sessions were conducted until the desired results were gotten.

Table 16 below shows the pairwise comparison of the individual judgements of the main
criteria in relation to the goal of this study. The matrix formed was based on responses from
4 experts involved in the SED project and these responses were put together using the

geometric mean approach. (Saaty and Vargas 2012b, 493-493)

Table 16. Individual judgements for the main criteria

Sustainable
school El RE T LCC SCV
El 1,00 (2,1/4,1/3,1/3) | (1/2,1/2,1/3,1/3) | (1/2,1,1,1) | (1/2,1/3,1/4,1]5)
RE (112, 4, 3, 3) 1,00 (1/2,6,1/3,1/2) | (1/2,4,3,5) | (1/2,3,1/5, 1/5)
T (2,2,3,3) (2,1/6,3,2) 1,00 (2,1,3,4) | (2, 1/2,1/3,1/3)
LCC (2,1,1,1) | (2,1/4,1/3,1/5) | (1/2,1,1/3,1/4) 1,00 (2, 1/3, 1/4, 1/4)
scv (2,3,4,5) (2,1/3,5,5) (1/2,2,3,3) (112, 3, 4, 4) 1,00

El — Environmental Impact; RE — Resource Efficiency; T — Technicality; LCC — Life-Cycle Cost: SCV —

Socio-Cultural Value.

Table 17 shows the geometric mean of the 4 responses. From the table, it can be seen that
the Environmental Impact (El) is 0,485 as important as Resource efficiency (RE) and as a
logical consequence, RE is 2,060 more important than El. It should also be noted that when
acriterion is compared to itself or have equal importance, the value is one, making the values

in the principal diagonal equal to one.
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Sustainable school El RE T LCC SCV
El 1,000 0,485 0,408 0,841 0,302

RE 2,060 1,000 0,841 2,340 0,495

T 2,449 1,189 1,000 2,213 0,577

LCC 1,189 0,427 0,452 1,000 0,452

SCV 3,310 2,021 1,732 2,213 1,000

Sum 10,008 5,123 4,433 8,608 2,826

El — Environmental Impact; RE — Resource Efficiency; T — Technicality; LCC — Life-Cycle Cost: SCV —

Socio-Cultural Value.

From the values generated in the above table, the weight or sometimes referred to as the

score or priorities is calculated from the matrix by normalising the matrix and then

calculating the average of each row of the normalised matrix. Normalisation of the matrix is

achieved by aggregating each column of the main matrix and then dividing each vector of

that column by the aggregated value. The table of the normalised matrix is shown below.

Table 18. Computation of the normalised matrix from table 17.

Sustainable

school El RE T LCC SCV Weight
El 0,100 0,095 0,092 0,098 0,107 0,098
RE 0,206 0,195 0,190 0,272 0,175 0,208
T 0,245 0,232 0,226 0,257 0,204 0,233
LCC 0,119 0,083 0,102 0,116 0,160 0,116
SCV 0,331 0,394 0,391 0,257 0,354 0,345
Sum 1,000 1,000 1,000 1,000 1,000 1,000

El — Environmental Impact; RE — Resource Efficiency; T — Technicality; LCC — Life-Cycle Cost: SCV —

Socio-Cultural Value.

From the table above, the weight of the criteria can then be rearranged as shown in the table

below:
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Table 19. Relative priority of criteria

Criterion Weight
Socio-cultural value 0,345 ~ 34,5%
Technicality 0,233 ~ 23,3%
Resource efficiency 0,208 ~ 20,8%
Life cycle cost 0,116 ~ 11,6%
Environmental Impact | 0,098 ~ 9,8%

To measure consistency of the matrix, each row of the values derived from table 17 forms
an array which is then multiplied with weight (table 18) which forms the second array and
then divided by each respective weight as shown below:

0,098

0,208
(1,000 0,485 0,408 0,841 0,302)* | 0,233 | | /(0,098)

0,116
0,345

From the above matrix, the consistency is calculated as follows;

= ((1,00 * 0,098) + (0,485 * 0,208) + (0,408 * 0,233) + (0,841 * 0,116) + (0,302 * 0,345)) /
0,098

=5, 047

For the second row of the matrix in table 17,

0,098
0,208\
(2,060 1,000 0,841 2,340 0,495)*| 0,233 /(0,208)
0,116
0,345

Consistency =5,051

For the third row of the matrix in table 17,

0,098
0,208\
(2,449 1,189 1,000 2,213 0,577)*| 0,233 /(0,233)
0,116
0,345
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Consistency =5,054

For the fourth row of the matrix in table 17,

0,098
0,208

(1,189 0,427 0,452 1,000 0,452)*| 0,233 /(0,116)
Q116)
0,345

Consistency =5,022

For the fifth row of the matrix in table 17,

0,098
0,208
(3,310 2,021 1,732 2,213 1,000) *| 0,233 | | /(0,345)

\0116/
0,345

Consistency =5,067

Amax (average consistency) = (5,047 + 5,051 + 5,054 + 5,022 + 5,067) / 5
=5,048

A 5,048 —5
Consistency Index C.1. - Amax-n) _ 504873 0,012
n-—1 5-1

To find the consistency ratio, C.I. has to be divided by the random consistency index which
has been generated by Saaty as shown in Table 15. From the table, the random index of a 5
by 5 matrix is 1, 11. Therefore the consistency ratio is calculated as follows:

0,012
CR.=—— =o0,011
1,11
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As discussed earlier, a matrix can be said to be consistent if it consistency ration is < 0, 10.

For this matrix, the pairwise comparison of the main criteria can be said to be consistent.

5.1.3. Implementation of Pairwise Comparison of sub criteria

After pairwise comparison of the main criteria with respect to the goal of the project, the

next comparison will be that of the sub-criteria with respect to each of the main criteria and

the tables that will be shown below will illustrate the matrices. The same calculations in

deriving the weights, average consistency, and consistency ratio will also be applied in these

computation. Below are tables of the sub-criteria.

Table 20. Pairwise comparison matrix of sub-criteria with respect to environmental impact

Environmental impact CcC WSP LTBM MRD ESC | Weight
Climate change (CC) 1,000 0,251 0,273 0,334 0,508 0,069
Water and soil pollution (WSP) 3,976 1,000 2,943 3,550 3,409 | 0,436
Low toxicity of building materials
(LTBM) 3,663 0,340 1,000 1,189 | 0,783 | 1,173
Materials resource depletion (MRD) 2,991 0,286 0,841 1,000 2,449 | 1,888
Environmental statutory compliance
(ESC) 1,968 0,293 1,278 0,408 | 1,000 | 0,134
Cl.=0061 R.I.=111 C.R.=0,055
Table 21. Pairwise comparison matrix of sub-criteria with respect to resource efficiency
Resource efficiency REU WAM SMU Weight
Renewable energy utilisation (REU) 1,000 1,565 1,682 0,447
Water availability and management (WAM) 0,639 1,000 1,189 0,296
Sustainable material use (SMU) 0,595 0,595 0,841 1,000 0,257
Cl1.=0,001 R..=052 C.R.=0,001
Table 22. Pairwise comparison matrix of sub-criteria with respect to technicality
Technicality SLC FF A 1AQ Weight
Structural life cycle (SLC) 1,000 0,369 0,760 0,537 0,141
Functionality and flexibility (FF) 2,711 1,000 3,663 1,000 0,399
Accessibility (S) 1,316 0,273 1,000 0,508 0,149
Indoor air quality (IAQ) 1,861 1,000 1,968 1,000 0,311

C.l1.=0020 R.I.=089 C.R.=0,022




Table 23. Table 22. Pairwise comparison matrix of sub-criteria with respect to lifecycle cost

67

Life cycle cost MOC IC DC Weight
Maintenance/Operation cost (MOC) 1,000 2,828 4,601 0,615
Initial cost (IC) 0,354 1,000 3,162 0,276
Disposal cost (DC) 0,217 0,316 1,000 0,110

Cl.=0,025 R.I.=052 C.R.=0,048

Table 24. Table 23. Table 22. Pairwise comparison matrix of sub-criteria with respect to socio-cultural value

Socio-cultural value HS HCI Weight

Health and safety (HS) 1,000 6,880 0,873

Heritage and cultural identity (HCL) 0,145 1,000 0,127
Cl.=000 R.I.=0,00 C.R.=0,00

5.1.4. Weighting

After deriving the weights of each of the main criteria and sub-criteria, the final weight which
can also be termed global weight of the sub-criteria is found. This is done by multiplying the
local weight of each of the main criteria by the local weight of its corresponding sub-criteria.
As it can be seen from the table, the sub-criteria of the lifecycle cost had the highest global

weight. The table below shows the results of all the global weights and these weights will

further be used to evaluate the alternative with the highest sustainable ranking.

Table 25. Local and global weights of criteria

Main Local Sub criterion Local Global weight
criterion weight weight
@ 2
Environmental | 0,098 Climate change 0,069 0,0072
impact Water and soil pollution 0,436 0,043
Low toxicity of building materials 0,173 0,017
Materials resource depletion 0,188 0,018
Environmental statutory compliance 0,134 0,013
Resource 0,208 Renewable energy technology 0,447 0,093
efficiency Water availability and management 0,296 0,061
Sustainable material use 0,257 0,053
Technicality | 0,233 Structural life cycle 0,141 0,033
Functionality and flexibility 0,399 0,093
Accessibility 0,149 0,035
Indoor air quality 0,311 0,072
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Life-cycle cost | 0,116 Maintenance/Operation cost 0,615 0,071
Initial cost 0,276 0,032
Disposal cost 0,110 0,013
Socio-cultural | 0,345 Health and safety 0,873 0,302
value Heritage and cultural identity 0,127 0,044
Summation 1,000 1,000

2 The global weight of climate change is derived by multiplying the local weight of the main criterion
(environmental impact) by local weight of climate change: 0,098*0,069 = 0,007. The rest of the global weight
was found through this computation.

5.1.5. Implementation of Pairwise Comparison of the alternatives

For the pairwise comparison of the alternatives in relation to the each of the sub-criteria, two
alternatives were considered for the building material. They are wood and red brick (clay).
These options are partly hypothetical as more information regarding the choice of building
materials could not be acquired. Due to time restriction, the project had to carry on with

these two choices of alternatives.

With the available data, the decision makers were required to compare these two alternatives
with respect to each of the sub-criteria and the tables below give details of these comparisons.
The comparison was based on the assumption that both materials went through a sustainable

form of processing during their manufacturing stage.

Table 26. Climate change (E1) Table 27. Water and Soil (E2)

El Wood | Red brick | Weight E2 Wood | Red brick | Weight

Wood 1,000 | 5,384 0,843 Wood 1,000 | 4,880 0,830

Red brick | 0,186 | 1,000 0,157 Red brick | 0,205 | 1,000 0,170
C.1.=0,00 R.1. =0,00 C.R.=0,00 C.1.=0,00 R.l.=0,00 C.R.=0,00

Table 28. Low toxicity of building materials (E3)

Table 29. Materials resource depletion (E4)

E3 Wood | Red brick | Weight E4 Wood | Red brick | Weight

Wood 1,000 | 3,270 0,766 Wood 1,000 | 2,783 0,736

Red brick | 0,306 | 1,000 0,234 Red brick | 0,359 1,000 0,264
C.1.=0,00 R.l. = 0,00 C.R.=0,00 C.1.=0,00 R.l. = 0,00 C.R.=0,00

Table 30. Environmental Statutory Compliance (E5)

Table 31. Renewable energy utilisation (R1)

E5 Wood | Red brick | Weight R1 Wood | Red brick | Weight

Wood 1,000 | 2,060 0,673 Wood 1,000 | 2,115 0,679

Red brick | 0,485 | 1,000 0,327 Red brick | 0,473 | 1,000 0,321
C.1.=0,00 R.1. =0,00 C.R.=0,00 C.1.=0,00 R.l.=0,00 C.R.=0,00



Table 32. Water availability and management (R2)

R2 Wood | Red brick | Weight
Wood 1,000 | 5,958 0,856
Red brick | 0,168 | 1,000 0,144
C.1.=0,00 R.I.=0,00 C.R.=0,00
Table 34. Structural lifecycle (T1)
T1 Wood | Red brick | Weight
Wood 1,000 | 3,600 0,783
Red brick | 0,278 | 1,000 0,217
C.1.=0,00 R.I.=0,00 C.R.=0,00
Table 36. Accessibility (T3)
T3 Wood | Red brick | Weight
Wood 1,000 | 1,351 0,575
Red brick | 0,740 | 1,000 0,425
C.1.=0,00 R.I.=0,00 C.R.=0,00

Table 38. Maintenance/operation cost (L1)
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Table 33. Sustainable material use (R3)

L1 Wood | Red brick | Weight
Wood 1,000 | 2,449 0,710
Red brick | 0,408 | 1,000 0,290
C.1.=0,00 R.1.=0,00 C.R.=0,00
Table 40. Disposal cost (L3)
L3 Wood | Red brick | Weight
Wood 1,000 | 5,916 0,855
Red brick | 0,169 | 1,000 0,145
C.1.=0,00 R.1.=0,00 C.R.=0,00
Table 42. Heritage and Cultural identity (S2)
S2 Wood | Red brick | Weight
Wood 1,000 | 1,000 0,500
Red brick | 1,000 | 1,000 0,500
C.1.=0,00 R.1.=0,00 C.R.=0,00

R3 Wood | Red brick | Weight
Wood 1,000 | 5,958 0,856
Red brick | 0,168 | 1,000 0,144
C.1.=0,00 R.l. =0,00 C.R.=0,00
Table 35. Functionality and flexibility (T2)
T2 Wood | Red brick | Weight
Wood 1,000 | 6,514 0,867
Red brick | 0,154 1,000 0,133
C.1.=0,00 R.l.=0,00 C.R.=0,00
Table 37. Indoor air quality (T4)
T4 Wood | Red brick | Weight
Wood 1,000 | 6,422 0,865
Red brick | 0,156 | 1,000 0,135
C.1.=0,00 R.l. = 0,00 C.R.=0,00
Table 39. Initial cost (L2)
L2 Wood | Red brick | Weight
Wood 1,000 | 0,485 0,327
Red brick | 2,060 | 1,000 0,673
C.1.=0,00 R.l.=0,00 C.R.=0,00
Table 41. Health and safety (S1)
S1 Wood | Red brick | Weight
Wood 1,000 | 3,807 0,792
Red brick | 0,263 | 1,000 0,208
C.1.=0,00 R.l. = 0,00 C.R.=0,00
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5.2. Integrating Results

The next step after deriving the weights for each of the main criteria, sub-criteria and
alternatives will be integrating the results generated in order to obtain the sustainability
index. Afterwards, both alternative will be ranked according to the score of their

sustainability index.

For this study, the option of using wood as a building material ranked higher than redbrick
with an overall priority weight of 0,759. However, this does not mean wood is more
sustainable than redbrick in all situations, but overall result is based on the preference of the
experts involved in the pairwise comparison process which subsequently ranked wood
higher. Microsoft Excel was used in integrating these results for transparency purposes and

the integrated results can be found in the table below.



Main Local Sub criterion Local Local weight of alternatives | Global weight of alternatives
criterion weight weight (2) | (3)
1
Wood Red brick | Wood Red brick
Environmental | 0,098 Climate change 0,069 0,843 0,157 0,006? 0,001
impact Water and soil pollution 0,436 0,830 0,170 0,036 0,007
Low toxicity of building materials 0,173 0,766 0,234 0,013 0,004
Materials resource depletion 0,188 0,736 0,264 0,014 0,005
Environmental statutory compliance 0,134 0,673 0,327 0,009 0,004
Resource 0,208 Renewable energy technology 0,447 0,679 0,321 0,063 0,030
efficiency Water availability and management 0,296 0,856 0,144 0,053 0,009
Sustainable material use 0,257 0,856 0,144 0,046 0,008
Technicality | 0,233 Structural life cycle 0,141 0,783 0,217 0,026 0,007
Functionality and flexibility 0,399 0,867 0,133 0,081 0,012
Accessibility 0,149 0,575 0,425 0,020 0,015
Indoor air quality 0,311 0,865 0,135 0,063 0,010
Life-cycle cost | 0,116 Maintenance/Operation cost 0,615 0,710 0,290 0,051 0,021
Initial cost 0,276 0,327 0,673 0,010 0,022
Disposal cost 0,110 0,855 0,145 0,011 0,002
Socio-cultural | 0,345 Health and safety 0,873 0,792 0,208 0,239 0,063
value Heritage and cultural identity 0,127 0,500 0,500 0,022 0,022
Summation 1,000 Sustainability index 0,759 0,241
Ranking 1 2
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2 The global weight of is derived by multiplying the local weight of the main criterion (environmental impact), local weight of climate change and local weight of wood

alternative: 0,098*0,069*0,843 = 0,006. The rest of the global weight was found through this computation.
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5.3.Validating the calculation model

According to Fellows and Liu, “in validating a model, the model’s output resulting from
known inputs is compared to realisations of the reality.” The main aim of validating a model
is to have a comprehensive insight of the model’s effectiveness, limitations and suitability.
Thus, effective validation of a model makes it more valuable. (Fellows and Liu 2008, 117-
118.)

Furthermore, the significance of validation in research is considered to have many
perspective to it, and multiple validation strategies are recommended when validating a
model. Some of these strategies include; repeated observation and extended engagement in
the field for familiarity purposes and check for distortions, peer review, clarifying researcher
bias, and external audits among others. (Creswell 2013a, 244, 250-251.)

These validation approaches can either be subjective or objective. According to Sargent
2005, there are four approaches in validating a model which include; validity of the model
to be determined by the model development team, involving a third party in determining the
validity of the model and this usually involves a large-scale development, complete
evaluation and verification which can also be costly and time intensive, and finally, using a

scoring model to determine validity. (Sargent 2005, 131.)

As it can be seen from section 5.2, using wood and red brick alternatives (for testing
purposes) show that the calculation model is able to determine the alternative that ranks
higher in sustainability based on its sustainability index. In order to validate the model,
validation is carried out based on expert opinion of the team involved in development of the
model. This was achieved by assessing the practicability of the model in terms of
transparency, robustness, simplicity of usage, and appropriateness. Also sensitivity analysis
was conducted by varying the input values to determine the effect it will cause on the output

result.

5.4.Limitations

Due to time constraints, the questionnaires could not be piloted to test the questions asked.
However, discussions and reviewing of the questions with my supervisor provided a more
experienced and research-oriented view of the questions which can also be considered an
alternative means to a pilot survey. Also, due to low response in the questionnaires sent,

factor analysis could not be conducted on the results of the questionnaire. As a result,
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brainstorming processes were carried out which aided in regrouping the criteria to reduce

redundant and repetitive criterions.

Similarly, the sustainability criteria identified in this study are quite specific to project type.
Therefore, there may be need to modify or update the model for additional criteria for other
project types. Furthermore, due to unavailability of needed data, the data eventually used
were for hypothesis purposes in order to test the calculation model. As a result, the results
generated were hypothetical and mainly to test the practicality of the model and also to verify
and validate the model.

However, it is to be noted that these limitations did not detract from the significance of the

study.

6. SUMMARY AND CONCLUSIONS

This chapter gives the summary and concluding remarks of the whole study. The main aim
of this study was to develop a multi-criteria calculation model for sustainability assessment
and ranking of sustainability options with respect to a modular school. To accomplish this
aim, a critical analysis of the environmental problems associated with buildings and the
construction sector was conducted. Subsequently, sustainable assessment methods were
looked into to have a better insight into the ways in which sustainable practices are
incorporated in the building sector. Furthermore, different sustainable building assessment
tools used mainly in the building sector were examined and some of the drawbacks observed
were highlighted. The research went further into developing the calculation model and
testing its practicality which will be discussed further in the next section.

The goal of this research was to ensure sustainability practices are incorporated when
deciding on materials to be used in building process. The developed calculation model
ensures sustainability characteristics are integrated in the decision making process. This
process aids in averting the negative impacts of just taking into cognisance for instance, the
economic aspects of a project which may end up been detrimental to other aspects of the

project.
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6.1. Review of Aim and research questions
Based on the aim of the research as discussed in 1.2, and the results from the calculation
model as discussed in chapter 5, it can be concluded that the main reason for embarking on

this study has been accomplished.

Five major sustainable criteria were identified and composited to form a sustainability index
using the multi-criteria decision analysis approach and it was ensured that the composite
sustainability index encapsulated the arms of sustainable development. The scenario or
alternative with the higher sustainability index is considered more sustainable based on the
preference of the experts that conducted the pairwise comparisons and the situation that was
been considered. Therefore, the higher the sustainability index, the higher the sustainability

of the material.

Furthermore, a multi-criteria assessment was used in developing the calculation model. A
list of criteria were identified from reviewing different literatures in relation to the aim of
this research. Subsequently, the identified criteria were sent out to decision makers as a form
of questionnaire for the purpose of rating the criteria based on its importance to the project.
Afterwards, the identified criteria and sub-criteria were further regrouped and reorganised
to avoid repetition and redundancy. The five major criteria that were eventually concluded
on are; environmental impact, resource efficiency, technicality, life-cycle cost, and socio-
cultural value. As a result, these criteria were put together to form the composite

sustainability index.

Furthermore, the criteria were assessed based on their completeness, redundancy,
operationality, applicability, transparency, and practicability. This is discussed in details in
chapter 4. This was to ensure the criteria were comprehensive enough when carrying out the

sustainability assessment.

Additionally, the criteria were mainly evaluated by using the analytical hierarchal process
(AHP) developed by Thomas Saaty. This process involves creating a hierarchal structure for
different levels of the criteria. Each level of the structure was compared against the preceding
level based on a level of importance using Saaty’s fundamental scale of absolute numbers.
This process was discussed in detail in chapter 4 and 5. The evaluation was carried out and

the material (alternative) with the highest sustainability index was ranked the highest.
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The model was tested for effectiveness by considering two material alternatives. The results
generated showed that model was practical when aggregating the different major criteria into
one composite criteria which aided in ease of decision making when ranking the alternative

with the highest sustainability.

This model has been designed for easy modification in the future, which is needed for ease

of tailoring the model to specific situations.



76

REFERENCES

Abdalla, G., Maas, G., Huyghe, J. and Oostra, M., 2011. Criticism on environmental assessment
tools. International Proceedings of Chemical, Biological and Environmental
Engineering, 6, pp.443-446.

Abidin, N.Z., 2010. Investigating the awareness and application of sustainable construction
concept by Malaysian developers. Habitat International, 34(4), pp.421-426.

Akadiri, O. P., 2011. Development of a Multi-criteria approach for the selection of sustainable
materials for building projects. Doctoral dissertation. University of Wolverhampton.

Asif, M., Muneer, T. and Kelley, R., 2007. Life cycle assessment: a case study of a dwelling
home in Scotland. Building and environment, 42(3), pp.1391-1394.

Ali, H. H. and Al Nsairat, S. F. 2009. Developing a green building assessment tool for
developing countries Case of Jordan. Building and Environment, 44, 1053-1064.

Alyami S. 2015. The development of Sustainable Assessment Method for Saudi Arabia Built
Environment. Doctoral Dissertation. University of Reading. School of Engineering.

Barbosa, J.A., Braganga, L. and Mateus, R., 2012. Development of a sustainability assessment
tool for office buildings. Construcdo e Reabilitagdo Sustentaveis-Solucdes Eficientes
para um Mercado em Crise, pp.41-53.

Braganca, L., Mateus, R. and Koukkari, H., 2010. Building sustainability assessment.
Sustainability, 2(7.)

Braimah, N. and Ndekugri, 1., 2009. Consultants’ perceptions on construction delay analysis
methodologies. Journal of Construction Engineering and Management, 135(12),
pp.1279-1288.

BREEAM, 2014. BREEAM UK New Construction. Non-Domestic Buildings Technical
Manual. BREEAM (Building Research Establishment Environmental Assessment
Method) Garston, United Kingdom. Available online:
http://www.breeam.com/filelibrary/BREEAM%20UK%20NC%202014%20Resources/
SD5076_DRAFT_BREEAM_UK_New_Construction_2014 Technical _Manual _I1SSU

E_0.1.pdf Accessed on 9.12.2016

BREEAM, 2011a. Environmental Section Weightings. BREEAM (Building Research
Establishment Environmental Assessment Method) Garston, United Kingdom. Available
online:http://www.breeam.com/BREEAM2011SchemeDocument/Content/03_ScoringR

ating/environmental section weightings.ntm#BREEAMEnvWeighting Accessed on
09.01.2017.



http://www.breeam.com/filelibrary/BREEAM%20UK%20NC%202014%20Resources/SD5076_DRAFT_BREEAM_UK_New_Construction_2014_Technical_Manual_ISSUE_0.1.pdf
http://www.breeam.com/filelibrary/BREEAM%20UK%20NC%202014%20Resources/SD5076_DRAFT_BREEAM_UK_New_Construction_2014_Technical_Manual_ISSUE_0.1.pdf
http://www.breeam.com/filelibrary/BREEAM%20UK%20NC%202014%20Resources/SD5076_DRAFT_BREEAM_UK_New_Construction_2014_Technical_Manual_ISSUE_0.1.pdf
http://www.breeam.com/BREEAM2011SchemeDocument/Content/03_ScoringRating/environmental_section_weightings.htm#BREEAMEnvWeighting
http://www.breeam.com/BREEAM2011SchemeDocument/Content/03_ScoringRating/environmental_section_weightings.htm#BREEAMEnvWeighting

77

BREEAM, 2011b. Environmental Section Weightings. BREEAM (Building Research
Establishment Environmental Assessment Method) Garston, United Kingdom. Available
online:http://www.breeam.com/BREEAM2011SchemeDocument/Content/03_ScoringR

ating/scoring.htm Accessed on 09.01.2017.
BREEAM, 2016. BREEAM at a glance. BREEAM (BRE — Building Research Establishment

Building Research Establishment Environmental Assessment Method) Garston, United
Kingdom. Available online: http://www.breeam.com Accessed on 09.01.2017.

Chang, K.F., Chiang, C.M. and Chou, P.C., 2007. Adapting aspects of GBTool 2005—
searching for suitability in Taiwan. Building and Environment, 42(1), pp.310-316.

Chileshe, N. and Dzisi, E., 2012. Benefits and barriers of construction health and safety
management (HSM) perceptions of practitioners within design organisations. Journal of
Engineering, Design and Technology, 10(2), pp.276-298.

CIB 1999. Agenda 21 on Sustainable Construction. CIB Report Publication 237. Conseil
International du Batiment.

Cole, R.J., 2005. Building environmental assessment methods: redefining intentions and roles.
Building Research & Information, 33(5), pp.455-467.

Cole, R.J., 2006. Shared markets: coexisting building environmental assessment methods.
Building Research & Information, 34(4), pp.357-371.

Cole, R.J. and Jose Valdebenito, M., 2013. The importation of building environmental
certification systems: international usages of BREEAM and LEED. Building Research &
Information, 41(6), pp.662-676.

Cooper, 1. 1999. Which focus for building assessment methods environmental performance or
sustainability? Building Research & Information, 27, 321-331.

Creswell, J. W., 2013a. Qualitative inquiry and research design: Choosing among five
approaches. Sage publications.

Creswell, J. W., 2013b. Research design: Qualitative, quantitative, and mixed methods
approaches. Sage publications.

Department of the Environment, Transport and the Regions (DETR) 1998. Opportunities for
change: sustainable construction, Department of the Environment, Transport and the
Regions, DETR, London.

Department of the Environment, Transport and the Regions (DETR) 2000. Building a Better
Quality of Life-A Strategy for More Sustainable Construction. London, 2000. Available

online: www.etn-presco.net/library/Sus cons.pdf Accessed on 20.12.2016.



http://www.breeam.com/BREEAM2011SchemeDocument/Content/03_ScoringRating/scoring.htm%20Accessed%20on%2009.01.2017
http://www.breeam.com/BREEAM2011SchemeDocument/Content/03_ScoringRating/scoring.htm%20Accessed%20on%2009.01.2017
http://www.breeam.com/why-breeam
http://www.etn-presco.net/library/Sus_cons.pdf

78

Devuyst, D., Hens, L. and De Lannoy, W., 2001. How green is the city? Sustainability
assessment and the management of urban environments. Columbia University Press.

Ding, G.K.C., 2004. The development of a multi-criteria approach for the measurement of
sustainable performance for built projects and facilities. (Doctoral dissertation)

Ding 2008. Sustainable construction. The role of environmental assessment tools. Journal of
Environmental Management, 86, 451-464.

Dixon, W., 2010. The Impacts of Construction and the Built Environment. WILLMOTT
DIXON, Perry Bar.

Dodgson, J.S., Spackman, M., Pearman, A. And Phillips, L.D., 2009. Multi-criteria analysis: a
manual. Available online: http://eprints.Ise.ac.uk/12761/1/Multi-criteria_Analysis.pdf
Accessed on 7.12.2016.

Ellen Macarthur Foundation. 2013. Towards a circular economy. Economic and business

rationale for an accelerated transition. Accessed on 2.12.2016.

Fellows, R.F. and Liu, A.M.M., 2008. Research Methods for Construction.

Foxon, T.J., Mcllkenny, G., Gilmour, D., Oltean-Dumbrava, C., Souter, N., Ashley, R., Butler,
D., Pearson, P., Jowitt, P. and Moir, J., 2002. Sustainability criteria for decision support
in the UK water industry. Journal of Environmental Planning and Management, 45(2),
pp.285-301.

Halliday, S. 2008. Sustainable Construction Butterworth Heinemann, London.

Holt, G.D., 2014. Asking questions, analysing answers: relative importance revisited.
Construction Innovation, 14(1), pp.2-16.

Holton, 1., Glass, J. And Price, A., 2008. Developing a successful sector sustainability strategy:
six lessons from the UK construction products industry. Corporate Social Responsibility
and Environmental Management, 15(1), pp.29-42.

Horvat, M. and Fazio, P., 2005. Comparative review of existing certification programs and
performance assessment tools for residential buildings. Architectural science review,
48(1), pp.69-80.

IBEC, 2016. IBEC- Institute for Builiding Environment and Energy Conservation, Japan.
CASBEE (Comprehensive Assessment System for Building Environment Efficiency) Basic
Concept. Available online: http://www.ibec.or.jp/CASBEE/english/basicconceptE.htm
Accessed on 09.01.2017.

IISBE 2016. iiSBE — International Initiative for a Sustainable Built Environment. SBTool.

Available online: http://www.iisbe.org/sbmethod Accessed on 10.1.2017.



http://eprints.lse.ac.uk/12761/1/Multi-criteria_Analysis.pdf%20%20%20Accessed%20on%207.12.2016
http://eprints.lse.ac.uk/12761/1/Multi-criteria_Analysis.pdf%20%20%20Accessed%20on%207.12.2016
http://www.ibec.or.jp/CASBEE/english/basicconceptE.htm
http://www.iisbe.org/sbmethod

79

Ishizaka, A. and Nemery, P., 2013. Multi-criteria decision analysis: methods and software.
John Wiley & Sons.

Johnson, JW. and LeBreton, J.M., 2004. History and use of relative importance indices in
organizational research. Organizational Research Methods, 7(3), pp.238-257.

Kohler, N., 1999. The relevance of Green Building Challenge: an observer's perspective.
Building Research & Information, 27(4-5), pp.309-320. Available online:
http://www.tandfonline.com/doi/pdf/10.1080/096132199369426?need Access=true
Accessed on 7.12.2016.

LEED, 2016. LEED for building design + construction. A fresh start to sustainability. Available
online: http://leed.usgbc.org/bd-c.html Accessed on 09.01.2017.

Loforte Ribeiro, F. and Timéteo Fernandes, M., 2010. Exploring agile methods in construction
small and medium enterprises: a case study. Journal of Enterprise Information
Management, 23(2), pp.161-180.

Mateus, R. and Braganga, L., 2011. Sustainability assessment and rating of buildings:
Developing the methodology SBTool PT-H. Building and Environment, 46(10),
pp.1962-1971.

Nijkamp, P., Rietveld, P. and Voogd, H., 2013. Multicriteria evaluation in physical planning
(Vol. 185.) Elsevier.

Othman, A.A., Hassan, T.M. and Pasquire, C.L., 2005. Analysis of factors that drive brief
development in construction. Engineering, Construction and Architectural Management,
12(1), pp.69-87.

Pakzad, P. and Osmond, P., 2016. Developing a sustainability indicator set for measuring green
infrastructure performance. Procedia-Social and Behavioral Sciences, 216, pp.68-79.

Paudel, S., Elmtiri, M., Kling, W. L., Le Corre, O. & Lacarriere, B. 2014. Pseudo dynamic
transitional modelling of building heating energy demand using artificial neural network.
Energy and Buildings. Available online:
https://pure.tue.nl/ws/files/4012718/1131816279447122.pdf Accessed on 30.11.2016.

Reed, T.J., Clouston, P.L., Hoque, S. and Fisette, P.R., 2010. An analysis of LEED and
BREEAM assessment methods for educational institutions. Journal of Green Building,
5(1), pp.132-154.

Saaty, T.L., 1977. A scaling method for priorities in hierarchical structures. Journal of

mathematical psychology, 15(3), pp.234-281.


http://www.tandfonline.com/doi/pdf/10.1080/096132199369426?needAccess=true
http://leed.usgbc.org/bd-c.html
https://pure.tue.nl/ws/files/4012718/1131816279447122.pdf

80

Saaty, T.L., 2000. Fundamentals of decision making and priority theory with the analytic
hierarchy process (Vol. 6.) Rws Publications.

Saaty, T.L., 2008. Decision making with the analytic hierarchy process. International journal
of services sciences, 1(1), pp.83-98.

Saaty, T.L. and Vargas, L.G., 2012a. Models, methods, concepts & applications of the analytic
hierarchy process (Vol. 175.) Springer Science & Business Media.

Saaty, T.L. and Vargas, L.G., 2012b. The possibility of group choice: pairwise comparisons
and merging functions. Social Choice and Welfare, 38(3), pp.481-496.

Sala, S., Ciuffo, B. and Nijkamp, P., 2015. A systemic framework for sustainability assessment.
Ecological Economics, 119, pp.314-325.

Sargent, R.G., 2005, December. Verification and validation of simulation models. In
Proceedings of the 37th conference on Winter simulation (pp. 130-143). winter
simulation conference.

Singh, R.K., Murty, H.R., Gupta, S.K. and Dikshit, A.K., 2007. Development of composite
sustainability performance index for steel industry. Ecological Indicators, 7(3), pp.565-
588.

Tam, C.M., Tam, V.W.Y. & Zeng, S.X., 2002. ‘Environmental performance evaluation (EPE)
for construction’, in Building Research and Information, Vol. 30, No. 5, pp. 349-361.

Wang, J.J., Jing, Y.Y., Zhang, C.F. and Zhao, J.H., 2009. Review on multi-criteria decision
analysis aid in sustainable energy decision-making. Renewable and Sustainable Energy
Reviews, 13(9), pp.2263-2278.

Srinivasan, R.S., Braham, W.W., Campbell, D.E. and Curcija, D.C., 2011. Sustainability
Assessment Frameworks, Evaluation Tools and Metrics for Buildings and Its
Environment-A Review. In Proceedings of Building Simulation: 12th Conference of Intl
Building Performance Simulation Association, 2011, Sydney.

USGBC 2016. USGBC homepage, Available online: http://www.usgbc.org/about Accessed on
09.01.2017.

Wong, S.-C. and Abe, N. 2014. Stakeholders' perspectives of a building environmental
assessment method: The case of CASBEE. Building and Environment, 82, 502-5



http://www.usgbc.org/about

APPENDICES
APPENDIX I: Cover letter for questionnaire

Dear Sir/Madam,

Lappeenranta University of Technology is one of the partner Universities participating in
the project 'Sustainable Education Design' and | am one of the team members. The project
I am working on is aiming to develop a calculation model for a sustainable education

design for sustainability assessment purposes.

Assessment criteria for buildings have been chosen from acclaimed building environmental
assessment methods and also from academic journals. The study will be making use of
Delphi Technique and consequently Analytical Hierarchy process as tools for data
collection. The main purpose of utilising these techniques is to acquire a consensus opinion
of experts' with regard to the applicability of the chosen building assessment criteria.

Completion of the questionnaire should take some few minutes and all information

submitted will be treated as confidential and for research purposes only.

Kindly add in your suggestions if you feel there are some criteria missing.
Your contribution is very critical to the success of this study and will be very much

appreciated. Thank you for participation!

Yours Sincerely,

Mariam Abdulkareem

Masters student

Department of Sustainability Science
LUT School of Energy Technology
Lappeenranta University of Technology



APPENDIX II: Questionnaire

1. ENVIRONMENTAL IMPACT
Due to climate change issues and consequently natural disasters. the need to have reduced environmental pollution is pertinent.
Therefore, for assessment purposes, the following listed factors will be considered for the environmental impact a school

building construction will cause.

Please indicate the level of importance of the assessment criteria for a school building.

Mot Applicable Mot Important Somewhat Important Moderately Important Extremely Important

Climate change (CO2 emissions)
Emissions to air, water and soil
Low toxicity of building materials
Materials Resource depletion

Construction waste management

Use of recycled materials for
construction

Environmental statutory
compliance (adherence to local
regulation}

Other (please specify)




2. RESOURCE OPTIMISATION

This aims at efficient use of resources while also taking into consideration the environment for the purpose of reducing the rate

of resource depletion.

Please indicate the level of importance of the assessment criteria for a school building.

Energy saving and thermal
insulation

Renewable energy technology
Electricity usage sub-metering
Potable water use

Grey water recycling

Rain water harvesting

Water fixture and conservation
strategy

Use of local materials

Material with low environmental

impact use

Other (please specify)

Mot Applicable

Mot Important

Somewhat Important

Moderately Important

Extremely Important



3. TECHNICALITY
There are some needed characteristics that aid in higher quality of operation of the building. These characteristics may have an

indirect effect on resource consumption and also on the indoor quality of the building.

Please indicate the level of importance of the assessment criteria for a school building.
Mot Applicable Mot Important Somewhat Important Moderately Important Extremely Important

Maintainability of building
Efficient infrastructure
Life expectancy of building

Fire resistance

Functionality and flexibility of
building

Durability and Reliability of
building

Ease of construction
Accessibility

Indoor air quality

Other (please specify)




4. SOCIO-ECONOMIC VALUE
This assessment is set to assess different factors of the socio-cultural aspect with regard to protecting the occupants of the

modular structure from toxic substances that can be emitted from indoor materials as well as contamination that may occur

from an imbalance of humidity and temperature levels.

Please indicate the level of importance of the assessment criteria for a school building.
Not Applicable Mot Impaortant Somewhat Important Moderately Important Extremely Important

Health and safety

Aesthetics

Heritage/Cultural identity
Initial cost

Operation/ Maintenance cost

Disposal cost

Other (please specify)
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APPENDIX I11: PAIRWISE COMPARISONS
Part |

In this aspect, each criterion or sub criterion will be rated according to the degree of relative
importance when compared to another criterion or sub criterion. The scale below will be

utilised for this pairwise comparison.

Degree of Importance = Definition

1 Criteria " and j’ are of equal importance.

3 Criteria i’ has a moderate importance over §’

5 Criteria i’ has a strong importance over j’

7 Criteria i’ has a very strong or demonstrated importance over j’
9 Criteria 7’ has an absolute importance over 7’

2,4.6,8 Intermediate values between two adjacent degrees of importance
Reciprocals Criteria ‘i’ has a lower importance than 7~

Any criterion can be scaled from 1-9 if they are considered of equal importance, moderated
importance to extreme importance and so on. However, if a criteria is less important, then the
inverse of the scale (e.g. 1/5, 1/7...) is used.

From the table above, when two criteria are equally important, a score of ‘1’ is given and this
usually occurs when a criteria is compared to itself whereas if one criteria is moderately
important than another, a score of ‘3’ is given and so on. An example is shown in the table
below.

Example of Pairwise comparison

Main criteria Environmental Technical Socio-economic
Environmental 1 3 1/5

Technical 1/3 1 2
Socio-economic 5 1/2 1

As seen, environmental criterion is moderately important than technical, therefore ‘3” is written
and socio-economic criteria has strong importance than environmental criteria, therefore ‘5’ is
written. Technical criterion is considered moderately less important than environmental
criterion, therefore, it is scaled ‘1/3’. Also, when environment is compared to socio-economic,
it is scaled ‘1/5 as environmental criteria is strongly less important than the socio-economic
criterion.

The pairwise comparison can be found below:
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Kindly fill in questionnaire patiently to enable achieve an acceptable level of consistency as lack of consistency may require a refill of the

questionnaire.

Pairwise comparison of main criteria

Select the degree of relative importance of one main criterion compared to another criteria with respect to the goal (Ranking and selection of

the most sustainable option for a modular school design) of the project

Sustainable modular Environmental impact Resource efficiency | Technicality Life cycle cost Socio-cultural value
School design

Environmental impact 1

Resource efficiency 1

Technicality 1

Life cycle cost

Socio-cultural value

Environmental impact: Comprises climate change, emissions to water and soil, toxicity of building materials, waste management ...

Resource efficiency: comprises renewable energy, energy saving and thermal insulation, water availability and management ...

Technicality: includes structural lifecycle of building, functionality and flexibility, accessibility, indoor air quality...

Lifecycle cost: includes operation and maintenance cost, initial cost and disposal cost.

Socio-cultural value: include health and safety of occupants, building aesthetics, heritage and cultural identity.




Pairwise comparison of Sub criteria

Select the degree of relative importance of a sub criterion when compared to another sub criterion with respect to the Environmental impact

compliance

Environmental Impact | Climate change | Water and soil Low toxicity of Materials Environmental
(global) pollution building materials | pasource statutory
(local) . .
depletion compliance
Climate change 1
Water and soil pollution 1
Low toxicity of building 1
materials
Materials Resource 1
depletion
Environmental statutory 1

Climate change: increase in atmospheric carbon dioxide due to fossil fuels usage

Water and soil pollution: these are construction emissions that lead to air, water and soil pollution.

Low toxicity of building materials: Limiting the use of toxic materials in construction of the building

Materials resource depletion: includes overconsumption of materials resource such as water, fossil fuels during construction

Environmental statutory compliance: conforming to local environmental laws and standards and requirements such as site permits to

operate.

Vil



Pairwise comparison of Resource optimisation
Select the degree of relative importance of a sub criterion when compared to another sub criterion with respect to Resource efficiency

Resource efficiency Renewable energy Water availability and | Sustainable material use
technology management

Renewable energy technology 1

Water availability and 1

management

Sustainable material use 1

Renewable energy and technology: energy collected from renewable sources such as solar, wind, etc.
Water availability and management: water supply during construction and the use phase of building. It also includes distribution of water

for consumption purposes
Sustainable material use: this is using and reusing of materials in a more productive manner over their entire lifecycles



Select the degree of relative importance of a sub criterion when compared to another sub criterion with respect to Technicality of the building

Technicality Structural life cycle Functionality and Accessibility Indoor air quality
flexibility

Structural life cycle 1

Functionality and flexibility 1

Accessibility 1

Indoor air quality 1

Structural lifecycle: this is the ability of the building to perform according to structural requirements based on intended purpose, possible
with necessary maintenance but without major repair

Functionality and flexibility: ability of a building to perform its function and meet demands of users. It also includes the ability to adjust the
building according to demands and wishes of the users

Accessibility: this include easy access to the building by users which can be in terms of location of building and also ease of access for the

disabled

Indoor air quality: this is air quality within and around the building as it relates to the health and comfort of the occupants



Select the degree of relative importance of a sub criterion when compared to another sub criterion with respect to the Socio-cultural value

Socio-cultural Health and Safety Heritage/cultural
value identity

Health and Safety 1

Heritage/cultural 1

identity

Health and safety: ensure there are procedures in place to prevent accident or injury in the building environment

Heritage/cultural identity: includes making the building a part of the community. E.g. by relating some aspects of the building to the
ethnicity

Select the degree of relative importance of a sub criterion when compared to another sub criterion with respect to the life cycle cost

Life cycle cost Maintenance/ Initial cost Disposal cost
Operation cost

Maintenance/ 1

Operation cost

Initial cost 1

Disposal cost 1

Maintenance/Operation cost: expenses related to the operation and maintenance of the building
Initial cost: expenses incurred during the design and construction process,

Disposal cost: this is the expense directly attributed to the disposal of the building at the end of its useful life

Xl
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Part 11
For now, the alternatives considered are wood and red brick (clay)

Therefore, a pairwise comparison will be conducted for the alternatives by comparing each of the alternative with respect to each of the sub
criterion.

Wood: “This is porous and fibrous structural tissue found in the stems and roots of trees, and other woody plants. Wood has been used as a
building material for thousands of years, being second only to stone in terms of its rich and storied history in the world of construction. This
exceptionally versatile material is commonly used to build houses, shelters and boats, but it is also extensively used in the furniture and home
decor industry as well. Perhaps one of the biggest advantages of using wood as a building material is that it is a natural resource, making it
readily available and economically feasible”.

Red-brick: “This is a building material used to make walls, pavements and other elements in masonry construction. Traditionally, the term
brick referred to a unit composed of clay, but it is now used to denote any rectangular units laid in mortar. A brick can be composed of clay-
bearing soil, sand, and lime, or concrete materials. Bricks are produced in numerous classes, types, materials, and sizes which vary with region
and time period, and are produced in bulk quantities. Two basic categories of bricks are fired and non-fired bricks”.
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Climate change Wood Red Brick
Wood 1

Red brick 1

Low toxicity of Wood Red Brick
building materials

Wood 1

Red brick 1
Environmental Wood Red Brick
statutory

compliance

Wood 1

Red brick 1

Water availability | Wood Red Brick
and management

Wood 1

Red brick 1
Structural life Wood Red Brick
cycle

Wood 1

Red brick 1

Water and soil Wood Red Brick
pollution

Wood 1

Red brick 1
Materials resource | Wood Red Brick
depletion

Wood 1

Red brick 1
Renewable energy | Wood Red Brick
technology

Wood 1

Red brick 1
Sustainable Wood Red Brick
material use

Wood 1

Red brick 1
Functionality and | Wood Red Brick
flexibility

Wood 1

Red brick 1
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Indoor air quality | Wood Red Brick
Wood 1

Red brick 1

Initial cost Wood Red Brick
Wood 1

Red brick 1

Health and safety | Wood Red Brick
Wood 1

Red brick 1

Accessibility Wood Red Brick
Wood 1

Red brick 1
Maintenance / Wood Red Brick
Operation cost

Wood 1

Red brick 1
Disposal cost Wood Red Brick
Wood 1

Red brick 1
Heritage and Wood Red Brick
cultural identity

Wood 1

Red brick 1




