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Abstract: This paper presents a conceptual framework aimed at implementing sustainability 
principles in the building industry. The proposed framework based on the sustainable triple 
bottom line principle, includes resource conservation, cost efficiency and design for human 
adaptation. Following a thorough literature review, each principle involving strategies and 
methods to be applied during the life cycle of building projects is explained and a few case 
studies are presented for clarity on the methods. The framework will allow design teams to 
have an appropriate balance between economic, social and environmental issues, changing 
the way construction practitioners think about the information they use when assessing 
building projects, thereby facilitating the sustainability of building industry. 

Keywords: sustainable building; conceptual framework; resource conservation; cost 
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1. Introduction 

The building industry is a vital element of any economy but has a significant impact on the 
environment. By virtue of its size, construction is one of the largest users of energy, material resources, 
and water, and it is a formidable polluter. In response to these impacts, there is growing consensus 
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among organizations committed to environmental performance targets that appropriate strategies and 
actions are needed to make building activities more sustainable [1–3]. With respect to such significant 
influence of the building industry, the sustainable building approach has a high potential to make a 
valuable contribution to sustainable development. Sustainability is a broad and complex concept, 
which has grown to be one of the major issues in the building industry. The idea of sustainability 
involves enhancing the quality of life, thus allowing people to live in a healthy environment, with 
improved social, economic and environmental conditions [4]. A sustainable project is designed, built, 
renovated, operated or reused in an ecological and resource efficient manner [5]. It should meet a 
number of certain objectives: resource and energy efficiency; CO2 and GHG emissions reduction; 
pollution prevention; mitigation of noise; improved indoor air quality; harmonization with the 
environment [6]. An ideal project should be inexpensive to build, last forever with modest maintenance, 
but return completely to the earth when abandoned [7]. 

Building industry practitioners have begun to pay attention to controlling and correcting the 
environmental damage due to their activities. Architects, designers, engineers and others involved in 
the building process have a unique opportunity to reduce environmental impact through the 
implementation of sustainability objectives at the design development stage of a building project. 
While current sustainability initiatives, strategies and processes focus on wider global aspirations and 
strategic objectives, they are noticeably weak in addressing micro-level (project specific level) 
integrated decision-making [8]. Paradoxically, it is precisely at the micro-levels that sustainability 
objectives have to be translated into concrete practical actions, by using a holistic approach to facilitate 
decision making. Although new technologies such as Building Research Establishment Environmental 
Assessment Method (BREEAM), Building for Environmental and Economic Sustainability (BEES), 
Leadership in Energy and Environmental Design (LEED) etc., are constantly being developed and 
updated to complement current practices in creating sustainable structures, the common objective is 
that buildings are designed to reduce the overall impact of the built environment on human health and 
the natural environment. 

This paper therefore compliments existing research in the field of sustainability by reporting the 
development a conceptual framework for implementing sustainability objectives at the project-specific 
level in the building industry from a life-cycle perspective. The framework contributes to the industry 
and sustainability research by demonstrating the scale of the issues involved, beginning with an 
assessment of the environmental challenges the industry faces. It puts forward strategies and methods 
to mitigate the environmental impacts of construction activities, thereby facilitating the sustainability 
of building projects. 

2. Sustainable Building Principles 

It is estimated that by 2056, global economic activity will have increased fivefold, global 
population will have increased by over 50%, global energy consumption will have increased nearly 
threefold, and global manufacturing activity will have increased at least threefold [9,10]. Globally, the 
building sector is arguably one of the most resource-intensive industries. Compared with other 
industries, the building industry rapidly growing world energy use and the use of finite fossil fuel 
resources has already raised concerns over supply difficulties, exhaustion of energy resources and 
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heavy environmental impacts—ozone layer depletion, carbon dioxide emissions, global warming, 
climate change [10]. Building material production consumes energy, the construction phase consumes 
energy, and operating a completed building consumes energy for heating, lighting, power and 
ventilation. In addition to energy consumption, the building industry is considered as a major contributor 
to environmental pollution [11–14], a major consumption of raw materials, with 3 billion tons consume 
annually or 40% of global use [13,15–18] and produces an enormous amount of waste [19,20]. The 
principal issues associated with the key sustainable building themes has been mapped out and collated 
in the Table 1. 

Table 1. Sustainable building issues. 

Title Key Theme Principal Issues 
Economic 
sustainability 

1.0 Maintenance of high and 
stable levels of local 
economic growth and 
employment 
1.1 Improved project delivery 
1.2 Increased profitability & 
productivity 

Improved productivity; Consistent profit growth; Employee 
satisfaction; Supplier satisfaction; Client satisfaction 
Minimizing defects; Shorter and more predictable 
completion time; Lower cost projects with increased cost 
predictability; Delivering services that provide best value to 
clients 
and focus on developing client business 

Environmental 
sustainability 

2.0 Effective protection of 
the environment 
2.1 Avoiding pollution 
2.2 Protecting and enhancing 
biodiversity 
2.3 Transport planning 

Minimizing polluting emissions; Preventing nuisance from 
noise and dust by good site and depot management; Waste 
minimization and elimination; Preventing pollution 
incidents and breaches of environmental requirements; 
Habitat creation and environmental improvement; 
Protection of sensitive ecosystems through good 
construction practices and supervision; Green transport plan 
for sites and business activities 

3.0 Prudent use of natural 
resources 
3.1 Improved energy 
efficiency 
3.2 Efficient use of resources 

Energy efficient at depots and sites; Reduced energy 
consumption in business activities; Design for whole-life 
costs; Use of local supplies and materials with low 
embodied energy; Lean design and construction avoiding 
waste; Use of recycled/sustainability sourced products 
Water and Waste minimization and management 

Social 
sustainability 

4.0 Social progress which 
recognizes the needs of 
everyone 
4.1 Respect for staff 
4.2 Working with local 
communities and road users 
4.3 Partnership working 

Provision of effective training and appraisals; Equitable 
terms and conditions; Provision of equal opportunities; 
Health, safety and conducive working environment; 
Maintaining morale and employee satisfaction; 
Participation in decision-making; Minimizing local 
nuisance and disruption; Minimizing traffic disruptions and 
delays; Building effective channels of communication; 
Contributing to the local economy through local 
employment and procurement; Delivering services that 
enhance the local environment; Building long-term 
relationships with clients; Building long-term relationships 
with local suppliers; Corporate citizenship; Delivering 
services that provide best value to clients and focus on 
developing client business 
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Sustainable building approach is considered as a way for the building industry to move towards 
achieving sustainable development taking into account environmental, socio and economic issues, as 
shown in Table 1. It is also a way to portray the industry’s responsibility towards protecting the 
environment [3,17,21,22]. The practice of sustainable building refers to various methods in the process 
of implementing building projects that involve less harm to the environment—i.e., prevention of waste 
production [23], increased reuse of waste in the production of building material—i.e., waste 
management [24,25], beneficial to the society, and profitable to the company [26–29]. Hill and 
Bowen [30] state that sustainable building starts at the planning stage of a building and continues 
throughout its life to its eventual deconstruction and recycling of resources to reduce the waste stream 
associated with demolition. The authors then describe sustainable building as consisting of four 
principles: social, economic, biophysical and technical. Amongst the published work relating to the 
principles of sustainable building are collated in Table 2. 

Table 2. Principles of sustainable development. 

Authors Proposed principles for sustainable building 
Halliday [1] Economy: Good project management is a vital overarching aspect in delivering 

sustainable projects, both in the short and long term.  
Using Resources Effectively: Buildings should not use a disproportionate amount of 
resources, including money, energy, water, materials and land during construction, 
use or disposal.  
Supporting Communities: Projects should clearly identify and seek to meet the real 
needs, requirements and aspirations of communities and stakeholders while 
involving them in key decisions. 
Creating Healthy Environments: Projects should enhance living, leisure and work 
environments; and not endanger the health of the builders, users, or others, through 
exposure to pollutants or other toxic materials. 
Enhancing biodiversity: Projects should not use materials from threatened species 
or environments and should seek to improve natural habitats where possible 
through appropriate planting and water use and avoidance of chemicals. 
Minimising pollution: Projects should create minimum dependence on polluting 
materials, treatments, fuels, management practices, energy and transport. 

DETR [32] Profitability and competitiveness, customers and clients satisfaction and best value, 
respect and treat stakeholders fairly, enhance and protect the natural environment, 
and minimise impact on energy consumption and natural resources. 

Hill and 
Bowen [30] 

Social pillar: improve the quality of life, provision for social self-determination and 
cultural diversity, protect and promote human health through a healthy and safe 
working environment and etc.  
Economic pillar: ensure financial affordability, employment creation, adopt full-
cost accounting, enhance competitiveness, sustainable supply chain management. 
Biophysical pillar: waste management, prudent use of the four generic construction 
resources (water, energy, material and land), avoid environmental pollution and etc. 
Technical pillar: construct durable, functional, quality structure etc. These four 
principles are contained within a set of over-arching, process-oriented principles 
(e.g., prior impact assessment of activities). 
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Table 2. Cont. 

Authors Proposed principles for sustainable building 
Miyatake [33] Minimization of resource consumption, maximization of resources reuse, use of 

renewable and recyclable resources, protection of the natural environment, create a 
healthy and non-toxic environment, and pursue quality in creating the built 
environment 

Cole and 
Larsson [34] 

Reduction in resource consumption (energy, land, water, materials), environmental 
loadings (airborne emissions, solid waste, liquid waste) and improvement in indoor 
environmental quality (air, thermal, visual and acoustic quality) 

Kibert [35] The creation and responsible management of a healthy built environment based on 
resource efficiency and ecological principles 

In general, there is a consensus that the breadth of the principle of sustainable building mirrors 
those of sustainable development, which is about synergistic relationships between economic, social 
and environmental aspects of sustainability. Each of these three pillars (and their related principles) is 
over-arched by a set of process-orientated principles, including: 

1. the undertaking of assessments prior to the commencement of proposed activities assists in the 
integration of information relating to social, economic, biophysical and technical aspects of the 
decision making process; 

2. the timeous involvement of key stakeholders in the decision making process [31]; 
3. the promotion of interdisciplinary and multi-stakeholder relations (between the public and 

private sectors, contractors, consultants, nongovernmental) should take place in a participatory, 
interactive and consensual manner; 

4. the recognition of the complexity of the sustainability concept in order to make sure that 
alternative courses of action are compared. This is so that the project objectives and the 
stakeholders are satisfied with the final action implemented; 

5. the use of a life cycle framework recognizes the need to consider all the principles of 
sustainable construction at each stage of a project’s development (i.e., from the planning to the 
decommissioning of projects); 

6. the use of a system’s approach acknowledges the interconnections between the economics and 
environment. A system’s approach is also referred to as an integrated (design) process; 

7. that care should be taken when faced with uncertainty; 
8. compliance with relevant legislation and regulations; 
9. the establishment of a voluntary commitment to continual improvement of (sustainable) 

performance; 
10. the management of activities through the setting of targets, monitoring, evaluation, feedback 

and self-regulation of progress. This iterative process can be used to improve implementation in 
order to support a continuous learning process; and 

11. the identification of synergies between the environment and development. 

These principles will form a framework for achieving sustainable building that includes an 
environmental assessment during the planning and design stages of building projects, and the 
implementation of sustainable practices. It will be used to guide the process of construction at all 
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levels and within all disciplines. From them, it is possible to extrapolate an endless series of project- or 
discipline-specific principles and guidelines, which can assure that decisions taken follow the road of 
sustainable development. 

Building construction practitioners worldwide are beginning to appreciate sustainability and 
acknowledge the advantages of implementing sustainable principles in building projects. For example, 
the concept of sustainable building costs lower than conventional method and saves energy as 
demonstrated by Hydes and Creech [36]. This was further supported by Pettifer [37], who added that 
sustainable buildings will contribute positively to better quality of life, work efficiency and healthy 
work environment. Pettifer [37] explored the business benefits of sustainability and concluded that the 
benefits are diverse and potentially very significant. 

3. Sustainable Implementation: A Framework of Strategies and Methods 

In order to achieve a sustainable future in the building industry, Asif et al. [38] suggest adoption of 
multi-disciplinary approach covering a number of features such as: energy saving, improved use of 
materials, material waste minimization, pollution and emissions control etc. There are many ways  
in which the current nature of building activity can be controlled and improved to make it less 
environmentally damaging, without reducing the useful output of building activities. To create a 
competitive advantage using environment-friendly construction practices, the whole life-cycle of 
buildings should, therefore, be the context under which these practices are carried out. A review of 
literature has identified three general objectives which should shape the framework for implementing 
sustainable building design and construction (Figure 1), while keeping in mind the principles of 
sustainability issues (social, environmental and economic) identified previously. These objectives are: 

1. Resource conservation 
2. Cost efficiency and 
3. Design for Human adaptation 

Figure 1. Framework for implementing sustainability in building construction. 
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3.1. Objective 1: Resource Conservation 

“Resource conservation” means achieving more with less. It is the management of the human use of 
natural resources to provide the maximum benefit to current generations while maintaining capacity to 
meet the needs of future generations [39]. The concept has become a major issue in debates about 
sustainable development. Halliday [1] observe that certain resources are becoming extremely rare and 
the use of remaining stocks should be treated cautiously. The author called for the substitution of rare 
material with less rare or renewable materials. 

Bold statements about the need for radical improvements in the use of materials and energy 
resources have achieved recognition in policy circles. The argument is that productivity improvement 
is necessary to minimize impacts on the capacity of natural systems to assimilate waste materials and 
energy [1]. According to Graham [40], the building industry is a major consumer of natural resources, 
and therefore many of the initiatives pursued in order to create ecology sustaining buildings are 
focusing on increasing the efficiency of resource use. He stated that the ways in which these 
efficiencies are sought are varied. He cited examples ranging from the principles of solar passive 
design which aim to reduce the consumption of non-renewable resources, the consumption of energy 
production, life cycle design and design for construction. Methods for minimizing material wastage 
during building construction process and providing opportunities for recycling and reuse of building 
material also contribute to improving resource consumption efficiency. Calls to be resource efficient 
have been born from concern for increasing depletion of non-renewable natural resources. Since the 
non-renewable resources that play major role in a construction project are energy, water, material and 
land, the conservation of these non-renewable resources has vital importance for a sustainable future. 
Resource conservation yields specific design strategies and methods, as defined in Figure 2. 

Figure 2. Strategies and Methods to achieve resource conservation. 
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3.1.1. Energy Conservation 

Energy use is one of the most important environmental issues and managing its use is inevitable in 
any functional society. Buildings are the dominant energy consumers. 

Buildings consume energy and other resources at each stage of building project from design and 
construction through operation and final demolition [41]. According to Lenzen and Treloar [42], the 
kind and amount of energy use during the life cycle of a building material, right from the production 
process to handling of building materials after its end life can, for example, affect the flow of 
greenhouse gases (GHGs) to the atmosphere in different ways over different periods of time. Their 
consumption can be largely cut back through improving efficiency, which is an effective means to 
lessen greenhouse gas emissions and slow down depletion of nonrenewable energy resources [43]. 
With this realization, increasing more attention is being paid to the improved energy conservation in 
building sector over the years, partly because the sector harbours a considerable potential of primary 
energy saving and reduction of emissions, having a negative impact on the environment [44]. 

Energy use in a life cycle perspective includes energy needed for both operational and embodied 
energy. The operational energy requirements of a building can be considered as the energy that is used 
to maintain the environment inside that building [45]. Thormark [46] life cycle analysis of building 
shows that operational energy accounts for 85–95% of the total energy consumption and CO2 
emissions of a building which comes from occupancy through heating, cooling, ventilation, and hot 
water use. This will include energy from electricity, gas, and the burning of fuels such as oil or coal. 

Figure 3. Stages of energy input during the life of a building. 
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assembly process, and the indirect energy that is required to manufacture the materials and components 
of the building [47]. This indirect energy will include all energy required from the raw material 
extraction, through processing and manufacture, and will also include all energy used in transport during 
this process and the relevant portions of the energy embodied in the infrastructure of the factories and 
machinery of manufacturing, construction and transport. The energy life of a building can therefore be 
considered to be made up of numerous inputs of operational and embodied energy throughout a 
building life cycle as shown in Figure 3. 

Therefore the main goal in energy conservation is to reduce the consumption of fossil fuels, as well 
as increasing the use of renewable energy sources. This could be achieved by the consideration of the 
following methods (Figure 2) 

1. Choices of materials and construction methods are important to reduce energy consumption of a 
building through reduced solar heat gain or loss, thus reducing air-conditioning loads. Choosing 
materials with low embodied energy will help to reduce energy consumed through mining, 
processing, manufacturing and transporting the materials. For instance, aluminium has a very 
high embodied energy because of the large amount of electricity consumed to mine the raw 
material. True low energy building design will consider this important aspect and take a broader 
life cycle approach to energy assessment. 

2. Insulating the building envelope is the most important of all energy conservation measures 
because it has the greatest impact on energy expenditure. A well designed and installed 
insulation can reduce the amount of heat lost through the building envelope by at least half [48]. 
Draughts and heat loss will be eliminated with an air-tightness strategy, where existing vents 
and chimneys will be blocked, floors and ceilings will be insulated, and walls will be coated 
with modified plaster. Heat recovery in high temperature areas such as kitchens and bathrooms, 
will achieve optimum energy efficiency through a mechanical ventilation unit that takes heat 
from these areas and uses it elsewhere in the house. 

3. Designing for energy efficient deconstruction and recycling of materials cut energy 
consumption in manufacturing and save on natural resources. Buildings designed for 
deconstruction will include the disentanglement of systems, and reductions in chemically 
disparate binders, adhesives or coatings—or thermal/chemical/mechanical means to better 
separate constituent materials [49]. They will include a construction blueprint and also a 
deconstruction blueprint. They will have bar codes for materials so that the deconstruction 
contractor will have “handling” instructions for the material or component upon removal. These 
buildings will have self-supporting and self-stabilizing components, component accessibility 
designed in, and built- in tie-offs and connection points for workers and machinery. Most 
importantly, buildings that facilitate reuse and recycling will use non-hazardous materials,  
bio-based materials, high quality and highly recyclable materials. Design for deconstruction 
offers possibilities for the design of buildings that will close the loop of materials-use in 
building, and help make the transition towards a zero-energy building industry. 

4. Designing for low energy intensive transportation reduces emissions causing pollution by 
affecting the amount of fuel used. The reduction of energy consumption in buildings has little 
impact on the national energy consumption if the urban and rural transportation systems waste 
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energy. An efficient community layout that places schools, shops, and other services close to 
homes and business, making it easy to get places without driving and offering attractive bicycle 
and walking paths, can greatly reduce vehicle miles travelled per household [50]. This would  
in turn reduce the amount of energy needed for transportation—while improving quality of 
life—even before any expenditures are made for vehicles. Therefore the design of low energy 
houses should be combined with an urban design that allows the use of public transportation 
and bicycles. If the cities maximize public transportation, the use of bicycles and minimize the 
use of private cars the result would be lower costs for energy and road construction, less traffic 
jams and less air pollution. 

5. Developing energy efficient technological processes for construction, fitout and maintenance  
of buildings. A truly integrated approach to energy efficiency in building processes would need 
to be instigated by the project team right from the beginning to achieve the target energy 
consumption levels. 

6. Use of passive energy design such as natural ventilation, landscaping by vegetation, use of water 
bodies for evaporation and cooling, orientation of building, etc. can help achieve thermal and 
visual comfort inside the building, so that there is significant reduction in energy consumption by 
conventional air conditioning and artificial lightning in a building. Architects and Designers can 
achieve energy efficiency in buildings by studying the macro and micro climate of the site, 
applying solar-passive and bioclimatic design feature and taking advantage of the natural 
resources on site. 

3.1.2. Materials Conservation 

Extraction and consumption of natural resources as building materials or as raw materials for 
production of building materials and building materials production itself in implementing construction 
works has a direct impact on natural bio-diversity due to the fragmentation of natural areas and 
ecosystems caused by construction activities [51]. In particular, large amount of minerals resources are 
consumed in the built environment and most of these mineral resources are non-renewable. Therefore, 
it is important to reduce the use of non-renewable materials. According to Abeysundara et al. [52], this 
should be incorporated for consideration at the project initiative and design phases, where the selection 
of materials is very important and the choice should be based on the materials’ environmental impacts. 
At the construction and deconstruction phases, various methods can also be used for reducing the 
impacts of materials consumption on the natural environment. The sub-section discusses some of the 
methods to be considered in achieve material efficiency in construction (Figure 2). 

1. Design for Waste Minimization. The construction industry is one of the major waste generators, 
which causes several environmental, social and economic problems. Waste takes the form of spent 
or unwanted materials generated from construction and demolition processes. Prevention and 
reduction of waste in the construction of housing can save considerable amounts of non-renewable 
resources. An increasing body of scholarly work, notably that produced by [4,19,53–56] has 
demonstrated that the building designers have an important role to play in construction waste 
minimization and reduction. Waste minimization should be addressed as part of the project 
sustainability agenda throughout the design process by the application of the three key designing 
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out waste principles namely: Reducing and recovering construction waste; Reuse and Recycling 
and the storage and disposal of construction waste. 

a. Reducing and recovering construction waste: According to Esin and Cosgun [57], the most 
effective measure of reducing the environmental impact of construction waste is by 
primarily preventing its generation and reducing it as much as possible. This will reduce 
reuse, recycling and disposal needs thus providing economic benefits. An analysis has shown 
that recovery reduces the amount of waste and Green House Gas (GHG) emissions, saves 
energy, and reduces the use of raw materials [58]. Recovery of useful energy and materials 
from wastes has also been emphasized as one of the most important environmentally friendly 
practices for achieving energy savings to alleviate the pressing energy situations [19,59]. 

b. Reuse and Recycling: Recycling products reduce general environmental impacts, 
particularly the use of resources and waste creation. The importance of alternatives (such as 
recycling and reuse) for re-entering construction materials and components in the 
production chain has been already presented in the literature [30,60–62]. The reuse of 
building materials is an alternative for the reduction of construction and demolition waste 
(CDW) when renovating and demolishing buildings, by performing building deconstruction, 
which enables the recover of building parts as functional components such as bricks, 
windows, tiles, differently from traditional demolitions in which parts are transformed  
back into raw materials to processing [63]. Designers should assess whether any existing 
buildings on site could be partly or completely refurbished to meet the project’s needs; 
carrying out a pre-demolition audit of buildings that are being demolished to discover 
whether any materials or components can be reused. Designers should also assess whether 
deconstruction and flexibility can be considered, or is a priority. 

c. The storage and disposal of construction waste: In situations where construction waste 
could not be prevented and recovered, they need to be stored in an appropriate manner and 
kept under control [57]. Non-hazardous construction debris and construction debris 
classified as special waste are landfilled in either municipal solid waste (MSW) landfills or 
in landfills that only accept construction debris. Around the world, decisions on the types of 
waste acceptable at landfills were entirely based on site-specific risk assessment. Licenses 
controlled the quantities and types of waste to be accepted and often, in the case of 
hazardous waste, specified maximum loading rates for particular wastes or components 
substances. Designers need to be aware and take into consideration policies and guidelines 
for material storage and disposal at the design stage of construction project. 

2. Specify durable materials. Mora [64] defined durability as an indicator which informs of the 
extent to which a material maintains its original requirements over time. The sustainability of a 
building can be enhanced by increasing the durability of its materials [65], and a material, 
component or system may be considered durable when its useful service life (performance) is 
fairly comparable to the time required for related impacts on the environment to be absorbed by 
the ecosystem [64]. Materials with a longer life relative to other materials designed for the same 
purpose need to be replaced less often. This reduces the natural resources required for 
manufacturing and the amount of money spent on installation and the associated labor. The 
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greater the material durability, the lower the time and resources required to maintain it [66]. 
Durable materials that require less frequent replacement will require fewer raw materials and 
will produce less landfill waste over the building’s lifetime. 

3. Specify Natural and Local Materials. Natural materials are generally lower in embodied energy 
and toxicity than man-made materials [67]. They require less processing and are less damaging 
to the environment. Many, like wood, are theoretically renewable. When natural materials are 
incorporated into building products, the products become more sustainable [67]. The use of 
building material sourced locally can help lessen the environmental burdens, shortens transport 
distances, thus reducing air pollution produced by vehicles. Often, local materials are better 
suited to climatic conditions, and these purchases support area economies. For instance, the 
decorative use of marble quarried halfway around the world is not a sustainable choice. Steel, 
when required for structural strength and durability, is a justifiable use of a material that is 
generally manufactured some distance from the building site [68]. 

4. Design for Pollution prevention. Pollution prevention measures taken during the manufacturing 
and construction process can contribute significantly to environmental sustainability. Kibert [35], 
suggest selecting materials manufactured by environmentally responsible companies encourages 
their efforts at pollution prevention. Although these products may have an initially higher  
“off-the-shelf” price, choosing products that generate higher levels of pollution exploits the 
environment [68]. Pollution comes in form of air, water and soil. However, emissions to soil  
are hardly discussed in any LCA literature, and the data available are very limited. In the 
construction industry, soil pollution is mainly a problem at the construction site. It may also be a 
problem in the extraction of some minerals, when the waste is deposited, especially hazardous 
waste. This wastewater is often released directly into streams and can contain toxic substances. 
The means of transport is also important. Emissions from road, air and rail transport are a major 
cause of photochemical smog, of which the main components are carbon monoxide, nitrogen 
oxides, hydrocarbons and ozone released by the action of sunlight on organic compounds in the 
lower atmosphere [51]. Because of their bulk, and the large quantities involved, moving 
construction materials contributes very significantly to the total pollution emissions from 
transport. By becoming aware of which manufacturers use environmentally sustainable 
manufacturing methods, specifying their products, and avoiding goods produced through highly 
polluting methods, building designers can encourage the use and marketing of sustainable 
construction materials. 

5. Specify Non-Toxic or Less-Toxic Materials. Non- or less-toxic materials are less hazardous to 
construction workers and building’s occupants. Many materials adversely affect indoor air quality 
and expose occupants to health hazards. Some construction materials, such as adhesives, paints, 
sealants, cleaners, and other common products contain volatile organic compounds (VOCs) and 
emit dangerous fumes for only a short time during and after installation; others can contribute to 
air quality problems throughout a building’s life [68]. By using building materials with lower or 
non-existent levels of toxic substances, environmental health problems can be avoided and the 
need for air scrubbers reduced. 
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3.1.3. Water Conservation 

With the fast development of the global economy, depletion of water resources is becoming an 
environmental issue of the utmost concern worldwide. The United Nations World Water Development 
Report (WWDR) indicates that water for all our uses is becoming scarce and is leading to a water 
crisis [69]. The effects a sector can have on the environment are nowhere more apparent than in the 
building industry [70]. Building construction and its operations draw heavily on water from the 
environment. Growth in urban water use has caused a significant reduction of water tables and 
necessitating large projects that siphon supplies away from agriculture [71]. Water used to operate 
buildings is a significant component of national water consumption. However, this is not the only form 
of water consumed throughout a building’s life cycle. Water is also consumed in the extraction, 
production, manufacturing, and delivery of materials and products to site, and the actual on-site 
construction process. McCormack et al., [70] called this the “embodied” water. 

Ilha et al., [10] observed that water conservation technologies and strategies are often the most 
overlooked aspects of a whole-building design strategy. However, the planning for various water uses 
within a building is increasingly becoming a high priority, in part because of the increasing recognition 
of the water savings that can be realized through the implementation of water saving initiatives. The 
literature reveals a number of strategies [10,70,72] that can be employed to reduce the amount of water 
consumed through a building life cycle. In general terms, these methods include: 

1. Utilizing water-efficient plumbing fixtures such as ultra-low flow toilets and urinals, waterless 
urinals, low-flow and sensored sinks, low-flow showerheads, and water-efficient dishwashers 
and washing machines, to minimize wastewater. 

2. Design for dual plumbing to use recycled water for toilet flushing or a gray water system that 
recovers rainwater or other non-potable water for site irrigation. Gray water is produced by 
activities such as hand washing, and does not need to be treated intensively as sewage. It can be 
recycled in a building to irrigate ornamental plants or flush toilets. 

3. Collecting rainwater using rainwater and grey water storage for irrigation greatly reduces the 
consumption of treated water. Rainwater can also be used for household applications including 
drinking water. In fact, people in many regions of the world have traditionally relied on 
harvested rainwater for their water supply. 

4. Employ re-circulating systems for centralized hot water distribution, which conserve water which 
is typically wasted by users while waiting for warm water to flow from a warm water faucet. 

5. Designing low-demand landscaping using plants native to the local ecosystem also reduces 
water consumption on site, since these plants have been adapted to the local rainwater levels, 
thus eliminating additional watering [73]. The efficiency of water can also be improved by 
means of underground drip irrigation systems, which reduces water loss caused by evaporation 
of surface water during watering or after rain. 

6. Pressure Reduction. Because flow rate is related to pressure, the maximum water flow from a 
fixture operating on a fixed setting can be reduced if the water pressure is reduced. For example, 
a reduction in pressure from 100 pounds per square inch to 50 psi at an outlet can result in a 
water flow reduction of about one-third [74]. 
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3.1.4. Land Conservation 

Land is an important resource upon which the construction industry depends. Land use through 
urban expansion has been identified as a growing problem in both developed and developing worlds. 
Although more land may be reclaimed from the ocean, land reclamation on a large scale is undesirable 
since it could severely interfere with ecosystems. Soil erosion, groundwater contamination, acid rain 
and other industrial pollutants are damaging the health of plant communities, thereby intensifying the 
challenge and necessity to restore habitats. Sustainable design must develop a respect for the landscape 
and expend more effort understanding the interrelationships of soils, water, plant communities and 
associations, and habitats, as well as the impacts of human uses on them. 

The impact of the construction industry on the environment and the expansion of urban areas show 
the importance of land as a vital indicator of sustainability with the potential to become an absolute 
indicator of sustainable construction [75]. Land can be conserve by adopting a policy of zero expansion 
of existing urban areas. This could be achieved by adaptive reuse of an existing building, thereby 
eliminating the need for new construction. In addition, placing sustainable building project within easy 
access of public transportation, medical facilities, shopping areas and recreational facilities, would 
prevent the expansion of built environment and occupation of agricultural and eco-sensitive areas. 
These methods would promote better use of urban land through a higher population density that would 
make better use of infrastructure services and transport systems. Another potential spin-off is the 
development of non-arable land for construction purposes, linked together by energy efficient mass 
transportation system. 

3.2. Objective 2: Cost Efficiency 

Construction clients are demanding assurance of their buildings’ long-term economic performance 
and costs. In addition, the construction project supply chain of developers, suppliers, manufacturers, 
design and construction teams are under increasing pressure from clients to minimize total project cost 
and consider how much a building will cost over its life cycle and how successfully it will continue to 
meet occupier’s requirements. Buildings represent a large and long-lasting investment in financial terms 
as well as in other resources [76]. Improvements of cost effectiveness of buildings is consequently of 
common interest for the owner, the user and society. 

The concept of sustainability as applied to the construction of buildings is intended to promote the 
utmost efficiency and to reduce financial costs. There is considerable evidence to suggest that many 
organizations, in both the private and public sectors, make decisions about building related investment 
based on estimates of the initial construction cost, with little or no consideration for costs relating to 
operation and maintenance throughout the life of the building [77]. Design decisions require choice of 
construction structure, building materials and building installations which are often accompanied by 
errors in investment through an inadequate economic control of decisions [78]. Sharply rising energy 
costs have highlighted the opportunity for overall savings in the life of a building that can be achieved 
by investing in more energy efficient solutions initially. Savings on other operating and maintenance 
costs can also be considered, e.g., using building finishes that do not need frequent re-painting. A 
building’s economic operation should be considered throughout the construction stage and also in 
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terms of its maintenance and conservation throughout its useful life. In order to ensure that these 
objectives are achieved, the concept of life-cycle costing analysis (LCCA) will play significant roles in 
the economics of a building project. Life cycle cost analysis (LCCA) is an economic assessment 
approach that is able to predict the costs of a building from its operation, maintenance, and 
replacement until the end of its life-time [79]. 

The effective implementation of life-cycle costing involves utilizing a thoughtful, comprehensive 
design along with construction practices with selected environmental considerations. Life cycle cost 
(LCC) is therefore an important tool for achieving cost efficiency in construction projects. This paper 
has identified three principal life cycles cost to be considered at the outset of a construction project. 
The initial cost, the cost in use and the recovery cost (Figure 4). 

Figure 4. Strategies and Methods to achieve cost efficiency. 
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1. The design should optimize the use of locally-available materials. In most cases, locally 
manufactured products are cheaper than their imported counterparts since their transport costs 
are not as huge and they do not come with import duty. 

2. Use of cost saving construction technology such as the use of masonry stone for building 
foundation instead of reinforced concrete saves a lot of cost. This method is only suitable for 
low-rise buildings such as bungalows. For high-rise structures, careful structural design can be 
utilized so as to have the most optimum foundation design type to ensure less material  
is excavated. 

3. Identify opportunities to minimize initial construction costs, through use of modular designs and 
standardized components where these are compatible with high quality, distinctive architecture 
that is appropriate to its context. For instance, a standardized plan with uniform office sizes 
provides an organizational framework that can be reconfigured as required, even the company 
changes. The design should also support technological changes [81]. 

4. Use common, readily available components, where appropriate, to minimize replacement costs 
and stocking of custom components. Project components that cannot be easily repaired or 
replaced should be sufficiently durable to minimize expensive replacement and retrofitting. 

5. Using recycled and reclaimed materials. On site reuse and reprocessing of construction, 
demolition and excavation materials; and importing recovered and recycled materials in the 
place of more costly primary material can significantly reduce overall project cost. For 
examples, using products with a high recycled content, such as recycled asphalt or cement 
replacement in concrete products can save project cost by at least 3% [82] without significant 
investment outlay. 

3.2.2. Cost in Use 

Otherwise known as the running cost or operation cost, the cost in use is set by the decisions made 
at the briefing stage and the subsequent decisions made during the design and assembly phases [80]. It 
also involves regularly scheduled adjustments and inspection to protect a building so that it goes on to 
supply the same comfort and appliances-resources and the cost of parts to perform repairs [83]. 
Furthermore, decoration, fabric of building (i.e., roof, external walls), services (i.e., heating and 
ventilation) also took place at this level. 

For many years, running costs were only given superficial attention at the design stage, although 
this has changed with the use of life cycle costing techniques that help to highlight the link between 
design decisions and costs in use. Materials and components with long service lives do cost more than 
those not expected to last so long and designing to reduce both maintenance and running costs may 
result in an increase in the initial cost [80]. However, over the longer term, say 15 years, it might cost 
the building owner less than the solution with lower initial cost. Cost reduction in the use of building 
can achieve by taking into consideration the following. 

1. Taking adequate measures within the design of key building elements to provide dedicated and 
generous space for regular cleaning, maintenance, and repair to the central or major elements of 
the HVAC system and ensure that access points are readily identified and locatable. 
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2. Ensuring that the skills required are within the competence of available labour supply. Absence 
of abundant labour with building facilities maintenance skills can result in increased 
maintenance costs. Where local skills are available for example bricklayers, structures should be 
designed to make maximum use of such skills. A project can specify brick manholes in favour 
of precast concrete ones in order to harness available skills. 

3. Choosing minimum-maintenance materials. Where possible, select building materials that 
require little maintenance (painting, retreatment, waterproofing, etc.). For example Wood plastic 
composite (WPC) low-maintenance advantages over wood continue to drive growth in wood-
replacement applications [84]. 

4. Adopting an appropriate process during the design stage to protect materials from destructive 
elements such as sun, temperature variations, rain or wind, and isolate critical sections of the 
building or systems from damage that may occur from flooding or storm damage. 

5. While fully meeting the operational requirements of the building, provide easy-to-understand 
and easy-to-use building control systems for occupants and building operators to ensure 
effective operation of energy efficient technologies and components. If a simple system can 
achieve the objective, then a complicated one should be avoided. 

3.2.3. Recovery Cost 

There is a third cost that is rarely considered—the cost of demolition and material recovery [80]. 
This is partly because the client may well have sold the building long before the building is recycled 
and partly because such costs are traditionally associated with the initial cost of the future 
development. Again this may be of little concern to the current client who is looking for short term 
gain with minimal outlay. However, if we are to take environmental issues seriously, then the 
following methods should be implemented to reduce or eliminate recovery cost. 

1. Recycling potential and ease of demolition should be considered during the design phases and 
costed into the development budget. It enhances the sustainability of construction industry. 
Waste means new resources for new constructions. In most cases, making products by recycling 
demolition wastes creates less air pollution and water pollution than making new products. 
Recycling also creates jobs as well as saving valuable resources, thus protecting the  
natural environment. 

2. The adaptive reuse of an existing project significantly reduces waste and conserves the energy 
used for material manufacturing and construction. The energy embodied in the construction of a 
building and the production of materials will be wasted if the existing resource is not properly 
utilized. This approach may also preserve cultural heritage by keeping a historical building in 
use and maintained. 

3. Reusing building materials or components is a way of minimizing waste production, if an old 
building is not completely available for reusing. In such cases, it may be preferred to renovate 
and reuse individual components, such as windows, doors and interior fixtures. 

Attention to the life cycle cost of building project in terms of both design and choice of materials 
will minimize the overall costs for owner and users. It is important to determine how long the building 
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is designed to last and whether it is likely that functional requirements will change in this time. 
Moreover, if it is likely that re-sale value will be enhanced by ability to adapt to new uses, then 
appropriate design can substantially reduce the costs of adapting to new uses. Thus, increasing cost 
effectiveness of a building is a critical strategy for creating sustainable building. 

3.3. Objective 3: Design for Human Adaptation 

One of the main purposes of a sustainable building is to provide healthy and comfortable 
environments for human activities. A building must accommodate the activities it is built for and 
provide floor-space, room volume, shelter, light and amenities for working, living, learning, curing, 
processing etc. Furthermore, the building must supply a healthy and comfortable indoor climate to the 
people using it. In meeting these basic requirements, the building should not cause harm to its 
occupants or the environment and must, for example, be structurally stable and fire safe. Sustainable 
development requires that the building does not cause unnecessary load or risk to the environment, for 
example in the form of energy use. To promote and enhance human adaptation the following two 
design methods should be considered (Figure 5). 

Figure 5. Strategies and Methods to achieve human adaptation. 
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Sev [72], a product may save energy and perform well; however, if it does not positively affect the 
occupants’ comfort and enhance productivity, it is not a sustainable product. A review of the literature 
identified the following (but not limited to) methods as a necessity in enhancing the coexistence 
between the environment, buildings and their occupants (Figure 5). 

1. Thermal comfort is a key to occupant’s satisfaction and productivity. Maintaining thermal 
comfort for occupants of buildings or other enclosures should be one of the important goals of 
every building designer. The environmental parameters which constitute the thermal 
environment are: Temperature (air, radiant, surface), humidity, air velocity and the personal 
parameters: clothing together with activity level. Building envelope considerations, such as 
reflective roofing, low-E windows, window tinting and solar shading are some of the tools that 
enable designers to optimize thermal comfort as well as improving energy efficiency. Siting  
the building according to seasonal heat gain and use is another key to thermal comfort, as  
is landscaping. 

2. The acoustical environment of a workspace is typically given little or no attention during project 
planning and design. Acoustic comfort must be achieved by controlling sources of noise from 
mechanical and electrical equipment and from sources exterior to the building. Proper selection 
of windows, wall insulation and wall framing, and materials are essential to reducing noise from 
outside. Some sound insulating materials, such as acoustic ceiling tiles and straw-bale 
construction, can offer the advantages of recycling and using natural materials [72,86]. Hard 
versus absorbent surfaces also have a major impact on noise level inside a space. Noise 
elimination, control or isolation from HVAC equipment should also be addressed through 
acoustic zoning, equipment selection, construction and appropriately designed ducts, piping and 
electrical systems. There may be opportunities to meet project sustainability goals in conjunction 
with good acoustical design if they are considered early in the project development phase. 

3. Daylighting involves designing buildings for optimum use of natural light and provides 
numerous benefits over artificial lighting. Generally it is understood to be beneficial both to 
health and well-being. Maximising good daylight in housing is therefore an important 
consideration. Good daylight means levels of daylight which are sufficient to see properly 
without glare or excessive contrast. Too much direct sun can actually cause discomfort and ill 
health, particularly with highly reflective surfaces. 

4. Natural ventilation is the process of replacing air in any space to provide high indoor quality 
without the use of mechanical means. Ventilation conditions inside a space have a direct 
influence on the health, comfort and well-being of the occupants. Natural ventilation has 
become an important strategy in building designs. It can be used to supply outside air, reduce 
odours and pollutants, and remove heat from spaces, people and mass. Designing for natural 
ventilation also has potential to reduce construction and operational costs associated with the 
purchase and use of mechanical equipment, and the increased productivity of building 
occupants due to improvements in the indoor environment and connection with the outdoors. 
The climate suitability, window orientation and operable windows are the key factors for natural 
ventilation. Examples include providing cross-ventilation to make use of wind chimneys to 
induce stack ventilation, and using water evaporation systems in hot dry climates to induce air 
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movement. Being able to open a window, to sit in the sun or shade and to have contact with 
nature appears to be key characteristics in sustainable building design [87]. 

5. Building functionality should be planned to enable the smooth operation of the activity for 
which the building is designed. The capacity of a building to absorb future functions should be 
studied at the outset, in the event of an expansion, and to reduce the additional material and 
building waste disposal costs. The consideration of low-maintenance and durable constructive 
elements is of special importance, even where it may not be strictly necessary in the long term. 

6. Building aesthetics is a further value to bear in mind, with a view to contributing to 
psychological comfort in the work and living environment. This aspect of psychological 
comfort could mean pleasing architecture, visual interest, art on the walls, or natural elements, 
such as a fountain, plants, or an aquarium. The effect of beauty may be hard to measure, but it 
emphasizes the aesthetical requirement as a sustainable aspect. 

3.3.2. Protecting Physical Resources 

Protecting physical resources is one of the most important principles of sustainable design and 
construction. Consideration must be given to design that incorporate building resilience against natural 
and man-made disasters such as fire incident, earthquake, flooding and crime attack. Hazard mitigation 
planning is the process of determining how to reduce or eliminate the loss of life and property damage and 
the methods to achieve these tasks are as follows (Figure 5). 

1. Plan for Fire Protection. The most crucial aspect of a building’s safety involves a systems 
approach that enables the designer to analyse all of the building’s components as a total 
building fire safety system package. As buildings become more complex and architects push the 
design envelope ever further, it is vital to consider fire safety implications of new buildings or 
other construction or refurbishment projects at the concept design stage. An important 
precondition is that its fire safety facilities enable independent and adequate fire response 
performances by the building’s occupants. The consideration of Fire Stopping and Passive Fire 
Protection measures are vital to the stability and integrity of a building or structure in case of 
fire [88]. A fire strategy will only achieve maximum effectiveness if the passive fire protection 
measures, such as insulated fire-resisting partitions, cavity barriers, specialist fire-stopping of 
gaps in structure with their proven fire performance properties, are built into the fabric of a 
building. Passive fire protection not only maintains the stability of a building’s structure during 
fire, they provide stability and separate the building into areas of manageable risk (Fire 
Compartments). These are designed to keeps escape routes safe and helps isolate and limit fire, 
heat, and smoke allowing the occupants to escape and the fire fighters to do their job safely. 
Such protection is either provided by the materials from which the buildings was constructed or, 
have been added to reinstate or establish the fire integrity. 

2. Resist Natural Hazards. Recent natural and human-induced events have highlighted the fragility 
and vulnerability of the built environment to disasters. In most of these cases, occupants are left 
to pay for the recovery effort, including repairing damaged buildings and infrastructure, from 
the impacts of hurricanes, floods, earthquakes, tornados, blizzards, and other natural disasters. 
Hazard resistance methods should be an important project design requirement in the same way 
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that environmental considerations are now integral parts of project documents. For example, 
flood mitigation techniques include elevating buildings above floor levels in flood prone areas; 
making buildings watertight to prevent water entry, incorporation of levees and floodwalls into 
site design to keep water away from the building. Adding retrofitting techniques such as  
ferro-cement veneer, vertical corner reinforcement embedded in mortar and introducing tie 
beams and adding buttress to brick masonry and mud-wall housing will also go a long way in 
protecting against natural hazards. For details of other hazards preventions methods, the reader 
is referred to Whole Building Design Guide by the National Institute of Building Sciences. 

3. Crime prevention through architectural Design has emerged worldwide as one of the most 
promising and currently effective approaches to reducing opportunities for crime. The basic 
tenet of crime prevention through design in building is that proper design and effective use of 
the built environment can reduce the fear and incidence of crime and thereby improve the overall 
quality of life. Effective secure building design involves implementing countermeasures to deter, 
detect, delay, and respond to attacks from human aggressors. It also provides for mitigating 
measures to limit hazards to prevent catastrophic damage and provide resiliency should an attack 
occur. Crime prevention methods emphasize the following three design approaches: natural 
access control; natural surveillance; and territorial behaviour [89]. Access control uses doors, 
shrubs, fences, gates, and other physical design elements to discourage access to an area by all 
but its intended users. Surveillance is achieved by placing windows in locations that allow 
intended users to see or be seen while ensuring that intruders will be observed as well. 
Surveillance is enhanced by providing adequate lighting and landscaping that allow for 
unobstructed views. Finally, territory is defined by sidewalks, landscaping, porches, and other 
elements that establish the boundaries between public and private areas. These three methods 
work together to create an environment in which people feel safe to live, work, travel, or visit. 

4. Conclusions 

Sustainable building is considered as a way for the building industry to move towards protecting the 
environment. The promotion of sustainable building practices is to pursue a balance among economic, 
social, and environmental performance in implementing construction projects. If we accept this,  
the link between sustainable development and construction becomes clear; construction is of high 
economic significance and has strong environmental and social impacts. With the growing awareness 
on environmental protection, this issue has gained wider attention from construction practitioners 
worldwide. Implementing sustainable building construction practices has been advocated as a way 
forward in fostering economic advancement in the building industry while minimizing impact on the 
environment. In order to reduce these detrimental impacts of construction on the environment and to 
achieve sustainability in the industry, three principles emerge: resource efficiency, cost efficiency and 
design for human adaptation. They form framework for integrating sustainability principles into 
construction projects right from the conceptual stage. 

The framework has considerable potential to accelerate the understanding and implementation of 
sustainability in building construction. It provides a brief overview of sustainability principles, strategies 
and methods, and emphasizes the need for an integrated and holistic approach for implementing 
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sustainability in building projects. It is intended to provide a general framework for improving the 
quality and comparability of methods for assessing the environmental performance of buildings. It 
identifies and describes issues to be taken into account when using methods for the assessment of 
environmental performance for new or existing building properties in the design, construction, 
operation, refurbishment and deconstruction stages. It is not an assessment system in itself but is 
intended to be used in conjunction with, and complimentary to existing assessment systems such as 
BREEAM, BEES, LEED, etc. 

The sustainability requirements are to a greater or lesser extent interrelated. The challenge for 
designers is to bring together these different sustainability requirements in innovative ways. The new 
design approach must recognize the impacts of every design choice on the natural and cultural resources 
of the local, regional and global environments. These sustainability requirements will be applicable 
throughout the different stages of the building life cycle, from its design, during its useful life, up until 
management of the building waste in the demolition stage. This framework lays the groundwork for the 
development of a decision support tool to help improve the decision making process in implementing 
sustainability in building projects. The full decision support tool will be described in the model currently 
being developed for use in the UK building industry. 

References 

1. Halliday, S. Sustainable Construction; Butterworth Heinemann: London, UK, 2008. 
2. Barrett, P.S.; Sexton, M.G.; Green, L. Integrated delivery systems for sustainable construction. 

Build. Res. Inf. 1999, 27, 397–404. 
3. Abidin, N.Z. Investigating the awareness and application of sustainable construction concept by 

Malaysian developers. Habitat Int. 2010, 34, 421–426. 
4. Ortiz, O.; Castells, F.; Sonnemann, G. Sustainability in the construction industry: A review of recent 

developments based on LCA Constr. Build. Mater. 2009, 23, 28–39. 
5. Ortiz, O.; Pasqualino, J.C.; Castells, F. Environmental performance of construction waste: Comparing 

three scenarios from a case study in Catalonia, Spain. Waste Manag. 2010, 30, 646–654. 
6. John, G.; Clements-Croome, D.; Jeronimidis, G. Sustainable building solutions: A review of lessons 

from natural world. Build. Environ. 2005, 40, 319–328. 
7. Bainbridge, D.A. Sustainable building as appropriate technology. In Building without Borders: 

Sustainable Construction for the Global Village; Kennedy, J., Ed.; New Society Publishers: 
Gabriola Island, Canada, 2004; pp. 55–84. 

8. Ugwu, O.O.; Kumaraswamy, M.M.; Wong, A.; Ng, S.T. Sustainability appraisal in infrastructure 
projects (SUSAIP) Part 1. Development of indicators and computational methods. Autom. Construct. 
2006, 15, 239–251. 

9. Matthews, E.; Amann, C.; Fischer-Kowalski, M.; Huttler, W.; Kleijn, R.; Moriguchi, Y.; Ottke, 
C.; Rodenburg, E.; Rogich, D.; Schandl, H.; Schutz, H.; van der Voet, E.; Weisz, H. The Weight of 
Nations: Material Outflows from Industrial Economies; World Resources Institute: Washington, 
DC, USA, 2000; Available online: http://pdf.wri.org/weight_of_nations.p (accessed on 24 May 
2009). 



Buildings 2012, 2 
 

148 

10. Ilha, M.S.O.; Oliveira, L.H.; Gonçalves, O.M. Environmental assessment of residential buildings 
with an emphasis on water conservation. Build. Serv. Eng. Res. Technol. 2009, 30, 15–26. 

11. Kukadia, V.; Hall, D.J. Improving Air Quality in Urban Environments: Guidance for the Construction 
Industry; Building Research Establishment (BRE) Bookshop, CRC Ltd.: London, UK, 2004. 

12. Pitt, M.; Tucker, M.; Riley, M.; Longden, J. Towards sustainable construction: Promotion and 
best practices. Construct. Innov. Inf. Process Manag. 2009, 9, 201–224. 

13. Yahya, K.; Boussabaine, H. Quantifying environmental impacts and eco-costs from brick waste.  
J. Archit. Eng. Des. Manag. 2010, 6, 189–206. 

14. Zimmermann, M.; Althaus, H.J.; Haas, A. Benchmarks for sustainable construction: A contribution 
to develop a standard. Energy Build. 2005, 37, 1147–1157. 

15. Worldwatch Institute. State of the World, A Worldwatch Institute Report on Progress Toward a 
Sustainable Society. Worldwatch Institute: Washington, DC, USA, 2003. Available online: 
http://www.worldwatch.org/system/files/ESW03A.pdf (accessed on 2 May 2012). 

16. Holton, I.; Glass, J.; Price, A. Developing a successful sector sustainability strategy: Six lessons 
from the UK construction products industry. Corp. Soc. Responsib. Envrion. Manag. 2008, 15, 
29–42. 

17. Ding, G.K.C. Sustainable construction—The role of environmental assessment tools. J. Environ. 
Manag. 2008, 86, 451–464. 

18. Nelms, C.E.; Russell, A.D.; Lence, B.J. Assessing the performance of sustainable technologies: A 
framework and its application. Build. Res. Inf. 2007, 35, 237–251. 

19. Osmani, M.; Glass, J.; Price, A.D.F. Architects’ perspectives on construction waste reduction by 
design. Waste Manag. 2008, 28, 1147–1158. 

20. Burgan, B.A.; Sansom, M.R. Sustainable steel construction. J. Condtruct. Steel Res. 2006, 62, 
1178–1183. 

21. Ofori, G. Sustainable construction: Principles and a framework for attainment. Construct. Manag. 
Econ. 1998, 16, 141–145. 

22. Shen, L.; Tam, V.; Tam, L.; Ji, Y. Project feasibility study: The key to successful implementation 
of sustainable and socially responsible construction management practice. J. Clean. Prod. 2010, 
18, 254–259. 

23. Ruggieri, L.; Cadena, E.; Martinez-Blanco, J.; Gasol, C.M.; Rieradevall, J.; Gabarrell, X. Recovery 
of organic wastes in the Spanish wine industry. Technical, economic and environmental analyses of 
the composting process. J. Clean. Prod. 2009, 17, 830–838. 

24. Asokan, P.; Osmani, M.; Price, A.D.F. Assessing the recycling potential of glass fibre reinforced 
plastic waste in concrete and cement composites. J. Clean. Prod. 2009, 17, 821–829. 

25. Tam, W.Y.V. Comparing the implementation of concrete recycling in the Australian and Japanese 
construction industries. J. Clean. Prod. 2009, 17, 688–702. 

26. Tseng, M.L.; Yuan-Hsu, L.; Chiu, A.S.F. Fuzzy AHP based study of cleaner production 
implementation in Taiwan PWB manufacturer. J. Clean. Prod. 2009, 17, 1249–1256. 

27. Turk, A.M. The benefits associated with ISO 14001 certification for construction firms: Turkish 
case. J. Clean. Prod. 2009, 17, 559–569. 

28. Tam, V.W.Y.; Tam, C.M. Evaluations of existing waste recycling methods: A Hong Kong study. 
Build. Envrion. 2006, 41, 1649–1660. 



Buildings 2012, 2 
 

149 

29. Tam, W.Y.V.; Tam, C.M.; Zeng, S.X. Towards adoption of prefabrication in construction. Build. 
Envrion. 2007, 42, 36 42–54. 

30. Hill, R.C.; Bowen, P.A. Sustainable construction: Principles and a framework for attainment. 
Construct. Manag. Econ. 1997, 15, 223–239. 

31. WCED. Our Common Future; World Commission on Environment and Development, Oxford 
University Press: Oxford, UK, 1987. 

32. DETR. Building a Better Quality of life: Strategy for more Sustainable Construction; Eland House: 
London, UK, 2000. 

33. Miyatake, Y. Technology development and sustainable construction. J. Manag. Eng. 1996, 12, 
23–27. 

34. Cole, R.; Larsson, K. GBC ’98 and GB tool. Build. Res. Inf. 1999, 27, 221–229. 
35. Kibert, C.J. Sustainable Construction: Green Building Design and Delivery, 2nd ed.; John Wiley 

and Sons, Inc.: Hoboken, NJ, USA, 2008. 
36. Hydes, K.; Creech, L. Reducing mechanical equipment cost: The economics of green design. Build. 

Res. Inf. 2000, 28, 403–407. 
37. Pettifer, G. Gifford Studios—A Case Study in Commercial Green Construction. In Proceedings of 

the CIBSE National Conference on Delivering Sustainable Construction, London, UK, 2004. 
38. Asif, M.; Muneer, T.; Kelly, R. Life cycle assessment: A case study of a dwelling home in 

Scotland. Build. Environ. 2007, 42, 1391–1394. 
39. Wilson, A.; Uncapher, J.L.; McManigal, L.; Lovins, H.L.; Cureton, M.; Browning, W.D. Green 

Development: Integrating Ecology and Real Estate; John Wiley and Sons, Inc.: New York, NY, 
USA, 1998. 

40. Graham, P. Building Ecology—First Principles for a Sustainable Built Environment; Blackwell, 
Publishing: Oxford, UK, 2003. 

41. Schimschar, S.; Blok, K.; Boermans, T.; Hermelink, A. Germany’s path towards nearly zero-energy 
buildings—Enabling the greenhouse gas mitigation potential in the building stock. Energy Policy 
2011, 39, 3346–3360. 

42. Lenzen, M.; Treloar, G.J. Embodied energy in buildings: Wood versus concrete-reply to 
Borjesson and Gustavsson. Energy Policy 2002, 30, 249–244. 

43. Lee, W.L.; Chen, H. Benchmarking Hong Kong and China energy codes for residential buildings. 
Energy Build. 2008, 40, 1628–1636. 

44. Sasnauskaite, V.; Uzsilaityte, L.; Rogoza, A. A sustainable analysis of a detached house heating 
system throughout its life cycle. A case study. Strateg. Prop. Manag. 2007, 11, 143–155. 

45. Dimoudi, A.; Tompa, C. Energy and environmental indicators related to construction of office 
buildings. Resour. Conserv. Recycl. 2008, 53, 86–95. 

46. Thormark, C. The effect of material choice on the total energy need and recycling potential of a 
building. Build. Envrion. 2006, 41, 1019–1026. 

47. Huberman, N.; Pearlmutter, D. A life cycle energy analysis of building materials in the Negev 
desert. Energy Build. 2008, 40, 837–848. 

48. Al-Homoud, M.S. Performance characteristics and practical applications of common building 
thermal insulation materials. Build. Envrion. 2005, 40, 353–366. 

49. El Razaz, Z. Design for dismantling strategies. J. Build. Apprais. 2010, 6, 49–61. 



Buildings 2012, 2 
 

150 

 
50. Carlisle, N.; Elling, J.; Penney, T. A Renewable Energy Community: Key Elements; National 

Renewable Energy Laboratory Technical Report, NREL/TP-540-42774; US Department of 
Energy: Washington, DC, USA, 2008; Available online: http://www.chemkeys.com/ 
blog/wpcontent/uploads/2008/09/renewable-energy-key-elements.pdf (accessed on 2 May 2012). 

51. Spence, R.; Mulligan, H. Sustainable development and the construction industry. Habitat Int. 1995, 
19, 279–292. 

52. Abeysundara, U.G.Y.; Babel, S.; Gheewala, S. A matrix in life cycle perspective for selecting 
sustainable materials for buildings in Sri Lanka. Build. Envrion. 2009, 44, 997–1004. 

53. Coventry, S.; Shorter, B.; Kingsley, M. Demonstrating Waste Minimisation Benefits in Construction; 
CIRIA C536; Construction Industry Research and Information Association (CIRIA): London, UK, 
2001. 

54. Greenwood, R. Construction Waste Minimization—Good Practice Guide; CriBE (Centre for 
Research in the Build Environment): Cardiff, UK, 2003. 

55. Poon, C.S.; Yu, A.T.W.; Jaillon, L. Reducing building waste at construction sites in Hong Kong. 
Construct. Manag. Econ. 2004, 22, 461–470. 

56. Baldwin, A.; Poon, C.; Shen, L.; Austin, A.; Wong, I. Designing out Waste in High-Rise Residential 
Buildings: Analysis of Precasting and Prefabrication Methods and Traditional Construction. In 
Proceedings of the International Conference on Asia-European Sustainable Urban Development, 
Chongqing, China, Centre for Sino-European Sustainable Building Design and Construction, 
Beijing, China, 2006; Runming, Y., Baizhan, L., Stammers, K., Eds. 

57. Esin, T.; Cosgun, N. A study conducted to reduce construction waste generation in Turkey. Build. 
Envrion. 2007, 42, 1667–1674. 

58. Pimenteira, C.A.P.; Carpio, L.G.T.; Rosa, L.P.; Tolmansquim, M.T. Solid wastes integrated 
management in Rio de Janeiro: Input-output analysis. Waste Manag. 2005, 25, 539–553. 

59. Marchettini, N.; Ridolfi, R.; Rustici, M. An environmental analysis for comparing waste management 
options and strategies. Waste Manag. 2007, 27, 562–571. 

60. Peng, C.L.; Scorpio, D.E.; Kibert, C.J. Strategies for successful construction and demolition waste 
in recycling operations. J. Construct. Manag. Econ. 1997, 15, 49–58. 

61. Tam, W.Y.V.; Tam, C.M. Reuse of Construction and Demolition Waste in Housing Development; 
Nova Science Publishers, Inc.: Hauppauge, NY, USA, 2008. 

62. Curwell, S.; Cooper, I. The implications of urban sustainability. Build. Res. Inf. 1998, 26, 17–28. 
63. da Rocha, C.G.; Sattler, M.A. A discussion on the reuse of building components in Brazil: An 

analysis of major social, economical and legal factors. Resour. Conserv. Recycl. 2009, 54, 104–112. 
64. Mora, E. Life cycle, sustainability and the transcendent quality of building materials. Build. 

Envrion. 2007, 42, 1329–1334. 
65. Malholtra, V.M. Introduction: Sustainable developement and concrete technology. Concr. Int. 

2002, 24, 22. 
66. De Silva, N.; Dulaimi, M.F.; Ling, F.Y.Y.; Ofori, G. Improving the maintainability of buildings in 

Singapore. Build. Envrion. 2004, 39, 1243–1251. 
67. Godfaurd, J.; Clements-Croome, D.; Jeronimidis, G. Sustainable building solutions: A review of 

lessons from the natural world. Build. Envrion. 2005, 40, 319–328. 



Buildings 2012, 2 
 

151 

68. Kim, J.; Rigdon, B. Qualities, Use, and Examples of Sustainable Building Materials; National 
Pollution Prevention Center for Higher Education: Ann Arbor, MI, USA, 2008; pp. 48109–41115. 
Available online: http://www.umich.edu/~nppcpub/resources/compendia/architecture.html (accessed 
10 November 2008). 

69. UNESCO. Water for People, Water for Life: The United Nations World Water Development 
Report; United Nations Educational, Scientific & Cultural Organization & Berghahn Books: 
Barcelona, Spain, 2003. 

70. McCormack, M.S.; Treloar, G.J.; Palmowski, L.; Crawford, R.H. Modelling direct and indirect 
water consumption associated with construction. Build. Res. Inf. 2007, 35, 156–162. 

71. Roodman, D.M.; Lenssen, N. A Building Revolution: How Ecology and Health Concerns are 
Transforming Construction; Worldwatch Paper 124; Worldwatch Institute: Washington, DC, 
USA, 1995. 

72. Sev, A. How can the construction industry contribute to sustainable development? A conceptual 
framework. Sustain. Dev. 2009, 17, 161–173. 

73. Mendler, S.F.; Odell, W. The HOK Guidebook to Sustainable Design; John Wiley & Sons: New 
York, NY, USA. 2000. 

74. Brown, C. Residential Water Conservation Projects: Summary Report; Report HUD-PDR-903; 
Prepared for U.S. Department of Housing and Urban Development, Office of Policy Development 
and Research: Washington, DC, USA, 1984. 

75. Haberl, H. Human appropriation of net primary production and species diversity in agricultural 
landscapes. Agric. Ecosyst. Environ. 2004, 102, 213–218. 

76. Oberg, M. Integrated Life Cycle Design—Applied to Concrete Multidwelling Buildings; Lund 
University, Division of Building Materials: Lund, Sweden, 2005. 

77. Woodward, D.G. Life cycle costing—Theory, information acquisition and application. Proj. 
Manag. 1997, 15, 335–344. 

78. Giudice, F.; La Rosa, G.; Risitano, A. Materials selection in the Life-Cycle Design process: A 
method to integrate mechanical and environmental performances in optimal choice. Mater. Des. 
2005, 26, 9–20. 

79. San-Jose, J.T.L.; Cuadrado, R.J. Industrial building design stage based on a system approach to 
their environmental sustainability. Construct. Build. Mater. 2010, 24, 438–447. 

80. Emmitt, S.; Yeomans, D.T. Specifying Buildings: A Design Management Perspective, 2nd ed.; 
Elsevier: Amsterdam, The Netherlands, 2008. 

81. Kohn, E.; Katz. P. Building Type Basics for Office Buildings; Wiley: New York, NY, USA, 2002. 
82. Innes, S. Developing Tools for Designing Out Waste Pre-Site and Onsite. In Proceedings of 

Minimizing Construction Waste Conference: Developing Resource Efficiency and Waste 
Minimization in Design and Construction, New Civil Engineer, London, UK, 2004. 

83. Arpke, A.; Strong, K. A comparison of life cycle cost analyses for a typical college using subsidized 
versus full-cost pricing of water. Ecol. Econ. 2006, 58, 66–78. 

84. Markarian, J. Wood-plastic composites: Current trends in materials and processing. Plast. Addit. 
Compd. 2005, 7, 20–26. 

85. Adgate, J.L.; Ramachandran, G.; Pratt, G.C.; Waller, L.A.; Sexton, K. Spatial and temporal 
variability in outdoor, indoor, and personal PM2.5 exposure. Atmos. Environ. 2002, 36, 3255–3265. 



Buildings 2012, 2 
 

152 

86. Oral, G.K.; Yener, A.K.; Bayazit, N.T. Building envelope design with the objective to ensure 
thermal, visual and acoustic comfort conditions. J. Build. Environ. 2004, 39, 281–287. 

87. Edwards, B. Benefits of green offices in the UK: Analysis from examples built in the 1990s. 
Sustain. Dev. 2006, 14, 190–204. 

88. Bagchi, A.; Kodur, V.K.R.; Mousavi, S. Review of post-earthquake fire hazard to building 
structures. Can. J. Civil Eng. 2008, 35, 689–698. 

89. Marzbali, M.H.; Abdullah, A.; Razak, N.A.; Tilaki, M.J.M. A review of the effectiveness of crime 
prevention by design approaches towards sustainable development. J. Sustain. Dev. 2011, 4,  
160–172. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 


