
 
 

 

                                                                                                                                      

 

      Sustainable Building Services Systems Management 

 

Thesis submitted to the UCL Bartlett Faculty of Built 

Environment, School of Construction and Project  

Management, for the award of Doctor of Philosophy,  

PhD in Management of Projects 

 

University College London 

 

 

2013 

 

By 

 

Okon, Bassey Bassey (843368) 

 

                                  Supervisor: Dr. Taha Elhag



              Bassey B. Okon                                                                                           Declaration 

 
2 

 

Declaration 
 

Programme: Management of Projects (PhD) 

 

Supervisor: Dr. Taha Elhag 

                      

 

I, Bassey Bassey Okon confirm that the work presented in this thesis is my own. Where 

information has been derived from other sources, I confirm that this has been indicated 

in this thesis. 

 

I, confirm that I have read and understood the guidelines on plagiarism, that I 

understand the meaning of plagiarism and that I may be penalised for submitting work 

that has been plagiarised. 

 

I declare that all material presented in the accompanying thesis is entirely my own work 

except where explicitly and individually indicated and that all sources used in its 

preparation and all quotations are clearly cited. 

 

I have submitted an electronic copy of this thesis through turnitin. Should this statement 

prove to be untrue, I recognise the right of the Board of Examiners to recommend what 

action should be taken in line with UCLôs regulations. 

 

 

Signature:                                                                             Date:  
 

 

 

 



              Bassey B. Okon                                                                                  Abstract 

 
3 

 

Abstract 
 

The rapid expansion in the construction industry worldwide has placed more pressure 

on the available natural resources, as the various construction activities and the services 

they require, increasingly draw on supplies of water and energy. The provision of these 

utilities and their continual maintenance activites within a building, promote human 

daily sustenance, and economic development generally, but the exploitation of these 

resources, their environmental impact, socio-economic implications, and sustainability, 

all necessitate proper management. Indeed, sustainability has now become the 

cornerstone for effective building services infrastructure and building construction 

management. It is against this backdrop that this study, which focuses on building 

services infrastructure and construction activities management, is set. 

 

The study aims to integrate the sustainability agenda in this context as a basis for 

achieving sustainable development goals. Increasingly, building services infrastructure 

processes and the interdisciplinary engineering fields cannot operate optimally without 

the incorporation of the sustainability agenda as a core management consideration. In 

pursuit of its aims, the study has employed various theoretical propositions, suitable 

methods, and frameworks, all aimed at addressing the sustainability issues as a way 

forward. The current technologies and management techniques related to building 

management do already offer sustainable and good quality service delivery, but the 

findings from this study have yielded value added contributions capable of promoting 

greater success in the drive for sustainability, by employing the sustainable engineering 

infrastructure (SEI) model, sustainability index matrix (SIM), and partial differential 

equation techniques. The SEI model was used in evaluating building services 

infrastructure characteristics within the UK and Nigeria in the study phases Iï IV, and 

the outcomes are presented. 

 

Life cycle assessment (LCA) and life cycle costs (LCC) methods were also applied to 

examine building services infrastructure systems and their performance in the study 

phase V. The LCA phase in this study considered ten environmental impacts during the 

construction, operation (use), maintenance, and the end-of-life phases of six buildings.  
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The LCC technique appraised the use of construction materials, water, energy, and 

utilities to avoid duplication that leads to unnecessary costs in the aforementioned 

phases of buildings. The results of the different analyses are presented. Energy and 

utilities usage, together with carbon footprint management evaluation in both the 

healthcare and education sectors in the UK are also shown in the study phase VI. In 

appraising these scenarios, the partial differential equation method was adopted, 

generating results for the healthcare and education sectors of 0.74 and 0.62 respectively, 

which expresses a good degree of reliability of performance within these two particular 

contexts. In phase VII of the study, interviews with experts from academia and industry 

have corroborated the evidence secured from other phases of the research. 

 

There is also a novel discovery in this study, in its use of the SIM function which is able 

to provide a corresponding sustainability index result for buildings/facilities 

performance in respect of critical and strategic management decisions. The SIM has 

defined the sustainability index from probability theory within the limits of 0 Ò Suv Ò 1 

for any given system function. The SIM and SEI models have been applied within some 

phases in this study based on the acquired data and the results are indicated. 

Additionally, there is a proposed algorithmic project life cycle framework with an 

allowance for either on/offsite recycling processes in managing building infrastructure 

challenges.  

 

In its scope, the study focuses on buildings (facilities) only, since the non-integration of 

sustainability ethics represents the major challenge undermining the building services 

infrastructure success. With this focus in mind, this study has delivered improved 

knowledge and understanding of the proper applications and management of building 

services infrastructure systems. This has been underpinned by the three themes of 

sustainable development for the present and future generations. 

 

Keywords: Building (facility) services systems, carbon footprint, energy and utili ties 

management, engineering sustainability, environmental impact assessment, LCA, LCC, 

sustainable building, sustainable development, sustainability index 
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Definition of key terms 
 

The key terms as applied in this thesis are clearly defined. They include: 

 

Building services infrastructure performance: Explains the services delivery and the 

measure of the related activities to include resources use within a building (facility).    

Coefficient of Variation: Expesses the percentage difference in one variable relating 

to another variable in data analysis (Field, 2006). 

Factor: Another name for an independent variable and is typically used when 

describing experimental designs in analysis (Field, 2006). 

Frequency: Defines the number of repetitions of sample distribution in a data test.  

Matrix: Expresses a collection of numbers arranged in columns and rows. The values 

within a matrix are typically referred to as components or elements in a numerical test. 

Normalisation: Arranging sustainablity values limit to unity or sorting of variables 

for the ease of computation (Heidi et al., 2005). 

Reliability: Describes the ability of a measure to produce consistent results when the 

same entities are considered under the same conditions (Field, 2006). 

Sustainability index: Explains the ratio of the global bio-capacity of the earth to the 

ecological footprint in building infrastructure (Cleveland, 2013; Knoepfel, 2001).   

Sustainability: The practice of sustainability in this context explains the creation of 

new techniques in the exploitation of available resources to promote equitable, bearable 

and viable values with a healthy future for every individual and the planet.  

Severity Index: Explains the level of impact or influence. 

Weighting: Describes the number by which variables are multiplied in data analysis. 

The weight assigned to a variable determines the influence that the variable has within a 

mathematical equation (Field, 2006). 
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 Chapter One 
                  

1.0 Introduction to building services infrastructure systems 

          management 
 

This study overviews the management practices regarding building (facility) services 

infrastructure and building construction activities in the UK. In addition, there are also 

some comparative elements in this study between the UK and Nigerian scenarios. The 

aim of this study is to investigate the key management practices concerning the 

highlighted background activities and to address such problems with a view to 

achieving a more sustainable and good quality services delivery in buildings. The 

Chapter begins with an introduction to the general context of the research. This is 

followed with a synopsis of the situation regarding sustainability in building services 

infrastructure and building construction management practices. In this Chapter also, the 

associated management practices are assessed from the ócradle to graveô processes in 

terms of their integration of the sustainability agenda as a means to realise sustainable 

development. Additionally, this chapter presents a statement of the research problem 

with is concerned with exploring how to deliver the appropriate management practices. 

Furthermore, the Chapter contains the research questions, aim and objectives, and 

indicates the scope of study. The significance and benefits of the research are also 

considered briefly, and the way in which the thesis is structured is shown.  

 

1.1 Sustainability in building services infrastructure 
                       

The building services infrastructure utility resources and their application within the 

built environment is of great concern. Energy and water resources are the basic utilities 

commonly used in every home and all facilities around the world (Killip, 2005; NSF, 

2005; Kintner-Meryer, 1999). The sustainability of these resources is now becoming a 

topical issue in the global economy (UNFCCC, 2012; Eco Homes, 2003; Doka, 2007). 

Contemporary researchers have established that one of the greatest challenges of the 

present era is anchored on the issue of resources exploitation and sustainable 

development. But, there are huge implications of the exploitation of resources for 
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human activities (WCED, 1987; Ellis, 2007; GSGF, 2010). In this respect, BREEAM 

(2008) notes that the rapid industrialisation, as witnessed through building services 

infrastructure growth in various emerging economies worldwide, has a negative impact 

on the available resources and the environment (Bardos, et al., 2009; CIOB, 2011). 

Fundamentally: 

 

Building services infrastructure in this context spreads across water, 

wastewater, energy and utilities, heat, air-conditioning and ventilation (HVAC), fume 

extraction, fire protection and alarm systems. Additionally, elevators (lift s), waste 

management systems and information technology (IT) systems are needed for the proper 

functioning of buildings (facilities). Other building services responsibilities are the in-

house predictive, corrective and ancillary maintenance practices undertaken on the 

listed equipment within the buildings (facilities) for effective services delivery (Grigg, 

1988; Armstrong, 1987; Okon et al., 2010; ASHRAE, 2004).  

 

The overall aim in this case is to provide sustainable, economic and reliable 

management practices to support the buildings (facilities) use. However, these building 

services infrastructure practices and their development have placed the issue of resource 

availability and the environmental implications of current spread strategies at the centre 

stage in economic expansion activities (BSI, 2006; GSGF, 2010). Indeed, recent studies 

from (Cuellar and Adisa, 2011; Darby et al., 2011) have also revealed the impact of 

building services infrastructure activities. More often than not, these impacts are seen 

through the application of cooking gas, coal, fossil fuel, and oil, within the construction 

and operational (use) phases of the building. In this situation, it is noted (see ASHRAE, 

2004; Armstrong, 1987) that the release of these burnt products into the atmosphere 

means that toxins are caught up in the air, thus giving rise to the global warming threat 

(BREEAM, 2008; Smith, 2009). Consequently, some researchers have proposed the 

regulation of building services activities through the integration of the sustainability 

agenda within corporate business strategies as a means of achieving sustainable 

development goals (Welford, 2003; KPMG, 2008).  

The incorporation of the sustainability agenda into building services activities is 

tailored towards achieving best practices in the field of resource consumption (CIOB, 
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2010; CIOB, 2011; CCT, 2008), and management of the buildings with a view to 

realising sustainable development. It is in this direction that regulatory changes (KPMG, 

2008; Loosemore and Phua, 2011) concerning the social, economic and environmental 

reputation of building services infrastructure management activities could be attained 

(Epstein, 2006; Lelyveld and Woods, 2010). 

 

1.2 Sustainability in building construction  
 

In the 21st century, much emphasis has been placed on the concept of sustainability 

within building construction activities. The construction industry has been identified as 

one of the major drivers of economic development within the built environment (Oritz, 

et al., 2009; OCED, 2003) but the activities undertaken within that industry need to be 

appraised for their sustainability (Cheshire, 2007; BREEAM, 2008). In fact, Boyle, 

(2005) noted that the overall concept of sustainability relating to buildings is still poorly 

defined. However, to a large extent, the focus of sustainability is on the utilisation of 

energy in buildings. In the UK, approximately 66% of the total energy consumption is 

accounted for by buildings and building construction activities (Boyle, 2005). That said, 

Winther and Hestnes (1999), and Eaton and Amato (1998) have argued that the energy 

consumed in the operational phase of a building overshadows that of the construction 

phase. Typically, 90% of the energy is consumed in the operational phase over the 

lifespan of the building. As a result, much research has focused on sustainability and the 

reduction of energy use in respect of house and water heating (ASTM, 2002; Ashworth, 

1999; ASHRAE, 2004). 

In respect of the integration of sustainability within construction activities, Boyleôs 

(2005) study revealed that this has become imperative due to the growing concern that 

human activities are affecting global and local ecosystems (Bellandi, 2004; Sabol, 

2008). These human activities within the construction industry have severe 

environmental impacts and potentially cause permanent changes to some ecosystems 

and to natural resources generally (Lorenz, 2008; Killip, 2005). For instance, Lippiatt 

(1999) indicates that buildings consume 40% of the gravel, stone and sand, 25% of the 

timber, 40% of the energy and 16% of the water used globally per year. In the UK 

alone, it has been estimated that about 6 tons of building materials per every member of 
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the population are used annually (Cooper et al., 1997). Clearly, such statistics show the 

need for a sustainability check (Bardos, et al., 2009; Ding, 2008; CIOB, 2010). 

It is true that the principles and benefits of sustainability and other frameworks as 

applied to the construction industry have been discussed (Cheshire and Maunsell, 2007; 

BREEAM, 2008; BSI, 2008; CCT, 2008; Hill and Bowen, 1997; ISO, 1997; Dutil et al., 

2011). And it has been argued that within the context of the construction industry, 

sustainability could be promoted through corporate social responsibility (KPMG, 2008; 

Mior, 2001; Welford, 2003). In fact, this is a crucial requirement as sustainable 

practices promote value added for building construction activities in terms of their long-

term viability (Pedersen, 2006). It is noted by KPMG (2008), that the integration of 

sustainability as a corporate business strategy within the construction industry, provides 

the necessary framework for the success of building developments (Aaronson, 2009; 

Loosemore and Phua, 2011). Generally, the efforts expended in response to that strategy 

encourage building construction activities that are in harmony with the idea of 

sustainable socio-economic and environmental success (ESCAP, 2006; Clift, 2003). 

                    

1.3 Problem statement 
 

Building services infrastructure management and evaluation in contemporary society 

is very challenging. Increasingly, building services infrastructure users are finding it 

difficult to adjust to the rates of water and energy use, among other resources, at the 

same time as attempting to introduce sustainability measures (Kintner-Meyer, 1999; 

Eco Homes, 2003; ASHRAE, 2004). This study recognises the pressure associated with 

building services infrastructure and the need for sustainability, and consequently aims to 

explore the challenges, mitigating situations, and the current best practice implemented 

in the hope of a 0practical solution. There are already many studies that have considered 

the current design of building services infrastructure systems and models to incorporate 

various innovative models to promote quality of services whilst also achieving the 

economical management of utilities resources (RICS, 2010; PMPCB, 2010; DEFRA, 

2011).  

And in this study, the building construction activities are similarly appraised from 

the ócradle to graveô as found in the work of various authors (see for example, Clift and 
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Bourke, 1999; Lorenz, 2008; Clift, 2003). However, it is acknowledged, that regardless 

of the breakthroughs that have been made by the various modelling activities conducted 

by previous researchers, there remains a need for more emphasis on the expansion of 

tools that can be implemented, and on the need to create more awareness concerning the 

use of building services, and building construction activities. These challenges provide 

the rationale for examining the entire range of building management practices in order 

to arrive at possible solutions to the research problem. 

  

1.4 Aim and objectives of the research 
 

This study aims to examine the barriers to the implementation of best practices in 

managing sustainable building services systems. It focuses on the building services 

infrastructure and building construction activities within the UK and Nigeria. 

 

The main objectives of the study are as follows: 

 

¶ To identify the problems influencing sustainable infrastructure management 

practices within the building services and building construction activities. 

¶ To investigate the obstacles to the achievement of the best practices within the 

context of this study. 

¶ To appraise the current standard of performance within the building services 

infrastructure systems and management practices in both the public and private 

sectors. 

¶ To develop suitable models and frameworks for addressing problems associated 

with building services management and building construction activities.  

¶ To compare the developed models and frameworks with the existing ones and to 

verify the results using different phases of study. 

 

1.5 Research questions 
 

This study is concerned with the delivery of building services infrastructure systems 

that aim to produce sustainability within UK and Nigerian buildings (facilities). As a 

result, the following questions are formulated:  



              Bassey B. Okon                        Introduction to Building Services Infrastructure  

                                                               Systems Management 

 
35 

 

  

¶ Are building services infrastructure systems and building construction projects 

properly managed according to the sustainability criteria?  

¶ Is the concept of sustainability integrated into building services infrastructure 

systems and construction projects?  

¶ Is the sustainability agenda appropriately incorporated in both the public and 

sectors in this context? 

¶ Is it possible for clients to manage, verify and validate sustainability processes 

together with other important activities relating to building services infrastructure 

systems and building construction projects? 

¶ What are the private and public sectorsô attitudes towards integrating the concept 

of sustainability within building services infrastructure and building construction 

projects in the 21st century? 

¶ Does the awareness regarding the concept of sustainability in this context have 

any positive impact upon practical applications? 

 

1.6 Scope of the research 
 

This research reviews an extensive body of literature concerned with building 

services infrastructure, including that relating to energy, water, and wastewater among 

others, and the management practices associated with these services. The building 

construction aspect is also reviewed. This approach is necessary as the major areas of 

interest in this study centre on the current management practices and standards of 

performance associated with success in terms of sustainability. Building services 

infrastructure characteristics are considered within the UK and Nigerian scenarios. 

Additionally, the LCA and LCC among other techniques, are employed to measure the 

performance of services delivery in this study.  

Energy and utilities management and their carbon footprint within hospitals and 

schools in UK are also studied and a comparative analysis is made between the two 

sectors. An SEI model, the sustainable index matrix, and the partial differential equation 

method are also developed to verify the sustainability indices of the building services 

infrastructure studied. The existing knowledge, identification of problem areas and 
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applications are addressed in this study. Generally, the management practices within 

building services and construction projects in the UK and Nigeria are considered. 

 

         1.7 Relationship among the entire phases of study, I ï VII  
 

The study in phase I, relates to the building services infrastructure characteristics 

associated with the operation and maintenance management of commercial buildings 

(Shopping Malls) within the UK. In study phase II, construction activities are examined 

within five building construction companies in the UK. The study in phase III focuses 

on the building services infrastructure characteristics in respect of the operation and 

maintenance management within the Aluminium Smelter Company of Nigeria 

(ALSCON) facilities. In phase IV, the study addresses the building services infrastrcture 

characteristics associated with the operation and maintenance management within the 

Mobil Producing Nigeria (MPN) facilities in Nigeria.  

All the phases of this study are related in terms of their architecture, components and 

engineering design for optimum services delivery. Classically, the building services 

infrastructure characteristics in the study phases I ï IV are designed with holistically  

provide services in buildings (facilities) settings from the cradle to grave. That is, from 

the design, construction, operation (use) and maintenance stages of buildings and 

facilities (RICS, 2008; Grigg, 1988; NSF, 2005). As such, this pattern houses all the 

building services infrastructure components in the study phase V which LCA and LCC 

examined. Therefore, the environmental impact arising from the equipment and 

operation, energy and utilities use, together with their related costs can be evaluated to 

ascertain the quality of performance in buildings and facilities.  

In the case of the energy and utilities appraisal in study phase VI, the activities 

involved are within buildings and facilities as elements of the infrastructure systems. 

The energy and utilities use gradually constitutes environmental impact. Hence, the 

impact arising from energy and utilities consumption contributes towards the climate 

change threat (PMPCB, 2010; RICS, 2008; Ellis, 2007; CCT, 2008). With the 

integration of sustainability programmes into building services infrastructure and 

building construction activities as core management strategies, this problem could be 

appropriately addressed. However, such integration can only be effectively achieved 
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through suitable innovative design and construction, the installation of quality 

equipment, and the implementation of standard maintenance culture practices in study 

phases I ï V, as revealed in data from various surveys (Horner et al., 1997; Bayer et al., 

2010). The study in phase VII is also related to the other phases of the research 

activities. In phase VII of this study, structured interviews are held to evaluate the 

perception of sustainability in the current management practices and implementation 

processes in building projects. The interview findings are used to corroborate the survey 

information contained in Chapter Seven of this thesis.    

                   

         1.8 Gaps in the literature 
                      

Sustainability ethics and their incorporation within activities concerned with building 

services infrastructure, and building construction projects represent a challenge for 

building services engineers, and therefore, the entire topic requires more study.  The 

sustainability agenda is defined as meeting the needs of the present generation without 

compromising the ability of the future generation to satisfy its own needs (WCED, 

1978; UM, 2002) and this agenda has had a very significant impact across the whole 

range of different economic activities. It has been progressively noted (see for example, 

KMPG, 2008; Wood, 2006; OCED, 2003) that the sustainability agenda and its 

implementation within this context represent a paradigm shift in respect of social, 

environmental and economic activities (Yudelson, 2008; UKSC, 2006; Turner, 2006). 

The notion of the sustainability programme as requiring innovative building 

management strategies has brought much transformation into the construction sector 

over the years (Ding, 2008; Shah, 2007), and recent studies (see for example, Wood, 

2006; GSGF, 2010; Girouard, 2011; Dutil et al., 2011) can be identified in this area. 

However, so far, the studies produced have considered sustainability from a qualitative 

approach. 

 There is little or no information from researchers who have addressed impacts upon 

sustainability using quantitative methods. Furthermore, studies exploring the 

sustainability impact from quantitative approaches, are not common within this context. 

Hence, there is a lack of rigorous information concerned with the measurement of the 

sustainability impact caused by building activities in the UK and Nigerian contexts. 
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This study will concentrate on providing literature in this respect, thereby producing 

information concerning sustainability impact within building services infrastructure 

activities, which is obtained using both qualitative and quantitative methods. Recent 

studies (Okon et al., 2010; Okon and Elhag, 2012) have established the SEI model and 

sustainable infrastructure management model as implementable tools for appraising 

quantitative sustainability impact in respect of building activities goals. This study will 

also explore the sustainability drivers, policies, challenges, and the factors affecting the 

appropriate implementation of the sustainability agenda within building management. 

Moreover, various building management strategies will be considered to add valuable 

contributions to the debate about sustainable development success. 

 

1.9 Significance and benefits of the research 
  

The research outcomes are significant for a wide range of practitioners (experts) 

concerned with sustainability programmes in the general area of building services 

infrastructure and building construction activities. In particular, the benefits will be 

through the identification of management problems, characteristics, gaps, the major 

policy drivers, and the provision of implementation tools for sustainability goals. The 

indicators in respect of sustainability goals are identified through the SEI model and a 

partial differential equation method. A sustainability index matrix (SIM) is also 

established through this study as a management technique for appraising building 

services infrastructure performance. Also, a project life cycle frameworkis developed 

and applied in measuring the sustainability indices of the building projects examined in 

the study. These models are innovative management strategies aimed at supporting 

sustainable development success in this context. In the same vein, other new approaches 

towards the mitigation of building services infrastructure systems problems are 

established in this thesis. Moreover, all the phases of study address the building 

management problems in both the public and private sectors of the economy.  

Findings from this study will provide appropriate platforms for building experts 

(building services, facility managers, building contractors, architects) and financiers 

amongst others. These findings will raise awareness among both public and private 

sector clientsô of how they can employ the SEI model for sustainable building 
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management. The incorporation of the sustainable infrastructure management model 

and sustainability index matrix model will  also offer a better approach in evaluating 

building project delivery. Also, the project life cycle framework will create a 

competitive advantage in appraising the cradle to grave activities in building 

management processes. It is worthwhile to mention that this study will also deliver 

improved knowledge and understanding in respect of the integration of the 

sustainability agenda into building management activities. 

 

1.10 Structure of the thesis 
 

The structure of the thesis is illustrated in Figure 1.1. 

 

          

Figure 1.1: The structure of the thesis 

 

This study is structured into eight Chapters and the appendices. Chapter One presents 

the introduction to building services infrastructure and building construction activities 

and management. It further includes sustainability integration within the context of this 

study, the statement of the research problem, and the questions that have been 

formulated to address this. The aim and objectives of the study, scope, significance and 

benefits, together with the structure of the thesis, and an overall summary of the chapter, 

are also presented. 
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Chapter Two provides a review of the related literature and gives an introduction to 

sustainability and sustainable development in respect of building services infrastructure 

systems management. The triple bottom line (TBL) of sustainable development is also 

discussed. Again, the overall context of the study and the ecological modernisation 

regarding building services infrastructure management are examined. Corporate 

sustainability and knowledge transfer in respect of building services infrastructure 

systems management are also considered, as are the associated challenges. Sustainable 

building services infrastructure in the context of economic growth in contemporary 

society is also analysed and discussed in this Chapter. The various frameworks for 

building services infrastructure and building construction development are explored, 

and proactive measures for addressing sustainable building services infrastructure 

management and engineering are indicated as best practice. 

Chapter Three presents the research methods concerned with sustainable 

infrastructure systems management. Additionally, the design for this study is 

introduced, presented in an algorithmic flow chart which shows the sequence of the 

processes undertaken. Information regarding the surveys conducted in the different 

phases of study is also provided, and details of the pilot study, administration, feedback, 

and techniques of analysis are also given. Additionally, the Chapter includes details of 

the SEI model development and the methods used for the interviews and analysis. 

Chapter Four explores the results and discussions relating to study phases I ï IV. The 

study phases are commercial buildings (operation and maintenance), building 

construction companies, UK and ALSCON with MPN facilities in Nigeria. This 

basically addresses the findings from the examination of the characteristics of the 

building services infrastructure associated with these companies and facilities. The 

building services infrastructure in the UK contains shopping malls among other 

commercial buildings, and the building construction industry. In the Nigerian situation, 

ALSCON and MPN buildings (facilities) are examined. This Chapter also accounts for 

the sustainability index matrix used in the determination of the building services 

infrastructure performance. Results from the comparative analysis of the UK and 

Nigerian scenarios, and the sustainability indices for both cases in respect of the 
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building services infrastructure characteristics, and the management techniques that are 

used to ascertain the performance of individual organisations, are also presented.  

Chapter Five considers the results and offers a discussion concerning the LCA 

appraisal of ten environmental impacts of the infrastructure of six buildings within the 

UK, study phase V. Furthermore, the LCC evaluation of these six buildingsô 

infrastructure, and the findings from the statistical examination of the findings in this 

respect, are also reported.   

Chapter Six presents the results and a discussion of the energy and utilities 

management, together with a carbon footprint study, of the healthcare and education 

sectors within the UK. This investigation is conducted in phase VI of the study. The 

Chapter also incorporates information about the study process and data acquisition. The 

results and a discussion concerning the operation (use), maintenance and waste 

management activities within the investigated sectors are also presented. This Chapter 

includes carbon footprint management, probability analysis, sustainability index results 

and a comparative analysis through the application of a partial differential equation 

method in ascertaining building services performance. 

 Chapter Seven presents the concept of sustainability and its integration within 

building services infrastructure management as perceived by industry-specific experts 

with whom structured interviews are held. This section of the study represents phase 

VII. Also contained in this Chapter is a discussion of the relationship and the benefits 

derived from all the phases of the study.  

Chapter Eight highlights the conclusions of the study and the recommendations 

made.  It also discusses the contributions to knowledge made by the study, the 

limitations it encountered, and makes recommendations in respect of further research. 

Several appendices are attached to the thesis for reference purposes.  

 

1.11 Summary 
                   

This Chapter of the thesis has provided a detailed insight into the background to the 

study, and has given an introduction to the overall context of the research. The need for 

the integration of sustainability objectives within building services infrastructure and 

building construction projects activities has been presented, and from this, a statement 
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of the problem, the aim and objectives of the study, and the research questions 

associated with it, have been formulated. The gaps in the current literature have been 

identified, and the significance and benefits of this study are noted. In addition the way 

in which the research study is structured has been shown. It has been noted that the 

benefits of this study are specifically through its application of the SEI model and other 

strategic management methods. Furthermore, however, the other contributions made by 

the study are also noted. Having produced this background information, the necessary 

theoretical foundations of the research have been identified. 

                     



              Bassey B. Okon                   Sustainability and Sustainable Development in Building 

                                                          Services Infrastructure Systems Management 

 
43 

 

Chapter Two 
  
2.0 Sustainability and sustainable development in building 

services infrastructure systems management 
                                 

2.1 Introduction 
 

Issues relating to sustainability in the 21st century are increasingly gaining 

prominence in interdisciplinary engineering applications within building services 

infrastructure systems, sub-systems and technologies, as the aim of achieving 

sustainable development goals gathers momentum. Indeed, all economic development 

frameworks rest on sustainability for future advancement (WCED, 1987; UM, 2002). It 

therefore becomes imperative for the sustainability agenda to be incorporated within 

building services management as a core business strategy and best practice (KPMG, 

2008). This study requires the exploration of different themes as shown in Figure 2.1.  

 

 
              

Figure 2.1: The study process 

 

2.2 Sustainability and sustainable development 
 

Sustainability and its wider application is quite an innovative advancement, which, in 

part, seeks to address the poor management of existing natural resources. The recent 

application of sustainability pervades every facet of economic, material and human 

endeavours regarding the sustainable development goals (Bardos et al., 2009). More 

interestingly, Drexhage and Murphy (2010) argued that the concept of sustainability is 

perhaps best described as a measure of how well a particular endeavour is able to meet 
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these goals of sustainable development. It can also be defined as meeting the needs of 

the present without compromising the ability of future generations to satisfy their own 

needs (WCED, 1987; Elkington, 1997). Certainly, it has grown in significance across 

many business organisations. Indeed, increasingly, organisations including the 

construction industry are becoming more concerned with the impact of their business 

activities on economic, social and environmental sustainability (Elmualim et al., 2012). 

The impact of sustainability issues on building construction activities is topical and 

challenging, and consequently debates on the way forward are needed (UNFCCC, 2009; 

CIOB, 2011; Cheshire and Maunsell, 2007). The overall debate has culminated in the 

discovery of the issues and drivers that can offer guidance in relation to sustainability 

appraisal and the improvement of building construction activities to ensure sustainable 

development (Cheshire, 2007; Elmualim et al., 2012; Eco Homes, 2003). However, 

Dutil et al. (2011) argue that guidance in itself is not enough and that sustainability  

imperatives must be integrated with building management policy, and recognised as key 

ingredients (OECD, 2003). Such an approach will curtail a significant amount of the 

social, economic and environmental impact arising from building activities. Moreover, 

the compulsory integration of sustainability criteria will demand regulatory compliance 

with the recurrent issues concerning resources use and climate change (RICS, 2008; 

GSGF, 2010; GBPC, 2010; UNFCCC, 2012; Lazarus, 2005).  

In a related development, the UNFCCC (2012) argued that issues concerning the 

recurrent use of resources, and climate change (ozone depletion, pollution, ecosystem 

destruction and global warming) amongst others, can be managed through sustainability 

programmes (Rio Summit, 1992). Environmental concern about the economic and 

social outcomes of resources over-utilisation is a must if sustainable development is to 

be achieved. Nonetheless, such concern in itself is not sufficient, since as several studies 

in this context have shown, sustainable development cannot function without actual 

sustainability goals (WCED, 1987; Sattertherwaite, 2001; Pope et al., 2004; WB, 2010).  

      

2.2.1 Review of the triple bottom line of sustainable development 
 

The triple bottom line (TBL) principles of sustainable development emphasise the 

need for an inseparable framework to support sustainability goals (Elkington, 1997; 
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KPMG, 2008). Increasingly, the TBL framework in this context incorporates a highly 

inter-related and equally important relationship among the three values regarding the 

use of natural resources in building management. Furthermore, due to the significance 

of the TBL model in achieving sustainability, Hacking and Guthrie (2008) have noted 

that the framework is gradually gaining acceptability in the global building industry as a 

vehicle for realising sustainability objectives. Indeed, recently, business communities 

worldwide have adopted the TBL paradigm as a framework for corporate reporting 

practices to comply with regulatory changes, and to improve their social, economic and 

environmental reputation in respect of sustainable development goals (WCED, 1987; 

Elkington, 1997; KPMG, 2008). Figure 2.2 depicts the TBL model of sustainable 

development. 

 

 

Figure 2.2: The TBL model of sustainable development (UM, 2002: Okon et al., 

2010). 

 

In practical terms, the TBL framework expresses a set of environmental values that 

include natural resources utilisation, environmental management, and pollution 

prevention and controls (air, land waste, and water resources) (Annecke and Swilling, 

2005). Elkington (1997) includes the notion that the social set focuses on the standards 

of living, equal opportunity, community, governance, institutions, inclusion, 
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consultations, and empowerment of citizenry. The economic set outlines cost savings, 

profits, research and development, economic growth, efficiency, and stability. Within 

the sustainability model, the spheres of sustainability intersect (socio-environmental) 

values yielding a new set of sustainable engineering infrastructure (SEI) model values 

(WCED, 1987: UM, 2002; Okon et al., 2010).  

On the other hand it is maintained (Young, 1997; Elkington, 1997; UM, 2002) that 

the socio-environmental values are: environmental justice, natural resources, and 

stewardship. Moreover, where sustainability intersections occur between economic and 

social values, they can be seen to promote the equitability standards of business ethics, 

fair trades, and workers right. The intersection between environmental and economics 

values supports the viability values of energy efficiency, subsidies, and incentives 

through the use of natural resources, as shown in Figure 2.2 (UM, 2002; Okon et al., 

2010).   

However, due to the rapid industrialisation witnessed throughout the building 

industry in various emerging economies in the world, it is necessary for all available 

resources to be suitably managed. This is vital, particularly because of the human-

induced threat of global warming, and the fact that with more controls, the natural 

environment could be better protected. The TBL model is capable of integrating 

sustainability into corporate building industry strategies to achieve for sustainable 

development goals (Bardos et al., 2009; Keller, 2009). In this respect, it is valuable for 

testing sustainability practices, thus adding value to building services activities and their 

evaluation, as reported in this thesis.  

 

2.2.2 The context of the research 
 

In this study, the main area of interest is the establishment of best practices through 

integrating sustainability principles into building services infrastructure management as 

core business strategy for sustainable development. The literature reviewed in this 

chapter identifies the key sustainability issues, policy drivers and frameworks, and 

incorporates the concept of sustainability into building services activities within a wider 

framework of sustainable development. The challenges associated with the 

environmental, economic, and social values are also investigated in the light of the ever- 
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increasing building development and urban sprawl witnessed in the built environment. 

Basically, this study provides an overview of:  

  

The services delivery within the building services (infrastructure) utilities 

management, and building construction projects activities generally. The infrastructure 

services include energy, water, heating, waste management, materials consumption, and 

their  carbon footprint. Also, the life cycle analysis and life cycle costs evaluation 

associated with building services performance are studied (ASHRAE, 2004; Armstrong, 

1997; GSGF, 2010; Bayer et al., 2010). 

  

The built environmentôs potential as a major contributor to the achievement of 

sustainability initiatives cannot be over-emphasised. These potential contributions in 

terms of sustainability principles can be seen in the promotion of sustainable building 

industry activities (BREEAM, 2008; ASHRAE, 1999; ASHRAE, 2004). The principles 

themselves rest on gradual adoption by eco-efficient building services management of 

integrated and multi-disciplinary innovative approaches that will ultimately produce 

effective building performance. Current innovative and sustainability management 

protocols regarding building practices are well documented (PMPCB, 2010; Eco 

Homes, 2003; CCT, 2008). Figure 2.3 illustrates how sustainability principles are 

incorporated into the various processes involved in building construction. 

 

 
 

                  Figure 2.3: The research contextual model. 
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There is a need to incorporate sustainability principles within building construction 

processes because these principles evolve through active participation of building 

services experts, who through this involvement, directly influence building management 

(NIBS, 2006; Shah, 2007; BSI, 2008). 

 

2.3 Ecological modernisation in building services practice 
 

Ecological modernisation accounts for the generic polices hitherto formulated to 

address sustainability issues and practices in building services management, and the 

construction industry (Nebel, 2006; BREEAM, 2008). In this connection, a study by 

Pope et al., (2004) has revealed that the concept of ecological modernisation within the 

building sector is primarily focused on the integration of sustainability goals within 

building practices. This is most likely because the building services and building 

professionals have the best opportunity to promote ecological modernisation ethics 

through implementing sustainability practices in the early stages of building projects 

(CIOB, 2008; Eco Homes, 2003; CIOB, 2011). Also, the theory and practices 

concerning ecological modernisation in the building services context, have overlapping 

significance in the social, economic and environmental (triple) values, and these 

overlaps strengthen sustainable development goals (Lazarus, 2005; ASHRAE, 2004; 

WCED, 1987). 

Turner (2006) has argued that the theory underpinning ecological modernisation and 

its promotion of sustainable building services practice, is tailored to incorporate the 

technological and innovative models that will improve the triple line of sustainable 

development (Norris, 2006; UKSC, 2006). And other scholars (see for example, Pope et 

al., 2004; Horner et al., 1997; Wood, 2006) have noted that the non-compliance of 

building services experts with the theory and practices of ecological modernisation will 

weaken the entire success of sustainability processes. In fact, the ecological 

modernisation practices required to achieve sustainability objectives are well 

documented (IPMVP, 2002; PMPCB, 2010; UKGSD, 2005), and include information 

regarding protocols for assessing energy utilities, water use, wastewater, and the 

building services practices for sustainability attainment (Wood, 2006; ASHRAE, 2004). 

The ecological modernisation practices in this case, will  engender a balance in the 
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utilisation of the available resources and promote eco-friendly building services 

infrastructure management (GSGF, 2010). 

 

2.4 Corporate sustainability and knowledge transfer in 

building services management 
 

Breakthroughs in existing technological advancements have integrated corporate 

sustainability and knowledge transfer within building services management, and 

interdisciplinary engineering practices (Landman, 1999; ASTM, 2002). With increasing 

energy, water and maintenance costs currently experienced in various homes, offices 

and the construction industry, the integration of corporate sustainability policies 

becomes crucial (Moir, 2011; CIOB, 2011; CCT, 2008). In a study conducted by 

Kintner-Meyer (1999) on building services infrastructure, it was found that energy, 

water and other utilities all have a significant influence over how buildings are used, 

thereby necessitating corporate sustainability policies and implementation (KPMG, 

2008; BREEAM, 2008). 

Corporate sustainability and knowledge transfer related to building industry activities 

explain the paradigm shift in theory associated with the dynamic policy changes 

directed towards best practices within the building services domain (CIOB, 2010; 

OECD, 2009a; NSF, 2005). In recent times, the building industry, through the corporate 

sustainability agenda, has established carbon reduction targets, waste recycling, and 

water and energy conservation techniques amongst other policies (CCT, 2008; 

Pederson, 2006; Thompson, 2008). Figure 2.4 depicts the corporate sustainability 

agenda as reviewed in this study. Corporate sustainability policies in the construction 

context are aimed at establishing codes of conduct, auditing and monitoring strategies, 

and social principles with eco labels that will add value to sustainable growth (Moir, 

2001; Welford, 2003; Aaronson, 2009). 
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              Figure 2.4: Corporate sustainability agenda for the construction industry (Robinson et 

al., 2006). 

 

The corporate sustainability agenda, according to a study by Robinson et al., (2006) has 

established that current sustainability policies are influencing building industry 

activities. At the same time, Knoepfel (2001), and the RICS (2008) have argued that 

building services activities form an integral part of the building industry processes, and 

therefore, with the growing number of sustainability policies, issues relating to 

resources management and environmental impact are being addressed (Bellandi, 2004; 

Robinson et al., 2006).  

 A corporate sustainability programme generally cultivates proactive levels of 

commitment in building services management through knowledge transfer mechanisms 

capable of sustaining rapid technological advancement. Hence, the involvement of the 

building services experts in the implementation of the corporate sustainability agenda 

will gradually mitigate environmental impacts and promote sustainable development 

success (Loosemore and Phua, 2011, Aaronson, 2009; GSGF, 2010).  

 

2.5 Building services infrastructure systems management  
 

Numerous research efforts have focused on the sustainable management practices 

related to building services infrastructure systems, as identified by their use of available 

resources use and the environmental consequences (ABS, 2012; Sabol, 2008). In this 

respect, it is understood that improved efforts seeking to address social and economic 
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needs while minimising the potential negative environmental impacts, could promote 

and further sustainable development (WCED, 1987; Hill and Bowen, 1997). However, 

the concept of sustainability incorporation within building services management is open 

to a wide range of interpretations based on its vast applications. Hence, it is appropriate 

to summarise this concept within the context of the environmental movement. This 

necessitates practical frameworks for the attainment of sustainability (Ding, 2008; 

UNFCCC, 2009; Hill  and Bowen, 1997).  

Accordingly, Grigg (1988) describes building services infrastructure management 

activities as those activities pervading the construction sector, building industry, and 

facilities operations (Armstrong, 1987; ASHRAE, 1999). Building services 

infrastructure management also involves the processes and practices of creating, 

planning, and maintaining building infrastructure systems for optimum services delivery 

(Elmualim et al., 2012; Cooke and Williams, 2004). Therefore, a sustainable building 

services infrastructure system must integrate sustainability models from the cradle of 

building design through to the completion stages in order to ensure efficient 

performance as best practice (CIOB, 2011; LCI, 2007). Basically: 

 

Building services infrastructure systems account for the water supply, 

wastewater treatment, and energy use. They also include among the services: sewage 

management, transport (elevators), digital (IT) services, and ancillary maintenance 

practices within (buildings) facilities. Increasingly, the greatest building services 

challenges are the managerial expertise associated with the multidisciplinary 

applications of these systems after the design, construction, and operation activities in 

buildings for sustainability goals (Grigg, 1988; ASTM, 2002; Grigg, 1999; Horner et 

al., 1997; OECD, 2003: Broers, 2005).  

 

The potential contribution of building services infrastructure management and the 

constraints to the achievement of sustainability in the building construction sector are 

generally are well documented (BREEAM, 2008; Kehily and Hore, 2012; ASHRAE, 

2004). In a study of sustainable management practices in building services infrastructure 

systems, the OCED (2003), and Sabol (2008), observed that building services experts 

are responsible for the integration, implementation and management of sustainability as 
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a core building services management policy (Smith, 2009; WB, 2004). This 

development during the building construction processes will certainly offer the best 

opportunity to add value to building services infrastructure management through the 

resourceful use of sustainability practices. However, this cannot be achieved without a 

proper paradigm shift in building services management processes, which sometimes 

requires thoughtful integration of sound engineering judgment and economics analysis 

(CIOB, 2010, Grigg, 1999; Armstrong, 1987). 

 

2.6 Contemporary challenges in building services practice 
 

The environmental impact often arising from the style of building services 

management, and especially during the construction stage, is significant, thereby 

necessitating proper evaluation (Clift, 2003; Landman, 1999). Such environmental 

impacts increasingly cause problems ranging from resource depletion, pollution, and 

other environmental hazards, all of which do not support sustainability goals (NIBS, 

2006; CIOB, 2011). Apart from the highlighted indicators driving the environmental 

impact in building services infrastructure activities, the use of fossil fuels by heavy duty 

equipment during the implementation stages also counts (DEIS, 2010; Killip, 2005).  

Building services infrastructure activities frequently result in large amounts of fossil 

fuels consumption at different phases of building implementation (Clift, 2003). This 

obviously causes some environmental impact and increasingly places more pressure on 

resource use, in turn being responsible for climate change challenges (UN, 2003; 

UNFCCC, 2009). In practical terms, when cooking gas, coal, and oil, are put to use in 

building services operations, these products release gases, including carbon dioxide, 

which trap heat in the atmosphere, thereby causing climate change. This situation 

creates great management challenges to building services professionals in respect of 

their desire to achieve success in their sustainability initiatives (BREEAM, 2008; 

Bellandi, 2004).  

Lazarus (2005) has revealed the most significant environmental impact to come from 

building services infrastructure networks. Buildings (facilities) such as schools, 

shopping malls, hospitals, factories, airports, railway stations, homes, and the building 

services activities associated with these all constitute sources of environmental impact 
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(Grigg, 1998; Halfawy, 2008). Indeed, it is noted that the building and construction 

sectors have produced about 19% of the UKôs embodied environmental impact within 

the built environment (OECD, 2003; Killip, 2005). In this context, the RICS (2000) has 

maintained that the entire notion of sustainability should address the whole building 

services infrastructure life cycle processes. These processes involve all the stages in the 

building process, these being: pre-design and design, procurement, construction, use and 

maintenance, and the final commissioning and decommissioning stages (Lazarus, 2005; 

RICS, 2000, RICS, 2008). 

The concept of sustainability integration within building services delivery has placed 

more challenges before both the public and private sectors due to the poor attitude of 

building users and the overall administrative practices (Armstrong, 1987; Horner et al., 

1997; Cooke and Williams, 2004). In this respect, it is crucial to create a partnership to 

ensure innovative, cost-effective solutions with integrated models in the building 

services infrastructure management systems, since only by following such a practice 

will  sustainability goals be achieved. This collaborative development will address the 

overall building services infrastructure performance life cycle for the present and future 

generations (BREEAM, 2008; Cheshire and Maunsell, 2007; Nebel, 2006). 

 

2.7 Sustainable building services in the interests of 

economic growth  
                  

Sustainability and the ways to achieve this, have been a major focus in the building 

construction industry and in infrastructure management within the built environment. 

As a result, numerous research efforts have been inclined towards sustainability, 

concentrating on the rate of resources consumption in the environment. Efforts which 

seek to address the social needs, while minimising potentially negative environmental 

impact contribute towards the aim of delivery sustainable building services (Hill et al., 

1994). Landman (1999) argued that the contributions of sustainable buildings towards 

achieving sustainability goals cannot be over-emphasised. Indeed, sustainable buildings 

and the entire services systems have been the main anchor supporting the socio-

economic transformation, thus promoting economic growth (BREEAM, 2008; GSGF, 

2010). 
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Progressively, the economic advancements which cut across building services 

systems, and the construction sector with the three themes of sustainable development 

are inextricably linked together in terms of services delivery. But these building services 

systems cannot function without basic energy and utilities during the construction, 

operation, and maintenance stages of a building (Sattertherwaite, 2001). It is also these 

services systems that constitute part of the living environment which affects the living 

conditions, social well-being, and health conditions generally (WB, 2004). Therefore, it 

is important to explore the social, environmental, economic, and sound design 

development techniques to ensure building services infrastructure systems are 

sustainable, affordable and healthy for habitation (Hill  and Bowen, 1997). A typical 

model expressing the contributions regarding sustainable infrastructure services that 

contribute towards economic advancement is shown in Figure 2.5. 

 

 

 

Figure 2.5: The contribution of sustainable infrastructure to economic growth 

(Prudhomme, 2004; WB, 2004). 

 

Prudhommeôs (2004) study clearly explains the significance of sustainable 

infrastructure services to the economic development of the nation in general. In Figure 

2.5, the most interesting aspect is the benefit of infrastructure services to the 

development of households (buildings). The causality between infrastructure services, 

households, and other social services like the millennium development goals (MDG), 

operates through multiple channels. In this case, the delivery of building services, such 
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as energy, water, wastewater, sanitation, telecommunication, and transportation 

(elevators), directly benefits households (buildings) and facilities. Sustainable buildings 

and the services delivery associated with them also play a major role in achieving the 

sustainable development goals, (Bohne, 2006; ESCAP, 2006a).  

In order to attain the set goals of sustainability in building services management, all 

the various stakeholders within the building industry are expected to simulate 

environmental sustainability in their activities (Prudhomme, 2004; WB, 2004). 

 

2.8 Policy frameworks and drivers for sustainable building 

services development 
 

In this study, the various policy frameworks and drivers associated with sustainable 

building services infrastructure management are reviewed. Sustainability policy 

frameworks in building services management encourage the use of best practices by 

building managers (Smith, 2009; Eco Homes, 2003). These frameworks enable the 

building industry to communicate its commitment to the sustainability programme and 

simultaneously offer a road map for the implementation of sustainability gains. 

However, the adoption of such frameworks requires that they are accepted by senior 

management as workable models, and are supported both internally and externally 

(Elmualim, 2010; Lorenz, 2008). It should also be noted that sustainability policy 

frameworks necessitate an understanding of their overall dimensions. This means being 

aware of the visions, aspirations, goals, and the areas of emphasis in building 

organisations, but in actuality, commitment is often lacking and expectations are low 

(Elmualim, 2010; ESCAP, 2006a). 

According to Sioshansi (2011), the sustainability policies in building services are 

data issues regarding water and energy consumption, waste disposal, and recycling 

together with employee well-being. It is argued that proper knowledge regarding the 

contents of sustainability policies is of greater importance as a determinant of 

sustainable development activities (Pitt, 2005). The main motivation for using a 

sustainability policy framework in promoting sustainable building expansion is to 

maintain best practice as shown in Figure 2.6.  
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              Figure 2.6: Optional policy tools in promoting sustainable buildings (ESCAP, 2006a). 

 

In this thesis, the optional policy tool process is tailored towards improving the eco-

efficiency of building growth by creating more value with fewer resources and less 

impact as revealed in Figure 2.6. The environmental impacts created from buildings and 

other infrastructure systems within the built environment demand policy frameworks 

and a debate on the proper issues and drivers capable of guiding the industry towards 

sustainability evaluation and enhancement in this context.  

The CIB (2004) has pointed out that the building industry has a significant impact on 

the sustainability plan in that the natural resources used, and waste and greenhouse 

gases are responsible for about 40% of all emissions (Killip, 2005). Additionally, the 

existing buildings consume approximately 45% of the generated energy to produce heat 

and power. Increasingly, the building services infrastructure utilities and maintenance 

costs, along with the legislative and regulatory conditions on energy use and carbon 

reduction, necessitate the formulation of sustainability policies. In recent times, many 

building organisations have become committed to the sustainability agenda, thereby 

developing sustainability policies as an integral part of their corporate social 

requirement (Wood, 2006; Robinson et al., 2006; Walker et al., 2007; Loosemore and 

Phua, 2011). 

Sustainability policies and drivers directly influence building services and facilities 

managersô activities in the UK. However, current research on sustainability policies and 

drivers influencing the activities of building services and facilities managers are limited 

(Elmualim et al., 2010). Identifying the key issues and drivers will help to estimate how 
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building managers are engaging with the sustainability agenda. Building managers 

require appropriate knowledge and familiarity with the key sustainability issues and 

drivers and they need to know how to implement the theory and practice of 

sustainability in the context of their building services activities (Elmualim et al., 2010). 

In this respect, the key sustainability issues to be addressed are the carbon footprint, and 

waste management. In addition, the biodiversity and the triple themes responsibility and 

community engagement must be approached as sustainability issues. Progress in this 

respect will promote the ethics of sustainability programmes and help in the 

construction of more sustainable buildings (Shah, 2007; Wood, 2006).  

In a recent study, Elmualim et al. (2012) have identified legislative pressure as the 

major driver of sustainability in building services and facilities management. This study 

further reveals that energy efficiencies and consumption in buildings are regulated 

through legal obligations. As such, legal obligations often play an influential role in 

policy-making and implementation. In other words, to accomplish the established goals 

of sustainability in building services and facilities management, government and 

international bodies employ a wide range of legislation to influence how energy is used 

and to promote efficiency in this case. Hence, building services activities, and the waste 

management (recycling) and subsequent reduction of carbon emissions, are all 

controlled through legislative actions (Pitt, 2005; Shah, 2007). 

 

2.8.1 Project life cycle framework - building services management 
 

A project life cycle framework illustrated in Figure 2.7 was developed and 

subsequently applied to appraise the performance of sustainable building services. The 

framework contains four major building activity verification phases considered 

necessary to ensure the growth of a sustainable building services infrastructure. 

Moreover, a step-by-step algorithmic approach concerning building management is 

stated.  Within the project life cycle framework, the following abbreviations are used for 

clarity regarding building construction activities: acceptability standard is denoted by 

STDS, and specification by SPECS. The materials handling requirement is marked by 

REQ. These terms are used to qualify the attainment in the ócradle to graveô principles 

and condition in each stage of the building project activities as presented in Figure 2.7.  
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The application of a project life cycle model became necessary in this context due to 

the enormous challenges associated with resources consumption and management 

(Fernandez, 2010; Okon et al., 2010). These resources utilisation challenges in 

buildings and facilities management require the simulation and optimisation of the 

entire system for effective services delivery (GSGF, 2010). This obviously could be 

achieved through the suitable incorporation of cutting edge technological breakthroughs 

into building services activities management for better results (ASTM, 2002; Elmualim 

et al., 2012). Sustainable building services management underscores eco-efficiency 

through the application of sound project life cycle frameworks (Eco Homes, 2003; 

Cheshire and Maunsell, 2007).  

 

 

Figure 2.7: Project life cycle framework (Okon et al., 2010). 
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In Figure 2.7, the economic benefits from the building project life cycle framework 

can be seen as the integrated environmental management systems (IEMS), ISO 14001, 

and the life cycle assessment (LCA). Also, the life cycle costs (LCC) evaluation could 

equally be verified from this model. It should be noted that this framework is able to 

address the ócradle to graveô situation regarding sustainable buildings (facilities) 

management. This involves cutting across the environmental impact, costs analysis, 

recycling, and other related issues in building projects management for sustainability 

success (Okon et al., 2010).  

óCradle to siteô and ócradle to graveô assessments in buildings (facilities) 

management are also made in a study by Darby et al. (2011). These authors have 

highlighted some factors giving rise to greenhouse gas (GHG) emissions in buildings. 

The factors include operational emissions, produced by buildings (facilities) during use, 

and embodied emissions, produced during manufacture of materials and components. In 

addition, the construction and demolition phases of buildings activities are indicated. 

Darby et al. (2011) further argued that at the moment, there is lack of a consistent and 

acceptable framework for the calculation of embodied emissions, the relationship and 

interaction between the embodied and operational elements in buildings. However, 

attempts have been made by the BSI (2006), to develop project life cycle analysis 

frameworks for building management. This protocol among other things is capable of 

handling statistics regarding the emission factors and other building management 

processes (BSI, 2008).  

Okon et al. (2010) maintain that there are significant paybacks in terms of prudent 

resources use in sustainable buildings when suitable project life cycle frameworks are 

integrated, since these allow for the ócradle to graveô activities to be evaluated, thereby 

adding value to the overall buildings (facilities) services activities management 

processes in terms of the likely success in securing sustainability (Lorenz, 2008).  

 

2.8.2 Principles of sustainable building construction framework 
 

A study from Hill and Bowen (1997) has also established a significant framework for 

the building industry and infrastructure systems management practice. This framework 

addresses the best practice and principles for the building industry, thus integrating the 
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concept of sustainability. In this framework also, a process-oriented principle regarding 

sustainable building is contained and divided into four broad pillars. These include 

economic, social, bio-physical and technical phases as illustrated in Figure 2.8. On this 

basis, sustainable building construction practices account for the following stages of 

activities: 

 

¶ Application of environmental impact assessment (EIA) during the planning and 

design stages of building projects - provided the traditional EIA is expanded to 

cover the assessment of all the four ópillarsô of sustainable building construction 

and is undertaken in accordance with the process-oriented principles. 

¶ Implementation of integrated environmental management systems (IEMS) as 

described in the specification provides international standards for the building 

industry. The international organisation for standardisation (ISO) is one of such 

frameworks as applied in the building industry. The ISO overviews building 

activities from the construction, and use perspectives. All these activities are 

included within the four ópillarsô of sustainable building framework as shown in 

Figure 2.8. 

 

Hill  and Bowen (1997) argued that IEMSs can only be implemented as a framework 

for attaining sustainable buildings if they are adopted by the construction industry. 

However, the package as contained in the IEMSs provides for the construction activities 

associated with new building projects, and existing ones as presented in Figure 2.8.  

ISO, 1997 noted that usually all building construction activities are performed by the 

client. However, the responsibility for a building upon completion and commissioning 

is usually transferred to the facility management services. Therefore, another IEMS 

could be developed to handle the operation (use) of the building/facility, and the final 

decommissioning (EoL) stages. The application of IEMSs into building processes from 

the construction, operation and EoL phases, constitutes an essential part of this 

framework. It should be noted that the definition of a sustainable building includes 

facility operation, maintenance, and the EoL (decomissioning) activities (BSI, 2008, 

CIOB, 2003; Doke, 2007). 
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          Figure 2.8: Principles of sustainable construction (Hill and Bowen, 1997). 

 

Interestingly also, a study from Lorenz (2008) indicates that adopting the principles 

highlighted in Figure 2.8 will sustain innovative and cost-effective solutions in this 

context. These standards will facilitate a stable future in the fields of security, fire 

protection, water, and wastewater. In addition, power (energy) distribution and comfort 

in the buildings services delivery will be achieved, both promoting sustainability 

(CIRIA, 2005; ISO, 2002). It could be argued that the theory behind sustainable 
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construction frameworks has provided the basic conditions for the mainstream 

sustainable development. This is found in the building construction industry particularly 

within European countries. At the same time, the major social and economic values of 

these frameworks can significantly hasten the implementation of the sustainability 

principles in the construction sectors and beyond. Generally, the outlined principles 

regarding sustainable building will encourage socially responsible policy-makers with a 

view to achieving the best practice for the present and future generations (OCED, 2003; 

WCED, 1987; CIRIA, 2005).  

 

2.8.3 Framework for sustainable building and management 
 

As a means of appraising the framework for sustainable building and management, 

Hill et al. (1994) developed a model which examines building projects, environmental 

ethics, organisational structure, and environmental management programmes. The scope 

of their model extends to cover the internal review, external audits, and the 

environmental legislation associated with building construction, as presented in Figure 

2.9. Later, a study conducted by Hill and Bowen (1997) corroborated the findings of the 

earlier study by Hill et al. (1994), both studies seeking to achieve a standard and quality 

of performance in the delivery of sustainable buildings. Within the model devised by 

Hill et al. (1994), some environmental issues and management principles are 

emphasised, these being the ISO 14001 environmental management systems (EMS), 

and the easy access (EA). These principles are aimed at evaluating the entire phases of 

operation within sustainable buildings as shown in Figure 2.9.  

CIRIA (2005) notes the ISO 14001 EMS framework offers immeasurable assistance 

regarding building construction practices and various environmental assessment tasks. 

Undoubtedly, however, it requires collaboration by the building industry to ensure a 

sustainable future (ISO, 2002), and in fact, the ISO 14001 EMS framework is a 

voluntary rather than a compulsory standard. Nonetheless, its application enables the 

building industry to have control over the impact of its activities in the environmental 

area of operation (Bellandi, 2004). Contemporary researchers have found that 

sustainable buildings cannot be achieved unless the building industry incorporates an 

EMS outline alongside the ISO 14001 framework in Figure 2.9. 
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Figure 2.9: A Framework for sustainable construction (Hill et al., 1994). 

  

One sophisticated techniques adopted by the building construction sector is the 

integration of the environment within building plans. This process empowers the 

building industry in managing the entire building construction processes for 

sustainability (Koskela, 2009; Lundan, 2004; Petrovic-Lazarevic, 2006). 

In a related development, Price and Newsome (2003) stressed that the application of 

the ISO 14001 standard stems from achieving sustainable buildings in the construction 
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industry. In recent times ósustainable buildingô has become a catch-phrase within the 

construction sectors and the built environment at large. However, the greatest challenge 

in this respect is not to ensure the industry is familiar with and understands the phrase, 

but to develop a practicable implementation framework (Lundan, 2004). In this respect, 

the ISO 14001 model in Figure 2.9 is being adopted by many building companies that 

are currently using the principle together with EMSs for their environmental auditing 

and labelling. 

Information from Figure 2.9 also demonstrates that the framework is capable of 

addressing the building life cycle and evaluating environmental performance. The ISO 

(2002) has argued that the environmental auditing undertaken through an EMS for 

building construction projects could be conducted internally by the environmental 

managers or externally by consultants. Typically, an external auditing activity would be 

preferred for large building construction projects of extended duration with the potential 

to cause significant environmental impact (RICS, 2008). In fact, such environmental 

impact activities could be mitigated through a suitable ISO 14001 EMS framework, 

which enables the construction companies to track their day-to-day operations. Not only 

will the model deliver effective and efficient building performance but, it will also 

promote prudent management by its integration of the ISO 14001 standard (Lundan, 

2004; ELC, 2006).  

Figure 2.9 also demonstrates a good quality framework for sustainable buildings. 

Another significant benefit from the employment of the ISO 14001 EMS agenda is the 

ógreen and leanô (GL) initiative (NIBS, 2006). This scheme enhances building 

construction support as it provides for the protection of non-renewable natural resources 

(Koskela, 2009). However, the ISO 14001 EMS framework in this study aims at 

fostering the development of a reverse distribution system driven by the building 

construction economics. This challenge has always presented problems for the building 

sector but the most often cited reason for not rising to the challenge is the relatively 

little demand for recycled and reclaimed materials. Particularly, this is experienced 

within the building industry with low-cost and low-profit margins. So, with the 

integration of the ISO 14001 EMS framework into this context, proper annual 
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environmental audits and reviews could be achieved for sustainable growth (NIBS, 

2006; Klotz et al., 2007). 

 

2.9 Life cycle assessment framework for building services 

infrastructure management 
 

Life cycle assessment (LCA) is the global procedure applied to determine the 

environmental impact of building infrastructure systems. In recent times, research 

efforts to achieve sustainability in building services delivery have resulted in integrating 

the LCA framework within infrastructure systems management (ELC, 2006). LCA 

applications in this perspective have become a desirable and implementable tool in the 

current management of building infrastructure resources (MTP, 2009). Building 

services activities and building construction infrastructure projects alike, employ 

suitable LCA frameworks as indicators meant to provide effective evaluation of the 

energy utility resources (ISO, 2002; Cuellar, and Adisa, 2011). Energy, water, and 

wastewater resources utilisation are among other building services infrastructure 

components appraised for optimum and sustainable benefits through the incorporation 

of the LCA management.  

 

Interestingly, the LCA frameworks due to their versatility provide useful and 

efficient management information regarding building services infrastructure 

performance with the ultimate aim of striking a balance among the three themes of 

sustainable development. In addition, a cradle to grave assessment regarding building 

services infrastructure services is made using the LCA technique (ISO, 1997; Blengini, 

2009 Cuellar, and Adisa, 2011). 

 

The integration of the LCA framework within this study has become imperative due 

to the pressure associated with the growing population and the increasing consumption 

of natural resources in the building sector. The pressures from the growing population 

and the existing modern lifestyle have placed a great burden on building infrastructure 

utilities, resulting in greenhouse gas (GHG) emissions, and climatic change (Eco 

Homes, 2003; ASHRAE, 2004).  
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2.9.1 The life cycle assessment framework 
                

A study by Nebel (2006) has revealed the use of the LCA framework as being a 

standard practice in the building industry, as it provides a sound analytical framework 

for the systematic evaluation of environmental impact. Additionally, it allows for the 

examination of the raw materials processes, and the building services system throughout 

all the various stages in their respective life cycles, with a view to establishing best 

practice (Dutil et al., 2011). Hence, it can be seen that the scope of the LCA framework 

extends from the extraction and processing of raw materials, right through to 

manufacture, delivery, use, and finally, to waste management. This continuum of 

processes, as indicated in the LCA framework, is often referred to as the ócradle to 

graveô situation, and the LCA framework allows for its complete assessment (Nebel, 

2006; ISO, 1997; Blengini, 2009; Cuellar and Adisa, 2011).  

According to the ETBP (Environment Technology Best Practice, 2000), the building 

industry should be alert to the general direction of environmental regulations. Consumer 

pressure on building materials should be known and appreciated, and consequently, the 

LCA framework is valuable in providing useful data for identifying potential problems 

before they actually arise. Such an approach will promote the reduction in resources 

consumption, thereby saving costs (ETBP, 2000; ISO, 2002; Oritz et al., 2009; GSGF, 

2010). LCA appraisal in this situation considers building services infrastructure 

products from their ócradleô stage, hence, paying attention to the natural resources from 

where the virgin (raw) building materials are extracted or acquired.  

The process continues through to the entire construction and operation (use) to its 

ógraveô (disposal), and end-of-life (EoL) phases (Dutil et al., 2011; GSGF, 2010). 

Figure 2.10 explains the life cycle assessment model with the causalities indicating the 

physical processes involved in the building materials life cycle stages. The flow 

processes within the system boundaries from the raw (virgin) materials acquisition 

through the EoL phases of building infrastructure activities. The LCA model as applied 

in this study is shown in Figure 2.10. 
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Figure 2.10: Life cycle assessment model (Richard, 1996; ISO, 2002). 

 

There is also an indication of gases emission released into the air, water and ground 

(environment) generally. Environmental impact arising from the construction, operation 

(use), and maintenance phases of buildings within this context are the most important 

elements of sustainability in Figure 2.10. These environmental impact elements 

necessitate the LCA study. Therefore, the LCA evaluation in this case aims to address 

the environmental impact profile regarding building services infrastructure towards 

sustainability success (ISO, 2002; Oritz et al., 2009). 

 

2.9.2 The life cycle assessment techniques 
 

This study adopted the generic LCA process (ISO, 1997) as shown in Figure 2.11. 

The LCA methodology comprises five successive stages of operation, these being: the 

goal and scope definition, inventory analysis, impact assessment, results interpretation, 

and application. These stages are briefly explained as follows: 

                

¶ Goal and scope stage: This explains the intended application of the related 

environmental impact group within building services infrastructure systems, the 

rationale and the way of communicating the outcomes.  
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Figure 2.11: Life cycle assessment framework (ISO, 1997). 

 

¶ Inventory analysis phase: This is aimed at creating a systems model according to 

the requirements of the goal and scope description. This stage also involves 

gathering quantifiable statistics relating to the material flows and energy inputs. 

Additionally, this analysis cuts across the whole life cycle of building materials 

and their associated emissions, discharges and wastes. It relates to all stages of 

the building life cycle from the ócradle to graveô.  

¶ Impact assessment: This stage of analysis focuses on the impact of the 

environmental loads quantified in the inventory study. The inventory result at 

this point is processed into more environmentally relevant information. Again, 

more focus on the environmental problem rather than emission or resources used 

within the building is evaluated. In this scenario, cognisance is taken of human 

health, resources, and the ecology factors (Richard, 1996).  

¶ Interpretation Phase: This produces the results and is dependent on the goal of the 

study. It consists of three elements: identification of significant issues, 

evaluation, and conclusion of test (Paulson, 2001; ISO, 1997; Home et al., 

2009). 
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Table 2.1 displays the impact phases of the LCA and definition as applied in this 

study. 

 

        Table 2.1: Impact phases of LCA and definition (Guinea et al., 2001). 

Impact Phases Definition 

 

 

Selection of impact categories 

Abiotic depletion, acidification, eutrophication, 

fresh water aquatic ecotoxicity, global warming, 

human toxicity, marine aquatic ecotoxicity, ozone 

depletion, photochemical oxidation and terrestrial 

ecotoxicity potentials. 

Classification Essentially addresses the grouping of the data in an 

inventory table into a number of impact categories. 

 

Characterisation 

Involves the quantification, aggregation and 

analysis of impact data within the investigated 

impact groups in the building. 

 

 

 

Valuation phase 

Accounts for the indicators result and can be further 

elaborated in the analysis. 

Normalisation: calculates the magnitude for each 

indicator result relative to reference level. 

Grouping: sorts or ranks the impact categories 

Weighting: aggregates the indicator results based 

on some value choice and numerical hierarchy 
(Cabal et al., 2005). 

 

Guinea et al. (2001) maintained that as a common practice in the LCA method, the 

impact assessment phase is often divided into four distinct stages as shown in Table 2.1. 

The choices of impact categories as applicable for the visualisation of the environment 

are chosen according to the scope and definition of the study. 

Korkmaz et al. (2008) have researched decision-making frameworks for minimising 

the life cycle impact of building infrastructure systems using the LCA technique, 

primarily focusing upon building infrastructure examination and its benefits in realising 

sustainability. Environmental impact examinations of sustainable buildings have been 

studied using the LCA approach by the Environmental Literacy Council (ELC, 2006). 

The appraisal in this study was conducted with the consideration of all the building 

materials inputs and outputs throughout the life cycle of the building as a ócradle to 

grave processô. Additionally, the extraction of the raw materials, their production and 

use, are considered. A further dimension comprises the occupancy, maintenance, finally 

demolition and disposal of waste. The LCA approach in this situation accounts for the 

environmental, economic and social impact of materials during their life cycle. 
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However, this framework focuses on the environmental impacts with specific targets on 

emissions and waste management (ELC, 2006; Regal, 2005; Nebel, 2006).  

An earlier study by the NSF (2005) overviewed the application of the LCA in 

assessing the building services infrastructure for sustainability, and in this circumstance, 

the concept of the LCA application was found adequate for evaluating the 

environmental impact and performance of different system components within 

buildings. Also, Bayer et al. (2010) have applied the LCA framework to examine both 

commercial and residential buildings. Their study has established the LCA is an 

emerging model that promises to aid in architectural decision-making. Moreover, 

industrial ecologists, engineers and chemists seeking to understand and to reduce 

environmental impact within the built environment have all developed the LCA 

framework for such purposes (Guinea et al., 2001).  

Recently, the LCA technique has been promoted as a paradigm for analysing the 

environmental impact of buildings and making decisions to reduce these impacts. The 

benefits of LCA advancement can offer a wide-ranging environmental footprint in 

building services infrastructure. These gains from the LCA application include utilities 

such as energy, water, and wastewater analysis. Other benefits of the LCA are the 

assessment of global warming potential, resource depletion, and toxic emissions in 

buildings (Patrick et al., 2002; ISO, 1997; Varun, et al., 2008). 

 

2.10 Review of the life cycle cost (LCC) framework for 

building services management 
 

The history of the life cycle cost (LCC) framework began in the United States 

Department of Defense (USDD) in the mid-1960s and 1980s (DIN EN, 2004). Later, 

attempts were made to adapt this model into building services infrastructure investments 

and construction projects. The LCC framework can be applied in many situations, and its 

economic benefits in building services assessment cannot be over-emphasised.  

 

LCC is a technique applied to establish the ñtotal cost of ownershipò, that 

is, the sum of all the costs associated with an asset or part thereof, including acquisition 

and installation. It also accounts for the operation (use), maintenance, refurbishment 
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and disposal costs related to the building services infrastructure and construction 

projects generally (Epstein, 1996; Langdon, 2007). 

  

Clift (2003) maintained that to a large extent, LCC is an estimation of the monetary 

costs of funding, design, and construction of building services infrastructure for 

sustainability success. However, it also involves the costs of operation, maintenance and 

repair, component replacement, and sometimes, the demolition of (facilities) buildings 

(Clift, 2003). The LCC application can deliver a new design, existing buildings, or can 

assess the residual life and value of a building. As such, with different maintenance, 

repair and replacement operations taking place at various times, incremental costs are 

converted to present-day value using a discounted cash flow approach (Flanagan et al., 

1989; ASTM, 2002).  

 

2.10.1 The life cycle cost technique 
 

The life cycle cost model could be applied at any stage of the building services 

infrastructure project management. Indeed, at the inception stage of building services 

infrastructure, the use of the LCC model can provide choices among alternatives in the 

design of sustainable homes (DIN, 2004; Flanagan et al., 1989). Sustainability is now a 

critical consideration affecting the design, construction, operation and disposal of 

constructed building services infrastructure assets, and therefore, the LCC method is a 

key element in supporting improvements in the sustainability of buildings by providing 

a common means for all costs related to building assets (Klotz et al., 2007). In LCC 

analysis, the selection of investment costs at the inception stage of the building services 

infrastructure project is a necessity and should be based on the client requirements and 

the services delivery. The costs are estimated in broad terms depending on the ócosts 

incurredô in similar historical building services infrastructure projects. Given differences 

in the design of the particular building services infrastructure involved, more detail is 

accumulated, and then the LCCs are estimated in view of the added or different features 

(Bakis, et al., 2003). Figure 2.12 presents the algorithmic LCC process used in this 

study for the estimation of building services performance. 
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Figure 2.12: Algorithmic process of LCC framework (Home et al., 2009). 

 

Much later in the design phase, when the individual building components and 

fixtures are established, the LCC analysis is performed according to service delivery 

and costs data. In practical terms, LCC tests are performed when all the facts about the 

price and life expectancy of the building infrastructure components and fixtures and 

their associated costs are collated. But the process should also involve the maintenance 

and operation frequencies of the building services infrastructure generally. That is, the 

LCC of all the components together with the building services infrastructure costs such 

as energy, water, wastewater consumption and building data (Kirk and DellôIsola, 1995; 

Bakis et al., 2003, Flanagan et al., 1989; Langdon, 2007).  

In their LCC study, Flanagan et al. (1989) maintained that when appraising building 

services infrastructure, the estimated costs at each year of the buildingôs life must be 

discounted. This to create proper allowance for time value of investment costs. 

Additionally, such provision will enable the comparison of the alternatives on a 

common basis using the LCC technique. This suggests the time value of money which 

is the amount of money spent to fix the building services infrastructure which is most 
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likely to increase yearly by the relevant net inflation interest rate (DIN, 2004; Parnell, 

2008).  

 

2.10.2 Evaluating building services performance - life cycle cost 
 

Economic life cycle costing related to building services infrastructure is a necessary 

component of the effort to achieve sustainable buildings, and in recent times, LCC 

analysis has become increasingly essential in the determination of building services 

infrastructure performance. Indeed, the introduction of LCC tests into building services 

infrastructure projects has offered best value for money in attempts to manage assets in 

the long term (Ellis, 2007).  On this particular issue, Ashworth (1999) has argued that 

when investigating LCCs, analysts should set less money aside for current building 

services infrastructure projects, in order to meet higher expenditures in the future. In 

actual fact, the calculation of the LCC of building services infrastructure merely 

involves adding up the constituent costs. However, this is a simplistic evaluation since 

the timing of particular costs needs to be taken into account. This means that the costs 

of the building services infrastructure should first be converted into the present values 

and then added up to compare the different options on a common basis. The most 

familiar comparison measure used in the LCC analysis is the net present value (NPV) 

method (Gulch and Baumann, 2004).  

Bakis et al. (2003) maintained that depending on the choice of LCC method used, 

the time perspective may differ, and this will affect the outcomes from the LCC 

computation when discounted to a NPV. Other LCC techniques which could be adopted 

in measuring the building services infrastructure performance, are the equivalent annual 

cost (EAC), payback period (PP), return on investment (RON), and saving to 

investment ratio (SIR). The five main economic evaluation methods for LCC, their 

application, advantages and disadvantages for building services infrastructure 

management are indicated in Table 2.2. It is evident from the literature that the most 

suitable approach for the LCC in this context is the NPV method.   

In the course of examining the building services infrastructure performance using the 

LCC technique, the risk associated with each option should also be taken into account. 

Various risk assessment techniques are employed to evaluate the possible failure of 
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attempts to achieve sustainability (Gulch and Baumann, 2004; Ellis, 2007; Dusart et al., 

2011). One way of performing such risk analysis is through the use of a sensitivity study 

as presented in Table 2.2.  

 

               Table 2.2: The LCC evaluation methods (Dusart et al., 2011). 

Method Application Advantage Disadvantage 

Simple  

payback (SP)  

Rough estimation if 

the investment is 

profitable.   

Quick and easy to 

calculate and interpret 

the results  

Does not take inflation, 

interest or cash flow data 

into account. 

Discount 

payback 

(DP) 

Should only be used 

as a screening tool 

not a decision device.  

Takes the time value 

of money into account.   

Ignores all cash flow 

outside the payback period. 

Net present 

value  (NPV) 

Most LCC models 

use the NPV. Not 

usable if the options 

incorporate different 

lif espan. 

Takes the time value 

of money into account. 

Make the return equal 

to the market rate of 

interest.  

Not usable when the 

compared options have 

diverse lifespan. Not easy 

to interpret. 

Equivalent 

annual cost 

(EAC) 

Different options 

with varied period 

can be compared 

(ISO, 2004). 

Different options with 

diverse timescale can 

be compared (ISO, 

2004). 

Just gives an average 

number.  But, it does not 

indicate the actual cost. 

Internal rate 

of return 

(IRR) 

Can only be used if 

the investments will 

generate an income. 

Result is given in 

percentage which can 

be helpful. 

Calculations need a trial 

and error procedure. IRR 

can only be calculated if the 

investments will produce an 

income. 

 

A sensitivity study could be applied to assess the impact of a change in an input 

variable on the LCC of building services infrastructure projects. Monte-Carlo 

simulation is capable of testing the sensitivity of building services infrastructure data to 

obtain a range of possible values in this case. Another important benefit in the LCC 

examination is the costs broken down structure (CBS). The CBS system represents the 

method in which the LCCs of building services infrastructure are performed as 

presented in Table 2.2. Hence, the aim of LCC analysis is the comparison of options, 

since it enables information relating to costs involvement in the building to be shown in 

a way that enables proper judgment (Whyte et al., 1999; Bakis et al., 2003).  

Bakis et al (2003) study has found the integration of the LCC method within 

building services infrastructure evaluation could yield more economic gain over several 

years after construction and operation alike. Such dividends cut across the technical 

lifetime of building services infrastructure, that is, the estimated number of years until 
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the installed components, fixtures and applicable technologies are considered obsolete 

(Bakis et al., 2003). Similarly, the physical lifetime of building services infrastructure 

explains the estimated period in which the building is physically assessed for use. The 

LCC can also be applied in measuring the building services infrastructure utilities 

lifetime as mentioned earlier. This aspect expresses the economic worth in estimating 

the actual time, in which the building services infrastructure can satisfy the established 

performance standards. Furthermore, LCC application is diverse in the quest for 

sustainability success, as it can also be used when forecasting, in tendering documents, 

and in bidding for building projects (TG4, 2003; Smith, 2008).  

 

2.10.3 The barriers in the life cycle cost application  
 

Recently, the building industry has relied heavily on the use of the LCC technique in 

its efforts to achieve delivery of sustainable projects. However, despite its economic 

importance and versatility in engineering and technology, there are still some limitations 

to its application. Contemporary studies have discovered that the LCC approach is 

commonly used in the implementation of building services infrastructure projects under 

private finance initiative (PFI) schemes at the procurement phase (BPC, 2010). 

Additionally, it is seen that most building construction organisations employ the LCC 

method for costs appraisal during the design phase for bidding (Landon, 2010). 

However, this is not to suggest that the LCC model cannot be successfully applied in 

other phases of operation (use)/maintenance, and the end-of-life stages (Sterner, 2000; 

Bakis et al., 2003; BPC, 2010). There are, however, a number of reasons for the limited 

application of the LCC in building services infrastructure systems management so far. 

Some of these are either practical or political, depending upon the precise circumstances 

(Sterner, 2000; Bakis et al., 2003).  

In the practical dimension of LCC application, Bull (1993) revealed that capital costs 

and operating expenditure are usually met by different parties (client and contractors) 

before contract execution, and that there is no incentive on behalf of those responsible 

for building construction to reduce the subsequent costs-in-use (Bull, 1993). Figure 2.13 

shows the two major constraints associated with the LCC application in building 

industry.  
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Figure 2.13: The major barriers in LCC application. 

 

Another practical barrier to the use of the LCC method, is noted by Ferry and 

Flanagan (1991) as being the difficulty in forecasting building services infrastructure 

projects over a long period of time. Other factors are cited as the future operating and 

maintenance costs, and discount payback problem. Bakis et al. (2003) also itemised 

several reasons for the reluctance of the public sector to invest in the LCC technique in 

building construction. They include: (a) the tendency for the use of a building (facility) 

infrastructure to change in the near future, meaning that the LCC application would later 

be regarded as a waste of money; (b) the fact that building services infrastructure has a 

longer services delivery period than its life span as envisaged by the clients; (c) the 

unwillingness of government agencies to invest in the more expensive options when 

there are no solid technical data to guarantee any future savings on such building 

services infrastructure; and (d) the practice of many decision-makers using the LCC to 

opt for minimum initial investment (MIN) either to increase the return on investment or 

meet budgetary restrictions. These factors are considered as the practical obstacles in 

this situation (Landon, 2010; Kehily and Hore, 2012).  

Kehily and Hore (2012) have also disclosed other practical barriers to the adoption of 

the LCC technique in building services infrastructure management. They are: (a) the 

complexity associated with the LCC application, and (b) the lack of sufficient data for 

computation. It is obvious that in such situations, a proper LCC evaluation could not be 

performed. One of the major setbacks in this case is the absence of frameworks or 

mechanisms for collecting and storing information. The accounting systems used by 
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building managers and contractors seldom provide an alternative means to accurately 

identify the costs of maintenance and repair of specific components within a building. 

Moreover, the estimation of the LCC model is a rather complex exercise when applied 

manually, especially at the detailed design phase. An analyst has to estimate the LCC of 

each option for each building element such as energy, water, or the infrastructure 

utilities as a whole, and the LCC of each option might consist of several cost items. For 

each cost item, the related performance and cost data have to be retrieved (Clift and 

Bourke, 1999; NSA, 1999; Langdon, 2006).  

Political barriers to LCC application lie in policy-making, and generally, the decision 

to apply the LCC model in building services infrastructure projects delivery is based 

purely on the clientôs inclination. Moreover, the lack of any legislative policy 

framework promotes a situation whereby there is no compelling obligation upon the 

client or the contractors to aim to deliver sustainable building services. Government 

legislation may, however, sometime affect both clients and other parties in integrating 

the LCC for cost analysis (Clift and Bourke, 1999; NSA, 1999; Bakis et al., 2003; 

Langdon, 2007; Kehily and Hore, 2012). 

 

2.11 Engineering sustainability in building services 

management  
 

Engineering sustainability is a catalyst for building services infrastructure growth. 

The promotion of its principles yields economic benefits and resources which all help in 

the effort to achieve sustainable development. However, such sustainability depends 

upon the development of business strategies that can be effectively implemented. Two 

main factors underpin the demand and rationale for eco-buildings believed to be 

achieved through green growth incorporation within building services infrastructure 

advancement goals. These factors are: (a) the growing concerns about the environmental 

unsustainability of past and current economic growth patterns; and, (b) the risk of 

irreversibly altering the environmental base needed to sustain economic prosperity 

(ESCAP, 2011). Increased awareness of a potential future climate crisis has made it 

clear that the environment and the economy can no longer be considered in isolation. 
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These concerns point to the need for substantial change of consumption behaviour, 

industry structures, and technologies (OECD, 2010; OCED, 2011; ESCAP, 2011). 

 

2.11.1 The green growth model 
 

Within the built environment, the green growth model is now commonplace in 

sustainable building services infrastructure systems development (ESCAP, 2006). Green 

buildings could be defined as building services infrastructure that promotes the 

reduction of harmful effects on the environment and construction activities as a whole 

(Eco Homes, 2003). The sustainability model has been the beacon for sustainable 

development. Moreover, the interdisciplinary engineering fields and social science are 

included in the drive to integrate innovative models into the management of building 

services infrastructure systems for sustainability purposes (Yudelson, 2008; Broers, 

2005).  

It is an established fact that much benefit has resulted from engineering sustainability 

approaches within the context of building services infrastructure, but there still remains 

a demand for more progress in this respect. Consequently, other proactive measures are 

adopted, including: (a) concepts of reduce, reuse and recycle, (b) eco-efficiency, (c) the 

publicïprivate partnership drive, (d) educational awareness, and (e) the use of 

mathematical modelling tools (OCED, 2003; ESCAP, 2006; Girouard, 2011). In this 

study, the concept of green growth could better be described as: 

 

Green growth practice is capable of maintaining the economic expansion 

necessary for enhancing the quality of life in this context. This practice will 

simultaneously minimise pressure on the available resources consumption, thereby, 

improving the eco-efficiency within building industry (WBCSD, 2000; ESCAP, 2006). 

 

 The green growth approach to sustainable building services infrastructure 

management has been found effective in promoting engineering sustainability. 

Consequently, it fosters eco-efficiency of building services infrastructure development, 

creating more value with fewer resources and less impact (ESCAP, 2006b). Building 

services infrastructure development has traditionally been the responsibility of the 
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public sector, and in measuring eco-efficiency, it is necessary to enlist government 

efforts. Government must determine both economic and environment-related issues in 

respect of building services infrastructure expansion since these are the major elements 

of eco-efficiency schemes in engineering sustainability. Such determination is essential 

during each stage of building services infrastructure development, such as planning, 

design, and construction (OECD, 2009a). Typical of the measures adopted, are those 

indicated in Figure 2.14. 

 

 

Figure 2.14: Eco-efficiency and its impact on the economy (WBCSD, 2000). 

 

Figure 2.14 demonstrates the governmental measures of eco-efficiency schemes 

considering engineering sustainability objectives in respect of building services 

infrastructure advancement. The notion that there is an upward pressure on the economy 

and quality of life, with much emphasis on the resources utilisation and pollution 

released to the environment, underpins the model. As such, the green growth approach 

can facilitate the viable recovery of building services infrastructure development with 

environmentally and socially-stable economic growth (WBCSD, 2000). The WBCSD 

(2000) study indicates that eco-efficiency involves increasing services while reducing 

material and energy intensity. This approach has hitherto been mainly applied in 

building services infrastructure (water and energy) management, but it may also offer 

far greater sustainability benefits when applied to other economic aspects. For example, 

it may provide increased energy, water, and wastewater utilit ies, with less use of 
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material and other resources, thereby, enabling ógreen growthô and socio-economic 

development as shown in Figure 2.14 (OECD, 2009b; OCED, 2011; ABS, 2012).  

Several frameworks have been identified for the promotion of the green growth 

strategy. In this respect, policy mixes with research and developments (R&D) need to 

be closer to the best practice from the concept of green growth (OECD, 2010; GSGF, 

2010). The factors are being identified as key elements of the economic framework to 

determine the profitable efficiency and sustainable development integrity (WBCSD, 

2000). Legislative policy formulation with appropriate educational awareness through 

R&D could simulate a trade-off at both national and international levels (OECD, 2010).  

 

2.11.2 Engineering sustainability through eco-efficiency methods 
 

Eco-efficiency is achieved in building services infrastructure by the integration of 

environmentally-sound technologies and fundamentally new systems solutions for the 

services delivery. Progressively, such principles will reduce the ecological impacts and 

resource intensity throughout the life cycle of building services infrastructure systems to 

the bare minimum level. Hence, more value is created at the same time as there is less 

use of the building services infrastructure utilities, and less environmental impact 

(WBCSD, 2000; Eco Homes, 2003). UNCTAD (2003) has argued that the term eco-

efficiency can be expressed as the ratio of the added value to the building infrastructure 

network and its environmental impacts.  

It can be seen, therefore, that the concept of eco-efficiency when successfully 

implemented with the building industry, is capable of yielding financial benefits. 

Indeed, it can also support government in deriving a national strategy for the success of 

the sustainable development agenda. The practices associated with eco-efficiency could 

establish healthy frameworks to promote innovation, and transparency that allows for 

responsibility sharing among the stakeholders. Furthermore, the initiative can amplify 

eco-efficiency ethics for the economy and deliver progress in respect of sustainability 

goals (WBCSD, 2000; ESCAP, 2011; Eco Homes, 2003; Janssen and Hendriks, 2002; 

WB, 2010). The basic principles needed for the promotion of eco-efficiency in building 

services infrastructure are shown in Table 2.3. 
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             Table 2.3: Principles for promoting eco-efficiency of building infrastructure (ESCAP, 2006).  

Factors Benefits of eco-efficiency 
Use resources efficiently To obtain greater value from fewer resources and to reduce 

waste and impacts within the building. 

Minimise externalities When considering market failures, including life cycle costs and 

the social benefits of policy tools such as utility bills. 

Use both mandatory and 

voluntary systems 
For assessing and reducing environmental impacts, including 

raising awareness of policy makers and the public on building 

infrastructure usage. 

Promote the use of eco-

efficient indicators 
To measure environmental sustainability for building 

infrastructure development. 

Promote appropriate 

technology tools 
For eco-efficient infrastructure in the region focusing on local 

and renewal energy, climate responsive design for building, 

waste management and treatment. 

Promote effective multi-

stakeholder partnership 
Involving key actors in the building industry. 

Use innovative financing 

and procurement methods 
Such as cost sharing and partnering in building industry. 

Promote demand-side 

management 
Targeted at service-focused approach keeping in mind the end 

usersô needs for building infrastructure sustainability. 

                

On the whole, the employment of eco-efficient policies will sustain a long-term 

building services infrastructure lifespan and green growth initiative. This drive is 

capable of maintaining sound and healthy building services infrastructure systems for 

the present and future generations (WCED, 1987; ESCAP, 2011). 

        

2.11.3 The 3R approach 
 

The reduction, reuse, and recycling of materials within the context of this study is 

termed the 3R approach. Environmentally-sound practices achieved through 3R can be 

considered and applied as best practice in building services infrastructure development. 

Minimising waste generation through source reduction, separation, reuse, recycling, and 

recovering goods and materials, will promote sustainability success. This approach not 

only responds to the problems of increasing waste generation, but may also provide 

significant gains from the reuse and recycling of waste (Eco Homes, 2003). Promoting 

this approach requires establishing 3R-related policies along with environmentally- 

sound recycling mechanisms that will support and improve informal waste recycling 

(DEFRA, 2011).  
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The use of financial incentives in the form of government subsidies for recycling 

technologies and harnessing market forces is another engineering sustainability measure 

that is adopted in the development of building services infrastructure. The 3R approach 

could also involve public awareness and waste composting practices for energy 

generation (Eco Homes, 2003; ESCAP, 2006b; Sabol, 2008; DEFRA, 2010; WRAP, 

2011). Figure 2.15 depicts a typical 3R process in engineering sustainability through 

waste management. 

 

 

           

                     Figure 2.15: Best practice in waste management (WRAP, 2011). 

 

2.11.4 Public-private partnership  
 

The public-private partnership (PPP) scheme has been found to deliver sustainable 

buildings, and therefore this is one of the robust approaches currently employed in 

engineering sustainability efforts in respect of building services infrastructure 

development (Friesecke, 2006). A study by Tetrevova (2006) has established the PPP 

contribution towards sustainable building services infrastructure as being significant and 

laudable. Indeed, the gain from this practice includes investment projects implemented 

in the public interest using financial resources from the private sector. To implement 

these projects, not only do the financial resources from private companies count, but the 

expertise, managerial know-how, organisational and innovational potentials are also 

used (Broers, 2005; ASHRAE, 2004). Expert abilities and experience relating to 

building services management and funding are the core mechanisms in the delivery of 

the sustainability agenda. Consequently, PPP has become a ground-breaking, and 
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strategic approach in the services delivery of sustainable building services infrastructure 

worldwide (ESCAP, 2006).  

PPP programmes can be developed through co-operation between governments, non-

governmental organisations (NGOs), community-based organisations (CBOs), and other 

private entities in managing building projects for sustainability. The PPP agenda can 

also deliver in the procurement of the public building sector, thereby increasingly 

gaining more ground in the effort to achieve sustainability (ESCAP, 2011). The synergy 

of the PPP initiative in the building services industry is evident, especially in an 

economic climate where fewer resources (utili ties) are available for public service needs 

(Friesecke, 2006; Fernandez, 2010).  

 

2.11.5 The use of mathematical modelling theories 
 

Engineering sustainability in the context of building services infrastructure 

development can be delivered through suitable mathematical modelling. Contemporary 

studies have revealed the integration of mathematical methods in measuring the 

economic, social, and environmental values that can enhance the potential of achieving 

sustainability. Such techniques contribute to a variety of decision-making processes, 

ranging from the planning, design, and construction stages of the building services 

infrastructure (Gulch and Baumann, 2004). These analytical techniques can also offer 

efficient managerial pathways in appraising the maintenance, operation, and EoL of 

building infrastructure projects (Yudelson, 2008; Nebel, 2006; Langdon, 2007).  

 

2.11.5.1 The sustainable engineering infrastructure (SEI) model 
 

The SEI model is one of the latest mathematical models applied in analysing 

building services infrastructure performance. A recent study by Okon et al. (2010) 

found such novelty through the integration of an SEI model in evaluating a shopping 

mall. The SEI model analyses the total building services infrastructure project life cycle 

with an allowance for on/offsite recycling processes. All aspects of conceptual design, 

procurement, materials handling, construction, renovation, disposal, decommissioning, 

hazardous materials, and demolition with recycling procedures, are addressed for their 

sustainability impacts. Additionally, appropriate metrics for the engineering project life 
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cycle are incorporated in the SEI model functions to manage issues bordering on 

building services infrastructure project viability, performance, reliability, and 

deliverability. Furthermore, the maintenance and use of buildings, EIA and the return-

on-investment among other parameters, are integrated into a common design and 

analysis pool function for the overall building services infrastructure growth (Hill and 

Bowen, 1997; Ellis, 2007).  

Interestingly however, the SEI model also addresses and normalises sustainability 

values (Suv) within ranges of 0 Ò Suv Ò 1 by applying the probability (P) and set theory 

paradigm into sustainability. Thus, accurate and reliable indices of sustainability can be 

qualified and quantified. Typically, for an ideal building services infrastructure project 

situation, the Suv is 1. But this is impracticable in the real engineering projects 

situation. Similarly, the reliability and regression analysis models (RRAM) are among 

the effective methods integrated in assessing building services infrastructure growth 

(Stroud, 2001). These theories have been applied in evaluating building services 

infrastructure utilities (water, energy maintenance), and other ancillary practices. The 

outcomes from these methods are reliable (Okon et al., 2010; Okon and Elhag, 2011).     

                

2.11.6 Summary 
               

In this Chapter of the thesis, a comprehensive coverage of the literature related to the 

aims and objectives of the study has been provided. Consequently, a full review of 

literature concerning building services infrastructure and building construction activities 

has been made. The review has concentrated on issues relating to sustainability-driven 

buildings, and has identified the theoretical basis, gaps, drivers and limitations in 

sustainability practices in order to create more awareness regarding the study.  Through 

reviewing the related literature, the researcher has identified several appropriate 

sustainability management frameworks (ISO 14001 EMS, LCA and LCC) and 

engineering sustainability models that have been established and used in the context of 

building services development and management. Chapter Three presents detailed 

information concerning the methodology adopted for the empirical work in the study. 

  



              Bassey B. Okon               Research Methods on Sustainable Building Services   

                                                      Infrastructure Systems Management  

 
85 

 

Chapter Three 
 

3.0 Research methods: sustainable building services 

infrastructure systems management  
                   

3.1 Introduction 
 

Building services infrastructure systems are typically characterised by complexity, 

diversity, operational context, and their non-standardised nature (CIOB, 2003; CIB, 

2004; Wood, 2006). Consequently, it becomes necessary to design suitable and 

implementable frameworks for the proper determination and review of the extent to 

which sustainability is integrated in this context (NSA, 1991; ASTM, 2002). The CIB 

(2004) has maintained that building services infrastructure systems constructed in a 

well-planned and designed manner, will  account for the well-being of people, natural 

resources, and the environmental impact (Koskela, 2009; ASHRAE, 2004; BREEAM, 

2008; Gigg, 1988). However, the effective management of such building infrastructure 

systems upon completion and during use, is currently posing great challenges (Boyle, 

2005). Problems arising in this respect, are the lack of prudent management regarding 

the infrastructure resources, and environmental impact issues resulting in the threat of 

climate change (GSGF, 2010; Shah, 2007). Building services infrastructure resources 

are water, energy, and wastewater, all of which need to be properly maintained and 

require more strategic appraisal due to worldwide insatiable demands (Cheshire and 

Maunsell, 2007; GSGF, 2010; ASHRAE, 1999).  

However, it is not possible to effectively appraise building services infrastructure use 

and their impact upon sustainability without clearer and more consistent standards and 

principles of performance (BREEAM, 2008; CIB, 2004; ASTM, 2002). These ethics 

and frameworks must be developed for use by the practitioners in this context. The 

building planners, engineers, architects, and other experts who are all involved in 

encouraging sustainability are therefore, responsible for considering the long and short-

term economic, social and the environmental implications (BREEAM, 2008; GSGF, 

2010). There is also need for a mix of technological, political and innovative models. 

Such models need to be tailored so that they can achieve best practices in the 
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performance of eco-efficient and green growth buildings so that sustainable 

development goals can be realised (Eco Homes, 2003; Dutil et al., 2011; CIOB, 2010).  

 

3.2 Research design 
 

This section presents the methods and systematic approaches used in the study. The 

research problem statement is indicated, and the methods for assessing sustainable 

building services infrastructure systems practices are presented. Likewise, survey 

information and detail of the pilot survey used, are given. Figure 3.1 shows the 

approach to research design, indicating the steps between the identification of the 

research problems, and the eventual discussion of the results obtained after the 

fieldwork.  

 

      

Figure 3.1: The research design approach 

 

Table 3.1 depicts the seven phases (IïVII ) of the study and the methods adopted 

during each phase. The table further explains how these methods were applied in each 

phase to achieve the overall objectives of the research.  

 

Table 3.1: Phases of study and the applied methods. 

Phases of Study Research Title Adopted Method 

 

 

 

        I ï IV  

 

 

Building services 

infrastructure 

characteristics 

*Methods used for the survey information, pilot 

study and administration were; Akin and Wing 

(2007); Yin (1984); Yin (2003); Oô Leary (2004) and 

Last (2003).  

*Elhag et al. (2005) approach was used for the 

feedback analysis.  

*Also, Okon et al. (2010) method was applied to 

study the sustainability indices. 
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V 

 

 

 

 

 

 

LCA and LCC 

evaluation 

*The method according to OôLeary (2004) and Last 

(2003) were adopted for the pilot study and the 

structured survey administration respectively.  

*The LCA study employed ISO (1997) and Home et 

al. (2009) methods.  

* Impact assessment study was conducted via CML 

(2007) approach.  

*Guinea et al. (2001) and Cabal et al. (2005) 

methods were applied to normalise the environmental 

impact test.  

*The statistical analysis on the LCA was studied 

using Devellisô (1991), and Fieldôs (2006) methods.  

*LCC study was conducted through Landon, (2007) 

method and Romm (1994) approaches were applied 

for the LCC analysis. Also, the statistical software 

package version (SPSS 19.0) was employed for the 

LCC study. 

 

 

 

 

 

 

 

VI  

 

 

 

 

 

 

 

Energy & utilities 

management 

*The UK, FOI medium was used for contacts within 

the health and education sectors before a pilot study. 

*The methods used for the pilot study and structured 

survey were OôLeary (2004) and Last (2003).  

*The averaging study were according to Smith 

(1998) and Stroud (2001) methods.  

* In studying the percentages outcomes, Stroud 

(2001) approach was used.  

*Carbon footprint evaluation was conducted in line 

with Azapagic (2010) method.  

*Also, the probability analysis study was carried out 

using Hansen (2005) and Montgomery et al. (1998) 

methods.  

*However, permutations and combinations function 

alongside the statistical analysis were studied to 

establish the sustainability indices through Stroud, 

(2001) approach. 

 

VII  

 

Interviews 

* Interviews approaches as used in the study were 

according to Kumar (1999); Kvale (1996) and 

McCracken (1988). 

 

3.3 Presenting the research methods  
 

Suitable methods were decided upon, and later applied within the seven phases of the 

study as shown in Chapters Four, Five, Six and Seven respectively. These methods were 

focused on achieving the overall aim and objectives of the research in each scenario. 

Four phases (IïIV) implement a common approach in addressing the building services 

infrastructure characteristics evaluation. Phases V and VI employ different methods for 
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the studies as specified in the subsequent sections. The interview sessions as contained 

in Chapter Seven (phase VII ) and details of the methods used and their application are 

also reported in the appropriate sections of this thesis. 

 

3.4 Survey information in study phases I ï IV 
 

Tables 3.2ï3.5 present a summary of the survey distribution within study phases Iï

IV  as contained in Appendix I. The achievable data from these surveys were later 

analysed and used for the investigation. Information in these tables provides an 

overview of the different survey cases within the UK and Nigeria. The analyses arising 

from the surveys are contained in Chapter Four of this thesis. 

 

                 Table 3.2: Summary of survey distribution within Commercial Buildings 

Survey Inventory Lot Period of administration  Response time (month) 

Survey produced 100    September, 2009 - 

Survey administered 100 September, 2009 - 

Survey received after completion  25    September, 2009        January, 2010 

Survey returned unanswered 22    December, 2010        February, 2010 

 

                 Table 3.3: Summary of survey distribution in Buildings Construction Companies 

Survey Inventory Lot Period of administration  Response time (month) 

Survey produced 100    September, 2009 - 

Survey administered 100 September, 2009 - 

Survey received after completion  35    September, 2009        January, 2010 

Survey returned unanswered 16    December, 2009        March, 2010 

 

             Table 3.4: Summary of survey distribution within ALSCON Building/Facility 

Survey Inventory Lot Period of administration  Response time (month) 

Survey produced 100    May, 2010 - 

Survey administered 100    May, 2010                      - 

Survey received after completion  48    September, 2010        January, 2011 

Survey returned unanswered 8    March, 2011        February, 2011 

 

Table 3.5: Summary of survey distribution in MPN Building/Facility 

Survey Inventory Lot  Period of administration  Response time (month) 

Survey produced 100    May, 2010 - 

Survey administered 100    May, 2010 - 

Survey received after completion  30    September, 2010           March, 2011 

Survey returned unanswered 17    March, 2011           March, 2011 
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3.5 Research method in study phases I ï IV 
 

The research method is tailored towards contributing to the overall body of 

knowledge regarding building services infrastructure systems management and building 

construction activities. In this context, the UK and Nigerian scenarios were appraised. 

Atkin and Wing (2007) explained that in order to achieve such a contribution in a 

systematic way, it is necessary to approach a study with suitable and logically accepted 

techniques. At the same time, Yin (1984, 2003) argues that a case study method 

provides a rational approach to a research project. Consequently, the research method 

consists of a combination of strategies, which involve a two-stage method: an in-depth 

literature search of previous studies concerning current practices in this field, and a 

survey to collect primary data.  

The literature review was aimed at identifying the gaps within the management 

procedures. The survey was aimed at obtaining the views of the experts in the practical 

situation. As already shown in Chapter Two, the literature search was focused on 

illuminating all the background issues relating to the sustainability agenda and 

identifying best practices in terms of policy and implementation in respect of 

sustainable building development. The evaluation of the sustainability agenda and its 

application in respect of building services infrastructure systems and building 

construction activities have been thoroughly studied.  

The survey was administered through email, regular mail, and personal contact. The 

regular mail survey was found to be more productive, due to its wider coverage (BAJR, 

2007). Building services and building construction experts were the major respondents 

to the survey.  

 

3.6 Research process used in study phases IïIV 
  

This section addresses the research processes employed. The three different 

processes involved in administering the questionnaire are presented, these being: the 

pilot study, the survey itself, and the methods of analysis. 
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3.6.1 Pilot study in phases IïIV  
 

A pilot survey was prepared and administered within two shopping malls and five 

building construction companies in the UK. This was aimed at investigating the key 

parameters affecting the management of building services infrastructure systems in both 

the private and public sector. The pilot study was meant to provide background 

information for the restructuring of suitable surveys for the main study. The pilot survey 

was comprised of structured questions to capture respondentsô observations on the 

suitability of the proposed methods. The potential usefulness of the survey approach in 

research is indicated by OôLeary (2004), and Last (2003) who suggested its suitability 

for use within the social sciences. In total, 400 paper copies of the main survey were 

produced and administered by hand and through the mail. Soft copies of the survey 

were also emailed to the organisations indicated in Tables 3.2ï3.5. Appendix I is a 

sample copy of the survey for study in phases IïIV respectively. 

 

3.6.2 The structured survey administration in study phases IïIV  
 

The feedback from the pilot study established a group of six characteristics which 

were subsequently structured into survey and administered within the four phases, IïIV 

of study, Appendix I. These characteristics include: energy, water resources 

management, maintenance management practices, infrastructure design, projects 

characteristics, and external factors. Provisions were also made for the respondents to 

return the survey either by hand or email as indicated in the appendices. More details on 

these surveys are indicated in Section 3.6.3. 

                 

3.6.3 Survey feedback and methods used for analyses, phases IïIV 
                

Within the main survey 50 characteristics were found, and grouped into the six 

different categories already identified, and as contained in Appendix I. These are: 

 

¶ Energy resources management characteristics; 

¶ Water resources management characteristics; 

¶ Maintenance management practices; 
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¶ Infrastructure design characteristics; 

¶ Infrastructure project characteristics; and, 

¶ External factors affecting infrastructure management. 

 

The method employed for the survey in Appendix I was to rank and evaluate these 

factors according to their influence and significance in terms of this study. The survey 

in Section 3.4 was produced and specifically administered to the maintenance/ 

operations managers within the chosen organisations. The response rates for the survey 

in the four sectors studied are within 25ï48%, Tables 3.2ï3.5. This rate is higher than 

the normal rate of 20ï30% for most surveys posted through the regular mail or hand-

delivered (Elhag et al., 2005). More interestingly, the survey feedback indicated that 

65% of respondents had between 5 and 20 years, and over 20 years, of related 

professional working experience. The remaining respondents had between 1 and 4 years 

such experience. This wealth of experience was in the organisations studied or within a 

related building/facility or company.  

All respondents were happy with the survey technique, and some recommended 

ways for improvement as presented in the results and discussion section. To calculate 

the degree of influence of each variable from the survey feedback, a three-point scale 

was used (Elhag et al., 2005), as follows: 

 

         1 = not significant 

         2 = moderately significant 

         3 = highly significant 

 

For further analysis, the determinant factors described in sub-sections 3.6.3.1 and 

3.6.3.2 were applied. 

 

              3.6.3.1 Analysis and ranking of determinant management factors 
 

The factors were ranked according to their significance in examining energy and 

water resources management characteristics. Also, maintenance management practices, 

infrastructure design, project characteristics, and external factors influencing the proper 

delivery of sustainable building projects were investigated. A severity index (SI) 
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computation was used for ranking the associated factors according to their significance 

(Elhag et al., 2005). Mathematically, the severity index analysis is given by Equation 

(1): 

 

                                              SI =
n
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                                                  (1)   

   

Where i represents the ratings 1 ï 3, fi, the frequency of the responses, n, the total 

number of responses and wi, the weights for each rating. Appendix II is the worked 

examples for the severity index analysis. Chapter Four outlines the summary of findings 

regarding the statistical analysis for the severity index results.  

 

              3.6.3.2 Measuring respondentsô concordance 
  

This was targeted at determining the variation of responses for each factor. The 

coefficient of variance (COV) allows for the comparison of variables between two or 

more different variables. Therefore, Elhag et al. (2005) defined the coefficient of 

variation as the ratio of standard deviation to the mean of a given data set. This is shown 

in Equation (2). The respondentsô concordances were analysed using Figure 3.2. 

 

 

Figure 3.2: Weight for each rating (Elhag et al., 2005). 

 

 

The characteristics in Tables 3.2ï3.5 were determined through the application of the 

COV in the analysis as indicated in Equation (2). 

 

                                                                   COV = %100x

X

S
-

                                                     (2) 

where COV represents the coefficient of variation, S denotes the standard deviation and 

X  the weighting mean sample. The COV in this case, expresses the standard deviation 
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as a percentage of the mean and is useful in comparing the relative variability of 

different responses with values calculated using Equation (2). Appendix II is the worked 

examples for the coefficient of variation analysis.  

In computing for the category ranking analysis, this is usually the product of the 

severity index results. As such, the order of sequence of 1st, 2nd, 3rd, are followed. But, 

a constant of 1.5 is usually added onto the prceeding order of sequence when similar 

(overlapping) results are achieved. For instance, in category ranking analysis where the 

order of sequence is 4th, then, the next overlapping severity index results of two value 

equal to 5th. This order of sequence will eventually change to 6th considering the 

specified constant (Elhag et al., 2005). The overall ranking accounts for the evaluation 

of the severity index results in order of their magnitude. Interestingly, the different 

methodologies as applied in this study have already been presented in internationally 

refereed journals (Okon et al., 2010; Okon and Elhag, 2011). The rationale behind this 

approach was to provide an in-depth understanding of the benefits of incorporating 

sustainability into the context of this study. It is also tailored at more widely improving 

the building infrastructure project performance.  

 

3.7 Other research approaches used in study phases IïIV 
                    

In this study, some basic theoretical models were incorporated for analysing building 

services infrastructure performance. This becomes necessary as other researchers have 

not exploited these fundamental mathematical components in addressing sustainability 

generally. They include: (a) the set theory; (b) the probability theory: and, (c) the SEI 

model development. Information regarding the application of these models in this 

research is presented in the relevant sections of this thesis. 

  

3.7.1 The set theory method 
 

Set theory application attempts to test the veracity of the data in this study. The use 

of set theory in data analyses is to provide for the suitable management of the acquired 

information in any given circumstance or event (E), (Stroud, 2001: Hansen, 2005). A set 

theory has wider application ranging from engineering, science and humanities settings 
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just to mention but a few. The sustainable development theme revolves around the 

economic, social, and environmental values. These trio factors reveal a balance among 

the three themes of sustainability and can be appraised through the set theory. Indeed, a 

set theory is a collection of elements (Hansen, 2005). Also, if an element x is contained 

in or belongs to the set E: it could be expressed as, 

 

                                                       x ɭ E                                                                        (3) 

 

Then, if A is a collection of elements all belonging to E; the expression is as follows: 

 

                                                      A Ì E                                                                       (4) 

Equation (4) indicates A is a sub-set of E. Thus, A in itself is a set included in the largest 

set of E. Therefore, the complement of A, denoted as A
C
 within E, is a set of elements in 

E that do not belong to A. This argument, however, has yielded: 

 

                                                  A
C 

= {x ɭ Eƅx Î A}                                                    (5) 

But, if A, B Ì E are two sub-sets of E, this will define a union. Hence; 

                                               A U B ={x ɭ Eƅx ɭ A} or {x ɭ B}                                 (6) 

 

From Equation (6) the intersection gives: 

 

                                               A ž B = {x ɭ E ƅ x ɭ A and x ɭ B}                              (7) 

 

 

                                        Also,      A/B = A ž B
C
                                                           (8)                                                                                 

 

Equation (8) defines the set of elements in A that do not belong to B. 

 

The set theory according to James et al. (1996), explains it is basically concerned 

with the identification of one or more common characteristics among objects called 

elements (members of the set). These members of the sets are usually presented in 

capital letters, typically: A, B, C and the sub-sets, a, b, c respectively. Smith (1998), 

argues that set theory has been one of the fundamental means of sorting objects into 

certain similar groupings. In addition, the letter (U) denoting universal is always applied 

for the set theory in the Venn diagram. Therefore, a finite set is one that contains only a 
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finite number of elements (1, 2, 3éé.n) while an infinite set is one consisting of an 

infinite number of elements (Stroud, 2001). These infinite sets in this case are 

economic, social and environmental values of sustainable development.  

In this thesis, environmental values are represented by (Env), social values (Soc), 

economic values (Eco) and sustainable development is denoted by (S.D). However, the 

two Venn diagrams in Figure 3.3 depict the set theory representation. 

 

Figure 3.3: Venn diagram showing the intersection and union of set elements. 

 

Hence from Figure 3.3, the set theory equation is expressed in Equation (9): 

 

                                                 Env ž (Soc ž Eco)                                                           (9)   

 

It is indicative from Equation (9) that the triple factors of sustainable development 

belong to the same universal set theory. Consequently, set theory also holds as indicated 

in Equation (10): 

 

                                   Soc ž (Eco U Env) = (Soc ž Eco) U (Soc ž Env)                          (10) 

                      

The incorporation of set theory into sustainability originates from the inter-relation 

among the three themes of sustainable development. The economic, social, and 

environmental values are classified as sets. The sub-sets are equitability, viability, and 

bearability values of sustainability. Evidently, set theory is capable of evaluating 

sustainability along with the building services infrastructure systems management as 

contained in Figure 2.2 on page 44 (Okon et al., 2010). The set theory model has 
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generated into the Venn diagram given in Figure 3.3 and is used for evaluating building 

infrastructure services delivery. 

                

3.7.2 The probability theory method 
 

Probability theory aims to measure the achievable data in this study. The increasing 

use of probability theory is to quantify the chance or possibility that sample test 

measurement results or data fall within some set of values (Hansen, 2005). Probability 

theory is usually expressed in terms of random variables during information presentation 

(Montgomery et al., 1998). Accordingly, probability theory can provide the foundation 

for evaluating statistical inference in any research. Probability theory is found as the 

main conceptual origin of statistics and a mathematical framework for discussing 

experiments with an outcome that is uncertain (Smith, 1998; Stroud, 2001). However, 

probability theory is used to address the mathematical aspects of uncertainties and is 

calculated theoretically by specifying what properties such quantification represents 

(Hansen, 2005).  

The application of probability (P) theorems from the Venn diagram in Figure 3.3 is 

expressed as follows: 

  

                                                          P(X ɭ R) = 1                                                        (11) 

                

where (P) is the probability of random variables, (R) is the set of real variables (E) 

elements and (X) denotes data information from this study; 

  

                                                     0 Ò P(X ɭ R) Ò 1 for any set E                                 (12) 

 

Contextually, it be could stated that the environmental, social and economic values still 

hold with the sustainability values (Suv). Then the boundary condition in Equation (14) 

was applied within the entire study analysis. Hence, 

 

                                                           P(X ɭ E) = Suv = P(Ecv ž Envž Sov)                               (13) 

                

             Therefore, the model as applied in this study becomes: 
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                                             P(X ɭ E) = 0 Ò Suv Ò 1                                                     (14) 

 

3.7.3 The sustainable engineering infrastructure (SEI) model use 
 

The research aim and objectives concern the proper management of building services 

infrastructure resources, and a generic model has been produced to assist in this respect. 

Specifically, the SEI model is developed through the interpretation of the three themes 

of sustainable development, and it addresses the inter-disciplinary engineering fields, 

systems, sub-systems, devices along with components application, technologies and 

architectures requiring sustainability success. The term values in this case can also 

imply indices. Hence, the following abbreviations are applied in this study: 

 

              Sov ï Social values 

              Eqv ï Equitability values  

              Env ï Environmental values  

              Ecv ï Economic values  

              Vv ï Viability values  

              Bv ï Bearability values 

              Suv ï Sustainability values 

 

The Venn diagram intersection in Figure 3.3 yielding sustainable development 

among the three themes is translated into a mathematical model called the SEI model. 

This application is found in Chapter Four of Appendix III. Thus; 

 

                  n(Ecv) U n(Env) U n(Sov) = n(Ecv) + n(Env) + n(Sov) ï n(Ecv ž Env) ï  

                  n(Ecv ž Sov) ï n(Env ž Sov) + n(Ecv ž Env ž Sov)                                     (15) 

But: 

 

                                                  n(Ecv ž Env) = n(Vv)                  

 

                                                  n(Env ž Sov) = n(Bv) 

                                                                                                                                      (16) 

                                                  n(Ecv ž Sov) = n(Eqv) 

 

                                                  n(Ecv ž Env ž Sov) = n(Suv) 
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Therefore, substituting Equations (16) into (15) yields; 

 

                           n(Ecv) U n(Env) U n(Sov) = n(Ecv) + n(Env) + n(Sov) ï n(Vv) ï  

                           n(Bv) ï n(Eqv) + n n(Suv)                                                                  (17) 

                                                                                                                     

Equation (17) is the final mathematical representation of the sustainability model by 

the application of set theory. It implies that in order for the sustainability goals of 

engineering projects to be attained, relevant indices or values of sustainability must be 

defined and modelled as a set of integrated systems. Then, the sustainability engineering 

standpoint should promote a rigorous interaction for a balance amongst the three themes 

of sustainable development. The SEI model also addresses and normalises sustainability 

within the ranges of 0 Ò Suv Ò 1 by applying the probability (P) theory into sustainability 

(Stroud, 2001). The SEI model limits [0 Ò Suv Ò 1], thereby explaining the underlying 

principles associated with the efficiency of a machine, including building services 

operations. The building services operation contains systems, sub-systems (equipment) 

installation which can be measured in performance terms (RICS, 2008; Ashworth, 1999; 

IPMVP, 2002; Cheshire and Maunsell, 2007). The efficiency of a building in this case 

underscores the ratio of measured and ideal services delivery within a building (Cengel 

et al., 2008; ABS, 2012; Stroud, 2001; NIBS, 2006). 

Once constructed, and fitted with equipment, a building yields the efficiency of 1. 

This logically expresses the ideal condition of such a building. But, when a building is 

put to use (operation), the efficiency will increasingly reduce over time tending towards 

0. Also, this situation accounts for the fact that when the installed equipment is 

measured within the building, depreciation occurs due to deformation, friction, wear and 

tear, and that parts require maintenance if  services are to be delivered (Cengel et al., 

2008; CIOB, 2010; BREEAM, 2008; RICS, 2000). With the SEI model limits, accurate 

and reliable indices of sustainability can be qualified and quantified.  An ideal building 

project is expected to have the Suv value of 1. However, this is found impracticable in 

the real engineering project context (Smith, 2008; BREEAM, 2008; Cengel et al., 

2008). The proposed SEI model reported in this study has defined and normalised Suv 

values to unity for building services infrastructure application. The SEI model is 

expected to serve as a design, development, implementation, and management platform 
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for the sustainable engineering community. Indeed, the different methods as applied in 

this study have been discussed earlier (Okon et al., 2010; Okon and Elhag, 2011). 

 

3.7.4 Partial differential equation method 
 

The partial differential equation method, according to Stroud (2001), has also been 

applied to study buildings (facilities) as shown in Chapter Four. This method was used 

for the determination of the sustainability index (SI) and the building infrastructure 

performance (IP) within the investigated buildings (facilities) services. The application 

of this technique accounts for the initial and temporal (final) boundary conditions in the 

analysed buildings (facilities) with respect to their lifespan. The considered boundary 

conditions are: 

¶ Initial building lifespan (t) boundary condition, (t = 0); 

¶ Temporal (final) building lifetime boundary condition, (t = Ŭ). 

 

where Ŭ expresses the infinity status within the investigated buildings (facilities) and the 

building services infrastructure activities during the construction phase is represented by 

(E). In addition, the building services infrastructure activities during use (operations) 

and maintenance are denoted by (IU) and the sustainability index is represented by (SI) 

in this analysis. It is also noted that all parameters in this analysis are normalised values, 

therefore: 

 

                                       SI(t) = IP(t) + E.IU                                                        (18) 

                

              Let ɛ = buildings (facilities) infrastructure capacity (variables) factors, then; 

 

                                                                        [0 Ò ɛ Ò 1]                                                          (19) 

 

              But, Ŭ = buildings (facilities) infrastructure usage (variables) factors, then; 

 

                                                                        [0 Ò Ŭ Ò 1]                                                           (20) 

 

For the sustainability index analysis within the investigated building (facilities) 

infrastructure at the initial construction (c) time, before operation (o) or use:  
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                                                   [0 Ò SIo Ò 1]                                                          (21) 

 

 Considering the highlighted parameters for the investigated buildings (facilities), the 

governing model for the analyis was established as presented in Equation (21). 

                                SI C

1

0
(t) = SI0

am
t-

?                                                          (22)                        

                                                                          

In this situation, ?represents the exponential constant in the analysis. The model in 

equation (22) was derived and subsequently applied for the analysis. Plots in Figure 3.4 

illustrate the building services infrastructure at the construction and operational phases. 

 

                     

Figure 3.4: Construction and operational phases of building infrastructure. 

 

In Figure 3.4, the point marked TBSI signifies the targeted building sustainability 

index at the construction phase of the building infrastructure (Barret, 1995; Chanter and 

Swallow, 2000; Bayer, et al., 2010). The critical point in the operational phase of a 

building is where decommissioning is suggested as applicable in this study. More 

details regarding this analysis are reported in Appendix III. 

 

3.8 Research methods used in study phase V 
                   

The research evaluates sustainable building services infrastructure systems within 

residential and office buildings. In this study also, the life cycle analysis (LCA) and life 

cycle cost (LCC) within six ongoing constructed buildings in the UK were appraised. 

This investigation was performed on six new high-rise buildings, and focused on their 
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building infrastructure services delivery and management procedures. The results are 

presented in Chapter Four of this thesis. 

 

3.8.1 Pilot study in phase V 
 

The pilot study was conducted with three project managers handling building 

construction project activities. The feedback from these experts was able to provide 

very useful and important information leading to the preparation of structured surveys 

for the study (OôLeary, 2004). The various materials supply chains involved in this 

study were the energy utilities, water, waste, and building materials consumed at the 

construction, operation, maintenance, and end-of-life phases. Other details regarding 

this phase of the study are considered in the results and discussion section.   

 

3.8.2 The structured survey administration in study phase V 
 

Structured surveys were prepared and administered to twelve project managers 

within the building construction industry across the UK. Out of this number, six project 

managers were able to give measured field data from their organisation inventory for 

the analysis as shown in study phase V in Chapter Five. The suggested research 

methods by Last (2003), and OôLeary (2004), were adopted for the study, as they were 

believed to assist in achieving the studyôs goals. In the main, the research sought 

information on the construction, operation (use), maintenance, and EoL phases of the 

buildings services infrastructure systems. It was possible for respondents to return their 

surveys either by hand, email and regular mail as shown in Appendix IV. More details 

of this phase of tests are reported in Chapter Five.  

 

3.8.3 Survey information and feedback in study phase V 
 

               Table 3.6: Summary of survey distribution in Buildings Construction Companies 

Survey Inventory Lot Period of administration   Response time (month) 

Survey produced 10    July, 2010                  - 

Survey administered 10    July, 2010                  - 

Survey received after completion   6    September, 2010       August, 2011 

Survey returned unanswered 

Participating companies 

4 

6       

   August, 2011 

   See *A ï F 

      September, 2011 

                    - 
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          *A ïWates Construction Company, UK 

          *B ïGallifordTry Construction Company, UK 

          *C ïJohn Turner Construction Company, UK 

          *D ïNorthern Group Build Limited, UK 

*E ï Overburry Construction Company, UK 

          *F ïShepherd Building Group, UK 

 

3.8.4 Methods used for sustainability evaluation in study phase V  
 

This study found it necessary to find suitable methods to evaluate the data obtained 

from the survey feedback presented in Section 3.8.3. The features of sustainability were 

analysed in three parts each using a different method as indicated in Table 3.7. 

 

Table 3.7: Features of sustainability and evaluation approach. 

Features of 

Sustainability         Methods              Environmental Impact 

Environmental Values 

 

           LCA 

 

 Energy Demand: *  ADP, AP, EP, FAETP,  

GWP, HTP, MAETP, ODP, POCP, TETP. 

Economic Values  LCC/value added  Life cycle costs and value added potentials.  

Social Values   

 

         LCA 

 

 This will be adopted as related to the sector. 

It may include the building infrastructure 

delivery and benefits to the users generally. 

 

*ADP ïAbiotic Depletion Potential  

*AP ïAcidification Potential 

*EP ïEutrophication Potential 

*FAEP ïFreshwater Aquatic Ecotoxicity potential 

*GWP ïGlobal Warming Potential 

*HTP ïHuman Toxicity Potential 

*MAETP ïMarine Aquatic Ecotoxicity Potential  

*ODP ïOzone Layer Depletion Potential 

*POCP ïPhotochem Ozone Creation Potential 

*TETP ï Terrestric Ecotoxicity Potential 
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3.8.5 Method used for the LCA study in phase V 
 

In this phase of study, the methods of ISO (1997), and Home et al. (2009) were used 

in the investigation. In the LCA analysis, the bills of materials data were exported and 

modelled using the Gabi 4 software package (Guinee et al., 2001; CML, 2007). The 

rationale behind this approach was to identify the óhot spotsô (impact) and data gaps 

across the supply chain from the measured field data. The process flow diagram used 

for the LCA inventory analysis is shown in Figure 3.5. 

 

 

Figure 3.5: LCA inventory analysis process. 

 

In this research, ten listed environmental impacts associated with the supply chain 

regarding building services infrastructure systems were evaluated using the CML 

assessment method in Guinee et al. (2001). CML is a method developed in the Centre of 

Environment Science of Leiden University in the Netherlands and is the best fit for 

impact examination study. The impact evaluation was studied and these include both 

characterisation and weighting steps in accordance with the ISO 14044 standard 

(Guinee et al., 2001; REGENER, 1997; ISO, 2002) This standard is the EUôs 

normalisation technique in Appendix V according to the CML package (Guinee et al., 

2001; Szalay et al., 2011; Bayer et al., 2010; Cabal et al., 2005). The LCA appraisal 

also employs a mathematical approach according to ACLCA (2008), and Stroud (2001) 

to evaluate each characteristicôs impact on the analysis as shown in Equation (23): 

 

                           Impact analysis = 100
),...(

x
HHB

XBnLHBHHB-
                                 (23) 

 

where HHB is the high hot spot in the studied buildings, LHB is the low hot spot, and 

XBn signifies any of the buildings in this situation (Lee and Burnett, 2008). The overall 

impact results in each case are presented as a percentage of the total estimation. 
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3.8.6 Methods used for the LCC in study phase V  
                

In this study, the Langdon (2007) approach was used for the costs examination. This 

method was essential to evaluate the total cost of the building services infrastructure 

/facility ownership and to integrate the economic value for sustainability benefits. The 

appraisal in this context accounts for the cost of acquisition, owning, and disposing of 

the entire building services infrastructure systems. Furthermore, it addresses the overall 

costs of building services infrastructure projects alternatives, and selects the suitable 

design for the services delivery (Epstein, 1996). The LCC also aimed to ensure that the 

buildings infrastructure services will deliver at the lowest cost of ownership, whilst 

keeping its quality and function steady over the life cycle (Romm, 1994). 

Romm (1994) maintained that in practical terms, over a 50 year period of a 

buildingôs lifetime, the initial cost should account for just 2% of the total expenditure. 

At the same time, the operation (use) and maintenance costs should be worth about 6%, 

and the personnel costs equal to 92% of the total investment (Muto et al., 2006). LCC 

appraisal in this case was based on the supplied field data as contained in Tables 5.40 

and 5.41 that appear in Section 5.22. Davis Langdon and Jacobsô engineering costs 

assessment companies assisted in providing the current materials valuation for this 

study as shown in Appendix IV. In analysing the building infrastructure services, the 

related costs usually fall into the following classes (Muto et al., 2006; Romm, 1994; 

Epstein, 1996): 

 

¶ Initial costs ï purchase, acquisition costs 

¶ Fuel costs ï operation, maintenance and repairs 

¶ Replacement costs (Residual values ï resale or salvage values or disposal cost) 

¶ Finance charges ï loan, interest payments and the non-monetary benefits or 

costs 

 

At this stage in the study, the mathematical expression shown in Equation (24) was 

employed for the LCC analysis: 

 

                   LCC = Acquisition costs + Ownership costs + Disposal costs              (24) 



              Bassey B. Okon               Research Methods on Sustainable Building Services   

                                                      Infrastructure Systems Management  

 
105 

 

Similarly, considering the total life cycle costs analysis in the investigated buildings 

infrastructure, Equation (25) was applied in the study:  

 

                           LCC = I + Repl. ï Res. + E + W + OM&R + O                            (25) 

 

Where: 

 

I = Investment cost 

Repl. = Replacement cost 

Res. = Residual cost 

E = energy cost 

W = water cost 

OM & R = operation, maintenance and repairs 

O = other associated costs incurred.  

 

Similarly, 

 

LCC = Total economic life cycle costs (£) in present value (PV) of a given alternative 

regarding the building infrastructure. Therefore, in terms of present value the 

component can be defined as follows: 

 

I = PV of investment costs if incurred at the base date, they do not need to be 

discounted. 

Then; 

Repl. = PV of capital replacement costs 

Res. = PV of residual value (resale value, salvage value) less disposal costs 

E = PV of energy costs 

W = PV of water costs 

OM & R = PV of non-fuel operating, maintenance and repair costs 

O = PV of other costs especially the contract cost (Muto et al., 2006 and Romm, 

1994). 
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Further analysis in this study also accounts for the other building infrastructure 

evaluation criteria. Thus, the lowest economic LCC for the purpose of finding costs 

effectiveness associated with the building infrastructure considering the indicated 

parameters. Then, the following parameters are defined for the building infrastructure 

(Epstein, 1996; Park and Tippett, 1999 and Muto et al., 2006). The abbreviations are:  

 

NS ï Net savings: operational savings less difference in capital investment costs. 

SIR ï Saving-to-investment ratio: ratio of operational savings to difference in 

capital investment costs. However, other parameters include:  

AIRR ï Adjusted internal rate of return: annual yield of alternative over the study 

period, taking into account reinvestment of interim returns at discount rate. 

SPB ï Simple payback: time required for the cummulative savings from an 

alternative to recover its initial investment cost and other accrued costs without 

taking into account, time value of money (TG4, 2003). Also; 

DPB ï Discounted payback time required for the cummulative savings from an 

alternative to recover its initial investment cost and other accrued costs, taking 

into account the time value of money (Gulch and Baumann, 2004; Ellis, 2007).  

 

3.9 Research methods used in study phase VI  
 

This study evaluates sustainable building services infrastructure management to 

include water and energy utilities, waste, and carbon emissions, within hospitals and 

schools in the UK.  Hospitals are regarded as the National Healthcare Services (NHS) 

and schools are generally considered as the Education sector. In addition, the study 

employed a two-stage method that being an initial literature review, subsequent 

empirical work in the form of the administration of surveys. The literature review was 

aimed at discovering the gaps within the management procedures and the survey 

targeted the expertsô views on the issues raised in the literature. The research was 

tailored to determine the building services infrastructure management professionalsô 

opinions on the existing standards and best practices for improved services delivery. 

Other methods applied in this phase of study are also indicated.  
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3.9.1 Pilot study in phase VI 
 

Pilot surveys were prepared and administered to two facility managers in a college 

and university within the UK. Additionally, three operation and estate managers within 

the hospitals (NHS) were contacted for information regarding this context. These 

experts were able to supply very useful and significant information leading to the 

preparation of structured surveys for this research (OôLeary, 2004). This method was 

tailored towards achieving the overall aim of the study. The energy and utilities 

consumption together with the waste and other data from these organisations are 

presented under the structured survey in Section 5.4.  

  

3.9.2 The structured survey administration in study phase VI 
 

The structured survey produced in Appendix VI was produced and administered to 

the facilities, and operation and estate managers within hospitals and schools (colleges 

and universities) across the UK. These professionals were able to supply measured data 

from their individual organisationsô inventories for the analysis. In the operation and 

maintenance phases of the activities, the focus was on the energy utilities such as water, 

electricity, natural gas, heating and fuel/oil use. The statistics from the maintenance and 

refurbishment phases centred on the materials flow and their recycling contents 

respectively. The waste management list includes segregated and non-segregated waste, 

recyclable, landfill, incinerated and other waste. On this basis, OôLearyôs (2004) method 

was adopted as it sought to achieve the same overall goals as the studyôs objectives.  

Last (2003) is supportive of the survey approach, observing that it is often applied, 

and particularly so in social science research. In this study, respondents were able either 

to return their completed survey by hand, email and regular postal mail as indicated in 

Appendix VII . More details regarding this phase of the study are contained in Tables 6.2 

and 6.3 of Section 5.4.  

 

3.9.3 Survey information and feedback in study phase VI 
 

The statistical information in Table 3.8 presents a summary of the survey distribution 

in study phase VI as the requisite data was subsequently analysed and used for the 
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investigation. Information in Table 3.8 accounts for the data acquisition process in both 

the healthcare and education sectors within the UK as shown in Appendix VII . The 

analyses and discussion from the survey are contained in Sections 5.4 of the thesis. The 

response rates for the surveys in the healthcare and education sectors are 22% and 34% 

respectively, as indicated in Table 3.8. These are high rates, being above the norm of 

20ï30% for most posted and hand-administered surveys (Elhag et al., 2005).  

 

Table 3.8: Summary of survey distribution - healthcare and education sectors 

Survey inventory     Total number of 

survey per  sector 

  Period per sector (months) 

 

Survey produced 

Health                      Education   Health Education 

100      100 Feb. 2011 Feb. 2011 

 

Survey administered  

 

100 

 

100 

 

Feb.- June 2011 

 

Feb. ï June 2011 

Survey received after 

completion   

 

34 

 

22 

 

March-Oct. 2011 

 

March- Oct. 2011 

Survey returned 

unanswered 

 

11 

 

17 

 

March-Oct. 2011 

  

March- Oct. 2011 

 

 
 

3.9.4 Averaging method 
 

Averaging is a scientific approach to analysing data, and this was used in respect of 

the data obtained from the health and education sectors, shown in Appendix VII . In this 

connection the methods advocated by Smith (1998) and Stroud (2001) for finding 

average statistical information were adopted in the analysis.  Equation (26) was applied 

for the investigation. Average analysis is the ratio of summation (×) of all the energy 

and utilities and the total number of utilities consumption. 

 

                               Average test =                                (26) 

 

Hence, EU is the energy and utility and TU signifies the total number of utilities. The 

analysis outcomes are contained in Section 5.4 of this study. 
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3.9.5 Percentages method 
            

The application of the percentages method becomes imperative for analysing the 

individual energy and utility consumption within the healthcare and education sectors as 

shown in Appendix VII .  Stroudôs (2001) method in determining the percentages 

analysis was used in this study. Percentages evaluation of energy and utilities 

consumption was also calculated using Equation (27) thus: 

 

                Percentage =                 (27) 

     

    The results obtained from this method are reported in Section 5.4. 

 

3.9.6 Carbon footprint analysis method 
 

In this study, a carbon footprint evaluation was also conducted using the carbon 

calculator (CcalC) software package formulated by Azapagic (2010) as shown in 

Section 5.8.2. The study adopted this method as contained in the CcalC package due to 

its wide application within the building industry and other field activities. The CcalC 

tool is a user friendly package allowing for quick and easy estimations of environmental 

impacts and value added along the supply chain in this research. Appendix VIII of this 

thesis contains the analysis from the CcalC software package. 

                 

3.9.7 The concept of probability theory 
 

Probability theory applications in this study seek to quantify the data acquired from 

the health and education sectors.  Hansen (2005) explains that probability theory is used 

to quantify the chance or possibility that sample test, and measurement results or data 

fall within some set of values. The methods suggested by Hansen (2005), and 

Montgomery et al. (1998) were used in examining the data, and the results obtain are 

presented in Section 5.9.1. 
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3.9.8 Sustainability index model with permutations and 

combinations functions   
 

This study employed the sustainability index (SI) model with the permutations and 

combinations functions (PCF) methods for data analysis. The sustainability index model 

was applied due to its ability in arranging and sorting of the obtained data in this phase 

of study. Moreover, the achievable data from the healthcare and education sectors were 

measured through this approach. Stroudôs (2001) method was then used to verify the 

best match energy utilities among the variables. In buttressing the test, the SEI model 

approach of Okon et al. (2010) was adopted alongside the PCF methods for addressing 

the sustainability index evaluation in this phase of study. Equation (28) is the governing 

principle of PCF in this analysis. Thus:  

                                                         

                                                                       NCm =  
!m

NPm
   =1                                              (29) 

 

                                                                              5C5 = 
!5

5 5P
= 1                                              (30)             

 

                                                                           5C3 = 
!3

5 3P
=1                                                 (31) 

                

where N is the number of energy and utilities = 5, and C is the combination factors = 3. 

Also, P denotes the permutation factor = 3. The outcomes of these methods are reported 

in Section 5.10 of this thesis. 

 

3.10 Interviews: Qualitative method ï study phase VII  
 

Chapter seven of this thesis reports on the structured interview sessions that were 

conducted with two sustainability professionals within the UK as indicated in 

Appendices IX and X. The individuals involved were: (a) the Director of Building 

Services and Construction Projects Management Programme at the Liverpool John 

Moores University; and (b) the Director of Sustainability at the company BDP. The 

interview evaluation was in line with the aim and objectives of this research. In 



              Bassey B. Okon               Research Methods on Sustainable Building Services   

                                                      Infrastructure Systems Management  

 
111 

 

addition, the structured interviews were expected to validate the results from the 

administered surveys discussed elsewhere in the thesis. The achievable information 

(data) in this phase of study was of a qualitative type which adds value to all the 

objectives of the research (Maxwell, 1996; McCraken, 1998). 

 

3.10.1 Interview approach in study phase VII 
 

The associated problems or research issues connected with engineering management 

in building services infrastructure systems and building construction activities, involve 

the measurement of data that are not easily quantified. Building infrastructure projectsô 

scope definition, management capability, project complexity, and delivery services are 

all concepts that have proven to be essential for the successful management system 

(Armstrong, 1987; Grigg, 1987; GSGF, 2010; Ding, 2008). However, these constructs 

have posed difficulties for researchers in evaluation efforts. As a consequence, the 

research intention was to assess the parameters affecting building services infrastructure 

and building construction.  

Maxwellôs (1996) method was applied in this case as it offers a qualitative 

investigation approach to data collection through person-to-person interaction. This 

medium of data acquisition was adopted with two different management experts as 

indicated in Chapter Seven of this thesis. A tape recording system was also used by the 

interviewer to document the entire conversations for reference purposes. According to 

Kumar (1999), the advantages of the interview are as follows: the interview is more 

appropriate for complex analysis; hence, in situations where in-depth information is 

required, interviewing is the preferred method of data collection. Interviews can also 

vary in their form, ranging from the highly structured, to the unstructured type, 

distinguished by the degree of flexibility in the interview session. The unstructured 

interview is extremely useful in situations where either in-depth information is needed 

or little is known about the area. As this approach provides detailed information, many 

researchers use the technique for gathering rich background information, and 

subsequently developing a structured research instrument. This form of interview 

achieves its desire for flexibility, broad and detailed information from the responses.  
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In contrast, ñIn a structured interview the investigator asks a pre-determined set of 

questions, using the same wording and order of questions as specified in the interview 

schedule. One of the main advantages of the structured interview is that it provides 

uniform information, which assures the comparability of dataò (Kumar, 1999).  

Both methods have their advantages, but the semi-structured interview is 

characterised by the best of both worlds, and was, therefore, adopted in the study. The 

interview session was conducted by inviting the interviewees to share their opinions in 

an honest encounter with the researcher.  

In accordance with Kvale (1996), ñThe interviewee should be provided with a 

context of the interview by a briefing before. The context is introduced with a briefing in 

which the interviewer defines the situation for the subject; briefly tells about the 

purpose of the interview, the use of tape recorder; and asks if the subject has any 

question before starting the interviewò. Consequently, written lists of questions were 

sent to the interviewees in advance together with a clear explanation by the researcher 

of the need for conducting interviews (McCracken, 1988). The interview questions were 

open-ended with the purpose of achieving integrated information from the experts.  

Obviously, the different method as applied in this study had previously been 

presented at the internationally-refereed conference (Okon and Elhag, 2011). 

 

3.10.2 Summary 
 

In this Chapter, the research methods employed for the study have been presented 

and discussed. This Chapter began with a short introduction regarding sustainable 

infrastructure systems management and proceeded to illustrate the approach taken to 

research design. In order to clarify the situation, the methods applied in the different 

phases of the study have been tabulated. Additionally, general information concerning 

the research processes in study phases IïIV, V, VI and VII have been highlighted, from 

which it is understood that a mixed methods approach has been adopted, with 

quantitative research methods being employed in phases IïIV, V and VI of the study, 

and a qualitative method being adopted in phase VII . This qualitative dimension to the 

empirical work has been indicated as a method to test the veracity of the results from the 

other phases of study (IïIV, V and VI) respectively. 
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Interestingly, various sustainability management models (LCA and LCC) are among 

those techniques that were identified through the related literature survey and have been 

applied in this study. The SEI model and a partial differential equation method were 

developed and subsequently used in the research. These management models have 

offered systematic advancement towards the attainment of sustainability success in 

buildings (facilities) projects and implementation.  
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 Chapter Four  
 

4.0 Results and discussion of the research 
                

4.1Introduction 
 

The results and discussion are presented in two broad phases as revealed in Figure 

4.1. Sections 4.2ï4.6 consider the building services infrastructure characteristics in 

commercial buildings (facilities), these being mainly, the operations and maintenance 

(OM) practices, and building construction companies within the UK. In Sections 4.12ï

4.13, the buildings (facilities) services infrastructure characteristics analysis from the 

Aluminium Smelter Company of Nigeria (ALSCON), and Mobil Producing Nigeria 

(MPN) scenarios are presented. The four phases of this study are namely; 1) 

Commercial buildings: the operations and maintenance (OM) ï Phase I; 2) Building 

construction companies (BCC) ï Phase II; 3) ALSCON ï Phase III; and 4) MPN ï 

Phase IV. The comparative analyses results from the UK and Nigerian scenarios are 

also reported. The pattern of the study is shown in Figure 4.1. 

                              
Figure 4.1: The results and discussion pattern of the study. 

 

4.2 Study Phase I: Commercial Buildings - O&M evaluation 
 

4.2.1 Presenting the phase of study  
 

Commercial buildings: the operations and maintenance (O&M) activities of the 

building services infrastructure in the Arndale Centre, and Liverpool One (shopping 

malls in Manchester, and Liverpool respectively), in the United Kingdom were 

examined. The maintenance/operations and information desk managers provided the 



              Bassey B. Okon     Building Services Infrastructure Characteristics, Study Phases I - IV 

 
115 

 

building services infrastructure statistics through the survey, and the results obtained 

appear in Sections 4.3ï4.20 of the thesis.  

 

4.2.2 Goal and scope definition 
 

The goals were specifically concerned with the operations and maintenance stages of 

the building services infrastructure performance. Basically, water, energy, heating, and 

the maintenance culture, were the services addressed. Additionally, the characteristics 

leading to effective services delivery and the sustainability of the building infrastructure 

over its life cycle were appraised. 

 

4.3 Results and discussion in study phase I 
                    

 In this study, the following abbreviations are used: severity indices (SI), coefficient 

of variation (COV), category ranking (CR), and the overall ranking (OR). 

The outcomes from the energy resources management characteristics in phase I are 

presented in Table 4.1. 

           

4.3.1 Energy resources management characteristics 
                                                

Table 4.1: Energy resources management characteristics 

FACTORS SI COV CR OR 

1)Use of efficient and energy saving fixtures 82.7 19.2 3 11 

2)Use of modern technological (energy) concepts 80.0 26.6 4 15 

3)Use of sensor based lighting systems for energyconservation 

in building/facility 79.7 27.5 5 16 

4)Use of the renewable energy source in building/facility 68.0 36.0 10 31 

5)Use of HVAC for energy efficiency/conservation 72.7 30.5 9 26 

6)Employment of solar panels/photovoltaic technology 55.6 45.7 11 36 

7)Installation of modern energy saving accessories in building/ 

facility 78.8 30.4 6.5 17 

8)Energy management via good operating efficiency in 

buildings /facility 87.5 18.8 1 6 

9)Energy management via good maintenance policy framework 

in building/facility 86.9 19.1 2 7 

10)Educational awareness drive on the sustainable energy usage 

in building/facility 78.8 24.6 6.5 17 

11) Application of building regulation Part L for energy 

conservation  in building/facility 75.8 33.8 8 22 
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From Table 4.1 it can be seen that the group of respondents identified 11 factors. The 

severity indices range from 55ï88%. The result shows that these factors have relatively 

weighty degrees of influence on building infrastructure energy and utilities management 

in terms of cost and service delivery. For instance, 87% of the respondents strongly 

agreed with (a) the use of efficient and energy saving fixtures in building infrastructure 

for cost savings. The class maintained coefficients varying between 18% and 46% 

which are relatively low and show a good concordance level between the respondents. 

The category ranking range is 1stï11th.  

This indicates strong agreement on (b) the application of energy management 

through good operating efficiency and maintenance policy factors. However, (c) the 

employment of solar panels, and (d) the renewable energy source in the building, are 

ranked least in the category scale. Their overall ranking ranges are 6thï36th. There are 

exceptions of nine variables perceived by most respondents as not being highly 

significant in this investigation, as shown in Table 4.1. 

 

4.3.2 Water resources management characteristics 
 

Findings from the water resources management characteristics in study phase I, are 

shown in Table 4.2. 

 

Table 4.2: Water resources management characteristics 

FACTORS  SI COV CR OR 

1)Use of efficient water fixtures, sensor flow taps  66.7 39.2 6.5 32 

2)Use of modern technological concepts; water recycling 

practice in building/facility 59.1 41.8 9 35 

3)Use of water conservation techniques; grey water in 

building/facility 59.4 46.5 8 33 

4)Installation of automatic shut-off faucets for water 

conservation in building/facility 69.6 41.3 4 29 

5)Installation of accessories/dual flush toilet/wireless urinals in 

building/facility 78.3 27.9 2 18 

6)Prevention of water wastage/losses via leakages in the 

building/facility 81.2 24.5 1 14 

7)Achieving DEFRA standard 2007/use of 125 litres of 

water/head/day in building/facility 68.2 40.2 5 30 

8)Educational awareness drive towards sustainable water usage 

in building/facility 77.3 36.9 3 20 

9)Building of On-site/Off-site (sewage) effluent plant in 

building/facility 67.7 46.3 6.5 32 
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This category includes nine factors, as indicated in Table 4.2. Seven of these factors 

achieved severity indices within the range 60ï81%. Some of these factors are: (a) the 

use of efficient water fixtures (sensor flow taps), (b) the installation of automatic shut-

off faucets for water conservation, (c) the educational awareness drive on the 

sustainable water usage, and, (d) the prevention of water wastage. This shows these 

variables have higher degrees of influence and they are considered to be of top priority 

in water resources management delivery. The category maintained a coefficient of 

variation between 24% and 46% which is relatively low, signifying a strong level of 

agreement between respondents.  

Two factors recorded a coefficient of variation of 46%. These are: (a) the use of grey 

water concept, and (b) the provision of an effluent treatment plant. This indicates that 

these factors are less important among others. Moreover, in the category ranking they 

are 1stï9th. Hence, a good level of concordance is revealed from the respondentsô 

perspective. However, the overall ranking category contains the top two of the 10 

factors, these being: (a) the prevention of water wastages/losses through leakages, and 

(b) installation of accessories and dual flush toilet and wireless urinals. These results 

demonstrate that priority should be given to these factors in the quest for sustainability 

and improved services delivery in the infrastructure systems (Table 4.2). 

 

4.3.3 Maintenance management practices 
 

 The statistics from the maintenance management practices in study phase I, appear 

in Table 4.3. 

 

Table 4.3: Maintenance management practices 

FACTORS                                  SI COV CR OR 

1)Employment of technical /skilful expertise 82.7 26.3 4 12 

2)Adoption of team working approach 89.5 23.3 1 3 

3)Adoption of innovative driven concepts 73.6 35.3 6 25 

4)Predictive maintenance practice 82.6 26.9 5 13 

5)Preventive maintenance practice 88.9 19.1 2 4 

6)Corrective maintenance practice 86.1 25.8 3 8 

7)Maintain as-we-go philosophy 57.6 47.9 7 34 

 




