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Preface

No society can exist without a healthy, natural base; hence, environmental awareness and
efficiency are crucial. However, the ultimate goal of sustainability is not just healthy ecosys‐
tems but healthy community. In our age, a building is not complete and is certainly not a
good building if it is not reasonably sustainable. So the goal of sustainability has far-reach‐
ing effects on architecture. The first step to create a sustainable building in collaboration
with the employment of a sustainable building material is to deal with the one and other,
with local building built of suitable building materials, by creating shelters and living space
in different climates and regions, in the desert, on seashores, in the mountains, on the plains
and on hillsides, and in the natural jungles and those of the megacities, where people of
different ages and cultures understand the world differently. In our age, the environmental
imperative is recognized by and unites all cultures. Though it is not easy to define, sustaina‐
bility in building a domain, as understood today, always has three basic dimensions: ecolog‐
ical-bioclimatic, economic, and social. Sustainable building means sound and
environmentally friendly construction combined into a whole for resistance, the environ‐
ment, and health. Sustainable building requires perspectives from several different direc‐
tions and to think in systems solutions. In particular, the environmental work is not seen as
separate activities from other operations. Key areas to consider are sound, light, and aesthet‐
ics as a sustainable building is expected to be at least 100 years. Energy is another important
area to consider, to reduce carbon emissions. Choice of construction materials and practices
is important, among other things, to avoid creating a sick building and thereby protect the
individual and avoid occupational health. A sustainable building context embodies not only
that of nature but also of us. Our present technologies, artificial environs, are counter to na‐
ture. Our encumbering impact upon and mutilation and defilement of nature’s ecosystems
have been an affair of unconstrained and rapid attrition. The exponential demand for ener‐
gy, the rate of technological obsolescence, pyramiding waste, lavish expectation, the rate of
social change, new paradigms of energy-intensive industry and business, invasion of com‐
puters, and adroit marketing leave their critical impact upon our society. As the structure of
society changes, so does architecture. Consequently, architecture has to serve the daily life
and the needs of society, through the architectural functional spaces, in which it must cover
all the needs of lodger starting by functioning through the material to the spiritual need sat‐
isfaction, suitable to the real way of life. The art of building environmental engineering is
providing a balanced quality of environment at minimum total costs and with the minimum
use of fossil fuels for providing energy. To achieve a positive environment, it is necessary to
understand what environment is, how it affects people, how properties interact, and then
how the ideals may be obtained in practice on an economic basis. Human quality refers to a
broad perspective on human health and quality of life. It is also called social quality. This
aspect ensures that you consider health, comfort, and a good indoor climate in the building.
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Like security, security and the widest possible accessibility for all. The sustainable building
must be capable of constant adjustment. Dependent as the building is on utilizing climate, it
must also accommodate the climate’s capriciousness. Like all buildings, it must meet the
fluctuating demands of its occupants and, to a greater or lesser extent, the needs of the fu‐
ture. The sustainable building must be sustainable in the following respects:

• Sustainable buildings should be environmentally friendly to conserve the Earth’s re‐
sources and healthy in order to contribute to the good health of the users.

• Sustainable buildings must be aesthetically pleasing and functional for creating job
satisfaction for the users and the environment.

• Sustainable buildings and the materials shall be resistant to keep for at least 100
years.

• A sustainable building should strive for such a low life-cycle cost as possible in or‐
der to promote a sound economy for all parties.

The book reports on guidelines dealing with the most suitable actions for sustainable building
concept in building branches, according to a novel alignment. The attention is concentrated on
the interface among building creation concept and sustainable systems required, selecting
competent building materials that have to be considered judiciously, to find the most suitable
answers for healthy building with reducing the level of using energy to be efficient.

The book intended to be produced according to the chapter’s orientation and include besides
book requirement. The book is divided into four sections and eight chapters as follows:

Part I “Introduction into Target Theme” includes a chapter with the title “Introductory
Chapter: Overview of a Competent Sustainable Building.” It makes an overview of the
meaning and the target of sustainable building and sustainable building material.

In Part II “Sustainable Building Design, Process, and Management,” many forms and the
concept of sustainable building are discussed. The section is divided into three chapters; the
first is “A Holistic Conceptual Scheme for Sustainable Building Design in the Context of En‐
vironmental, Economic, and Social Dimensions” where the concept of holistic upon a sus‐
tainable building design represents an essential tool toward optimization of the design
process, which appears as an objective reply to the negative effect of the environment. The
second chapter is “Risk Management in Construction.” This chapter discusses the idea
where a real and objective process in the sustainable building process requires a well-struc‐
tured resources management, where the process of construction in building science takes
not only a long time to realize a product, but also it has to be coordinated on the site; conse‐
quently, it requires different schedules, programs, and temporary solutions for each project.
The third chapter is with the title of “Optimization of Design for the Voids of Building Fa‐
cades in View of Wind Condition” where building design and optimization of building de‐
sign are important tools of sustainable building concept, where the bioclimatic design
concepts and climatic elements such as air and ventilation systems can be employed opti‐
mally in building design, courtyard, and gap area rates, and energy efficiency has to take in
evidence in the design process.

Part III “Energy Efficiency upon Sustainable Building Design” includes one chapter “Ad‐
vanced Control Strategies with Simulations for a Typical District Heating System to Ap‐
proaching Energy Efficiency Buildings.” The chapter discusses the idea where building design
process in the last years takes a new orientation to build more economic buildings. Energy
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efficiency is the most important subject of the economy and environment factor of sustainabili‐
ty, where thermal comfort, energy consumption, and indoor air temperature control.

Part IV “Sustainability in Building Materials Proprieties: Study Cases” contains three chap‐
ters; the first “Development of Sustainable High-Strength Self-Consolidating Concrete with
Fly Ash, Shale Ash, and Micro-silica” discusses the development of a special building mate‐
rial such as concrete that can ensue by combination of concrete proprieties by adding fly
ash, shale ash, and microsilica in building materials. The second “Research on Strength, Al‐
kali-Silica Reaction, and Abrasion Resistance of Concrete with Cathode Ray Tube Glass
Sand” explains the importance of understanding that in the process of creating sustainable
building materials, it can be useful and objective to use different building systems and ma‐
terials, which require being durable and mechanical. Concrete is one of the most utilized
building materials enhancement of this product, where the use of CRTS can improve suc‐
cessfully the specific properties of concrete according to the fraction of glass aggregate; a
special adding of chemical substances in concrete can give better results in terms of mechan‐
ical properties and other proprieties. The third chapter “Thermoregulation Microcapsules
for Indoor Walls” discusses thermal properties that represent an important characteristic in
the selecting process of a sustainable material, where energy efficiency, by using software, is
a fundamental tool for designing buildings with almost zero energy consumption and is the
main target of sustainable building.

This book is a scientific product that can be useful for architects, engineers, and specialists in
building branch and for all who had an interest in sustainable building, where sustainability
in building conception and selection of sustainable building materials will be energetic ele‐
ments of this research book. Finally, we would like to express our sincere sense of apprecia‐
tion and thankfulness to all the authors for their valuable contributions. Finally, we are very
grateful to Mr. Edi Lipović Author Service Manager, for his positive managing and coordi‐
nation to convert the proposed book project into this objective book with such care.

Amjad Almusaed
Basra University, Archcrea Institute

Iraq and Denmark

Asaad Almssad
Karlstad University

Sweden

Preface IX
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Introductory Chapter: Overview of a Competent 
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1. Introduction

Between the human being and the protective building space, always a relationship with a 
reciprocal character a permanent arrangement, where the human being interest is to create 
the necessary poise to his different well-unfolded activities, under that cover as space. The 
building is a major element of human life. It is a major concern, a major purchase, and has a 
major effect upon our lives [1]. We spend over 90% of our time indoors. Today, the technologi-
cal archetypes of the modern buildings are formed of a mixture of many components such as 
materials, energy, and construction configuration systems, which influence directly on human 
life and health. In marketing vision, architectural product being creations of the human work, 
a time-consuming good, as any other manufacture, it has not only to be produced but also to 
get the user’s disposal [2]. Although in sustainable design, the building becomes the system, 
subsystem should be examined. The climate has a solid impact on the conceptions of habi-
tat forms and configuration of internal space [3]. While the holistic integration of systems is 
critical to sustainable building, every system within the system has its climatic advantage or 
disadvantage. The human being entered the third millennium without the hope of achieving 
permanent peace on our beautiful earth, sustainable development, and equality for all, where 
the earth is our sustainer, the chain of ecological survival. In the future, sustainable consider-
ations will be a regular part of our basic beliefs and knowledge. Both of our norms and behav-
ior as the physical environment must be automatically based on an environmentally balanced 
mind-set, not alone but along with many other considerations. Within planning, means that 
the green will be taken far to be more seriously that reuse of our cities will gain even more 
importance that green areas will be actively involved and that traffic patterns will be turned 
upside down. Reliability is the key to our human continuum and our prime resource for 
building. Earth sheltering, earth handling, and earth escaping are more clearly pronounced 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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in the vocabulary of architectural planning and design. Trees for shade and windbreak can 
bear a consideration in architecture and landscaping. But general landscaping is regarded 
apart from the architecture, whereas in intelligent bioclimatic design, it is most effectual as an 
integral part of the architecture and interresponsive with its inland farming and landscaping. 
The building experience managed to isolate the building from the unfavorable climatic condi-
tions, determining an inside microclimate able to provide for physical comfort. At lower lati-
tudes, the climate moderates and summer heat, as well as rain, becomes significant. Windows 
are designed to admit the winter sunshine while excluding it in the summer. Insulation is 
used to minimize heat loss, and ventilation helps to counteract heat gain. Sustainability is 
an overall vision of creating quality in all parts of the building by making a whole posi-
tive in building manipulation, where an appropriate balance must be ensured between the 
environmental, social, and economic considerations, but also with the context in which the 
building is part—the city and society. In other words, the overall construction industry faces 
a significant transformation. A change that really matters to the development community, 
that keeping in mind that ecology means the doctrine of keeping communities, so take care 
of things. Sustainability is not mysterious, but requires common sense, consideration, and 
action. It became clear to understand that sustainable building is a designation of the edifice 
that meets UN criteria for sustainability [4]. A sustainable city is organized so as to enable all 
its citizens to meet their own needs and to enhance their well-being without damaging the 
natural world or endangering the living conditions of other people, now or in the future [5]. 
The concept of “sustainable building” comes from the concept of “sustainable development.” 
It was coined in the Brundtland Commission’s report after the first green conference in the 
UN’s Director had taken place in Stockholm 1972. The main task, of sustainability in building 
design, is to a great extent reduce the energy consumption of other buildings and other envi-
ronmental loads, which has also been the cause of the authorities since the oil crisis in 1973. 
Since the oil crisis, there are still tightening rules for building energy consumption through 
the building regulations; but new rules in building regulations only apply to the new con-
struction, which is limited in number to the total building stock. Therefore, in the case of reno-
vations and extensions to existing buildings, it is up to the homeowner to take into account 
the environment. Sustainability in building sector means that account should be taken of the 
construction on the environment, both in the long term and in the short term. In addition, 
through all phases of a construction process, from the production of building materials until 
it returns as waste. But also the environmental burden that settlement means in the form of 
property, where building sustainable is to build for the future. In this concept, it is necessary 
to meet our generation’s needs without destroying the ability of future generations to meet 
their own necessities. That is, a building is sustainable in both environmental, economic, and 
social terms. In other words, it means that a building is responsible for the environment as 
little as possible, that the building’s overall economy from construction to demolition is as 
good as possible and that construction is as good as possible for people to live. In pursuit of 
sustainable solutions, there are many examples of choices and solutions that can immedi-
ately be sustainable, but which cannot be considered sustainable in the full perspective. For 
example, a unilateral focus on energy savings without regard to the indoor climate can result 
in imbalances between environmental and social quality, thus resulting in a nonsustainable 
solution. Another example is an unqualified requirement to use locally produced materials 
to minimize transport without looking at the energy used for the production of the materials. 

Sustainable Buildings - Interaction Between a Holistic Conceptual Act and Materials Properties4

There has been a tendency for sustainability in construction to be perceived and introduced 
as single measures that can make the building sustainable. However, sustainable construction 
implies that planning and decision-making are based on an overall perspective, which cannot 
be ensured by individual measures. Low-energy buildings, environmentally friendly con-
struction, green construction, and sustainable construction—are these all the same concepts? 
The answer is no—although they all aim to reduce energy consumption and to some extent 
limit environmental impact, sustainability differs significantly from the others [6]. The basic 
quality requirements for buildings will be expanded to include low resource consumption, 
recycling building materials, etc. In the sustainable building, planning and decision-making 
must be based on an overall perspective, which aims not only at low energy consumption, a 
good economy, or a good indoor climate. Instead, it should be said that the construction as a 
whole is sustainable and contributes to solving the environmental and societal challenges that 
we face. Environmental quality in the building comprises:

• Minimizing local, regional, and global environmental impacts as well as consumption of 
energy, resources, and water throughout the life cycle of the building.

• The building’s resource utilization is optimized to minimize the formation of building 
materials and optimize recycling and recycling in all phases of the construction.

• Efficient land use and conservation or improvement of the area’s biodiversity.

Sustainability is an overall vision of creating quality in all parts of the building and creating 
a whole, both in the building itself, where an appropriate balance must be ensured between 
environmental, social, and economic considerations, but also with the context in which the 
building is part of the city and society. In the face of sustainable solutions, there are many 
examples of choices and solutions that can immediately be sustainable, but which, in the 
clearest sense, cannot be regarded as sustainable. In another view, troglodyte architectur-
ally sculpted out of the hillside landscapes of Morocco, the igloo of the Eskimos, Arabian 
courtyard houses, the Malaysian tree dwelling and even the Scandinavian thatched cottage. 
All these have features that aim at orientates, to shape buildings and to construct them from 
materials so that the protected space can sustain the hot or cold rigorous of the regional cli-
mate. The value of vernacular architectural spaces was not generally recognized until Violet 
le Due wrote his book [2]. Environmental quality for a building can be achieved by reducing 
the discharge of problematic problems associated with construction and optimizing resource 
utilization. There must be a focus on this in all building life cycle phases. Under the environ-
mental quality, the focus is on designing a building that includes both low resource consump-
tion and the choice of environmentally sound materials. Sustainable buildings avoid as far 
as possible the use of problematic environments that can harm both the environment and 
health [7]. The land area used for construction is also considered an important resource that 
should be used with care and as efficiently as possible. Here, the focus should be on whether 
the environment’s environment can be improved, biodiversity maintained or increased and 
how the water development is best organized. The environmental aspect of sustainability 
has traditionally been added to the highest value. In addition, in many cases, both builders 
and advisers have been equated with low-energy buildings and environmentally friendly 
construction. The vision of the sustainable building is a form of space that is adapted to the 
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place. It is powered by local renewable resources, uses renewable resources for heating and 
lighting, produces only waste that can be recycled on site, has a good indoor climate, can be 
demolished and recycled or transformed into nature, creating a good lifestyle and giving 
goodwill to its residents. Energy consumption in the drive contributes to a beneficial part of 
the environmental impact of a building and it is, therefore, relevant to focus on this, but envi-
ronmental sustainability is broader than that and focuses on environmental impacts, use of 
problematic resources, and the use of resources as a whole [8]. For example, a unilateral focus 
on making a building self-sufficient with energy could result in both the economic investment 
and the resource consumption and environmental impacts, overall, exceeding the benefits of 
energy savings and thus the overall result cannot be termed sustainable. This may be the case, 
for example, if a building is insulated with such insulation that the energy consumption for 
the production of the last amount of insulation does not earn a living through savings on the 
building’s heat consumption.

2. Sustainability in the building field

2.1. The values of sustainable building elements

Sustainable building elements are those which express to value one type climate-cultural, and 
corresponding to specific functions. The forms of those building elements are much diversi-
fied, the ones being consecrated as symbols established, a long time ago, in many hundreds or 
[2, 11]. The vernacular architecture plays this role, as a source of valorous semiotics expresses. 
The architectural profession feels politically responsible and offers its co-operation in develop-
ing a sustainable policy for architecture to make the architecture of today, the cultural heritage 
of tomorrow. The direct environmental impact of building environment upon construction, 
maintenance, and operation as well as demolition/disposal is several and diverse. Buildings’ 
fixed installations with ventilation systems, appliances, pumps, TVs, lighting, computers, and 
a number of smaller appliances often use unnecessarily much electricity. The indoor climate is 
affected by many factors, including the use of problematic chemicals. These come from building 
materials and appliances and furniture, etc., and have a harmful as well as a detrimental effect 
on the external environment discharge of phthalates in the aquatic environment. The construc-
tion of a building and/or living in a building will always cause a strain on the surroundings. 
It is difficult to remove such strain: The ecological house is not found. But a house can always 
be made more organic and less environmentally harmful. The sustainable building is nothing 
absolute. It is, therefore, more correct to use the words more “or less extraordinary and good” or 
optional sustainability. Throughout the building’s value chain, it is necessary to work out from 
ambitious and long-term visions. Only in this way can we accelerate development and achieve 
the requirements. Employed on sustainability can be summarized in two basic paradigms that 
can give an overall understanding of the concept and are used as a common vision and set aside 
for specific projects. Sustainability in construction must be ensured by:

• Think in a long-term

Take advantage of a life cycle perspective and I will take it all building lifecycle—not just look 
at construction and use here and now.

Sustainable Buildings - Interaction Between a Holistic Conceptual Act and Materials Properties6

• Think in a wide form

It takes in evidence using a holistic perspective and observes the building as a whole and as 
part of the larger context, it encompasses local, regional, and global consequences, not just the 
constructional. This means that the arrangement and planning of buildings and renovations 
must be considered broad and long term with a balance between the qualities. Carrying strain, 
where the rate must be in line with the entire value chain of the building, and sustainable 
solutions will benefit all players in shorter or longer terms. The following sections elaborate 
on the whole and life cycle, in addition, perspective, as well as the environmental, social, and 
economic quality of construction is being developed. Overall perspective—think wide. For 
example, a unilateral focus on energy savings without regard to the indoor climate can result 
in imbalances between environmental and social quality, thus resulting in a nonsustainable 
solution. Another example is the use of locally produced materials to minimize transport 
without looking at the energy used for the production of the materials. Sustainable building, 
building materials life cycle, after which participants have such knowledge of the societal 
interests and principles of sustainable construction that they can select materials and building 
processes in order to carry out energy-efficient and sustainable construction. Sustainability is 
often perceived as a loose and nonbinding term. The fact is, however, that sustainable build-
ing is well described in international standards.

2.2. The concepts and aspects of sustainable building

The sustainable building concept is to protect and minimize withdrawals from resources 
and ecosystems, long-term resource efficiency, low operating costs, healthier indoor envi-
ronment, and the preservation of social and cultural values. The concept is very ambitious 
and is based on a holistic approach throughout the life cycle of the building, from raw 
material recovery over the use phase, to demolition, disposal, and recycling. On a building 
level, the assessment of sustainability is based on three aspects: environmental aspects, 
social aspects, and economic aspects. The sustainable building consists of environmental, 
social, and economic dimensions. In the sustainable building, these three dimensions are 
seen as basic qualities, which must be balanced against a life cycle perspective and for 
the construction as a whole. The three qualities, which together characterize a sustainable 
construction, cover a number of different factors that must be included in the planning 
of sustainable construction. However, it is planned and decided on an overall perspec-
tive, which cannot be ensured by a single action. In the sustainable building, planning 
and decision-making must be based on an overall perspective, which aims not only at low 
energy consumption, a good economy, or a good indoor climate, for example. Instead, it 
should be noted that construction as a whole is sustainable and contributes to solving the 
environmental and social challenges. Sustainable building is defined on the basis of three 
aspects: environment, human, and economic. In the sustainable construction, there must be 
a mutual balance.

2.2.1. Environmental aspect

The sun is the ultimate power source and it is made up of layers of hot gases. The sun’s 
beneficence is most pervasive and obvious as a provider of warmth and light. Sun is the 
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unique source of climate factors, which determines the architecture and building design. The 
evaluation of a number of climatic factors measured in the open field, such as solar radiation, 
temperature, and wind, forms a necessary, but insufficient part of this task. In the case of 
building information about the effect of a given temperature, the available solar radiation and 
wind are at least as important. Another problem is the difference in a climate that is difficult 
to quantify between weather stations and building location. A professional evaluation of the 
sustainable building meaning concludes that it represents a system which is based on human 
thermal comfort consideration. Accordingly, it is sufficient to distinguish four main climate 
types (cold, temperate, warm dry, and warm humid). To describe the climate in relation to 
energy use, it is necessary to work from quantifiable characteristics, which most clearly relates 
to the heating or cooling requirements of a building. A regulate analysis of the connotation 
of the word “environment” in the sustainability domain explains clear circumstances of a 
being or thing (social, economic, and physical) [9]. A human being may be aware or unaware 
of environmental influences. The environment makes an objective relation between the occu-
pants of the building and the environment. Vernacular architecture is highly responsive to 
its immediate environment because the owners and buildings understood their environment 
better than we do ours today. This is due to several differences in lifestyle. Today, we move 
building more frequently and few of us work out of doors. Thus, we do not understand from 
experience how much windier it can be in one part of a field than in another. Today, we 
must do more investigation of local microclimate using instruments to help us make such 
decisions. The building local microclimates play an important role in determining the energy 
requirements of a building. Both the summer ventilation and cooling loads and the winter 
heating load can be reduced by well-considered local microclimate use. Close observation is 
required to highlight the preferred areas on a site. Existing vegetation, geology, and topog-
raphy all play a part in creating a unique microclimate for every site. There are analytical 
tools available for simulating the wind flow patterns around buildings, trees, and landforms 
and for an onsite investigation of microclimate. Energy saving is an essential factor to reduce 
the emission of carbon dioxide, which is a cause of global warming, and ventilation is only 
a unique method to control the indoor air quality and also regarded as an effective method 
to sweep out the indoor [10]. In contemporary terminology, traditional, architecture, in the 
climatic zones with excessive temperatures in particular—may be called “architecture aware” 
of energy, “environment adapted” or “architecture bioclimatic,” where conventional energy 
abounds, architecture is seeking its usual balance ever, mainly determined by the environ-
mental condition. Environmental quality has an impact on nature, environment, climate, and 
the planet’s resources. In a natural lighting study, for example, the diminishing of energy uses 
in buildings and progression of consumer physical comfort by means of practical daylighting 
strategies takes on more and more meaning and relevance [11]. Considering the environment, 
you minimize energy consumption, all resources and water consumption in the building’s 
life cycle. One optimizes the utilization of the building, in order to minimize the construction 
waste and focus on recycling in all phases of the construction. At the same time, you minimize 
or completely avoid using harmful substances in the building. It is necessary to understand 
that the conservation of energy through better building shelter is logical, but is not a priority 
for either current or future building owners. This is primarily the result of economic consider-
ation. For energy conservation to be elevated to the top of the national policy agenda, it needs 
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to be demonstrated that it can lead to significant cost savings within a relatively short payback 
period without a reduction in the quality of the internal environment. Heat management 
of different building components is the most effective assess for energy efficiency [12]. The 
building as an expensive and long-term investment requires best environmental and energy 
efficiency practices. Architects and engineers from different backgrounds have shown that 
environmental action, economics, and building design are no contradiction. Thermal zoning 
is a vital consideration in recently designed environmental building. A thermal zone repre-
sents an enclosed space in which the air is free to flow around and whose thermal conditions 
are relatively consistent. In most cases, any interior space can be closed off with a door would 
be a separate zone [13]. The approach to the sustainable building will not only evaluate alter-
native construction materials, product life span, and energy efficiency, but also encourage the 
improvement of local microclimate quality, by design with regard to bioclimatic architectural 
principles.

2.2.2. Economic aspect

Economic quality means that there is a balance between total costs and the quality of the 
building. This aspect means, among other things, that there is a balance between the build-
ing’s overall economy and the overall quality of the building, and that the buildings are effec-
tively utilized. The price of any product “architectural or building material” does not have 
to reflect the product’s quality. It is important for designers and architects to understand 
how a product’s purchase price relates to its life cycle cost. It will be crucial for the activity 
of the opportunity to lower their administrative costs. A sustainable building requires that 
the developer gives priority to long-term solutions. The short-term interest is not compatible 
with sustainable building. The short-term thinking leads to building contractors and proj-
ect designers are not interested in low operating and maintenance costs, except when it can 
be a positive factor for the boost in the sale of the property. Economic encouragements and 
motivation are necessary to achieve the long-term benefits of building sustainable, where 
short-term economic interests are often at odds with building sustainable. Short-sightedness 
creates problems and all parties eventually deplete economies. The daily debate is about the 
prices of building materials, has to be lower in order for it to be cheaper to produce, for 
example, housing. The reason for choosing the less resistant materials for new construction, 
renovation, or upgrading is that it is too expensive to choose higher quality options [14]. 
The development of “cheaper” building materials has in some cases pushed up construction 
materials and working methods that subsequently proved to have adverse effects for both 
health and environment. Economic sustainability focuses on optimizing the operation of a 
building and, in addition to focusing on operating costs, includes the possibility of higher 
rental rates, better rental opportunities, increased productivity of the building user, value 
stability, and better financing options. The economic method to achieve sustainability is to 
focus on the low life cycle costs for building materials and methods. With an example from 
practice, we want to show on a construction project that reached the low investment cost, 
despite the choice of quality materials, choices made on the basis of focusing on low life cycle 
costs. An effective tool to achieve a sustainable building is to let life control on investments. It 
has been shown that a favorable life cycle economy often goes hand in hand with a favorable 
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unique source of climate factors, which determines the architecture and building design. The 
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the emission of carbon dioxide, which is a cause of global warming, and ventilation is only 
a unique method to control the indoor air quality and also regarded as an effective method 
to sweep out the indoor [10]. In contemporary terminology, traditional, architecture, in the 
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Sustainable Buildings - Interaction Between a Holistic Conceptual Act and Materials Properties8
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life cycle assessment. A life cycle cost is the sum of the annual operating and maintenance 
costs and because the investment translated to today’s costs. Calculation of life cycle cost is a 
method used to optimize an investment and to be able to assess the investment that provides 
the lowest total cost. The investment cost is normally 10–15% of a building’s total life cycle 
cost, over a life span of 50 years. Thus, the choice of materials in the investment stage affects 
85–90% of a building’s total life cycle cost positively [15]. The better solution, the longer the 
life span and the cheaper it becomes in the long run. So it is in the early stages of the construc-
tion project as the building’s continued cost development is determined. Products that last 
longer are often more expensive to buy, but they cost less to maintain compared to a product 
that is cheaper to buy. Environmental investments, for example, in the form of alternative 
technologies, may often take a back seat in favor of cheaper and more energy-intensive solu-
tions. In a life cycle perspective, however, the investment cost of a building is small in relation 
to operational costs. By already selecting the system that has the lowest life cycle cost rather 
than the lowest investment cost comes more health and eco-efficient solutions to turn out 
profitable. Many experts believe that external economic incentives can act as motivators for 
project development institutions. The financial incentives and motivations we found and that 
we think are highly relevant in order to affect the construction industry in a sustainable and 
desirable direction are as follows:

• Life cycle costs that give economic optimization of the investment;

• A successful construction process in order to achieve better economy;

• Economic incentives, environmental classification of buildings and housing;

• Environmental solutions to win the competition and market share.

In order to create a stable economic activity, it is important to find win-win solutions where 
the environment, companies, and customers will be the winner. The daily debate boils down 
to the price of building materials, which has to be lower in order for it to be cheaper to pro-
duce, for example, housing. But the development of the “cheaper” building materials has 
in some cases pushed up construction materials and working methods that subsequently 
proved to have adverse effects on both health and environment. In order to achieve long-
lasting buildings, it is important to take account of the product’s life cycle costs for promoting 
long-term solutions. A sustainable building requires that the developer gives priority to long-
term solutions.

In practice, the focus here is, for example, on using materials and constructions that facilitate 
cleaning or longer life before replacing. In addition, energy consumption also contributes to 
economic sustainability. Economic sustainability works with the concept of total economy, 
which looks at the overall economy for a lifetime of a construction rather than just looking at 
construction costs. In an attempt to reduce climate impact, there has been a great deal of focus 
on reducing the energy consumption of buildings (heat loss), but the climate change of mate-
rial consumption alone has proved to be of significance of both new and renovated buildings, 
the closer they come to the new energy classes. In order to reduce the overall environmental 
impact of buildings, it is important that the materials be produced with low environmental 
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costs, as it may be as important as heat loss. A good material choice has an immediate posi-
tive effect on the environment, while a reduced heat loss has an effect that differs throughout 
the life of the material. In addition to the actual CO2 consumption, environmentally sound 
materials can typically be recycled, or composted to avoid landfill (accumulation) and save 
the environment for other types of pollutants [16]. Therefore, the purpose of this material is 
to describe some of the materials that stand out as sustainable. The text should preferably be 
read in conjunction with the section on sustainability to achieve a broader understanding of 
the meaning.

2.2.3. Social aspect

The shaping of a socially acceptable and individually satisfying environment demands 
participation with the people as well as with the environment. There are many examples 
around the world that reveal how people under given environmental, social, and technical 
limits have striven to create the most suitable living conditions in accordance with nature. 
Good purposeful design of anything has intended meaning which blends form, function, and 
human values. There is a coherent unity or wholeness, which is difficult to define except by 
a phrase like it feels just right. The designer and examples abound in architecture, science, 
engineering, and the arts have interpreted a series of needs and blended these into a whole. 
Environmental adequacy has three essential attributes, flexibility in environmental control, 
identification of need and economy of material, and manpower resources [2]. The alternative 
wants a dynamic and engaging society that creates social and health equity and justice. It 
is necessary to develop the best opportunities for creating an individual life as part of the 
community, and everyone should be able to contribute to the community. The direction of a 
generally sustainable society goes not only through an increased focus on material equality 
and social security, but also through human equality as well as the experience of contributing 
to society and being appreciated as an individual [17]. However, they also have many social 
challenges. It is as though they have stalled or even gone back in some basic areas. The alter-
native will, therefore, challenge the social policy agenda through brave experiments. We must 
focus on well-being and we must dare to invest in people. The alternative has three visions 
for social sustainability:

• Balance in everyday life;

• Investing in people;

• Everyone must be able to contribute to society.

Today, there are many people who, for various reasons, are marginalized in relation to human 
society. As an individual, it can be hard to see what to do for the conversion to ecological sus-
tainability, but we become stronger through communities, and the conversion will necessarily 
be done locally. It is therefore important to recreate local communities and groups that can act 
together and boost the conversion. Neighborhoods, ecosystems, and associations are already 
well underway. There are examples of groups in the informal economy (civil society) that are 
important actors and should be supported and expanded with more local initiatives that can 
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In order to create a stable economic activity, it is important to find win-win solutions where 
the environment, companies, and customers will be the winner. The daily debate boils down 
to the price of building materials, which has to be lower in order for it to be cheaper to pro-
duce, for example, housing. But the development of the “cheaper” building materials has 
in some cases pushed up construction materials and working methods that subsequently 
proved to have adverse effects on both health and environment. In order to achieve long-
lasting buildings, it is important to take account of the product’s life cycle costs for promoting 
long-term solutions. A sustainable building requires that the developer gives priority to long-
term solutions.

In practice, the focus here is, for example, on using materials and constructions that facilitate 
cleaning or longer life before replacing. In addition, energy consumption also contributes to 
economic sustainability. Economic sustainability works with the concept of total economy, 
which looks at the overall economy for a lifetime of a construction rather than just looking at 
construction costs. In an attempt to reduce climate impact, there has been a great deal of focus 
on reducing the energy consumption of buildings (heat loss), but the climate change of mate-
rial consumption alone has proved to be of significance of both new and renovated buildings, 
the closer they come to the new energy classes. In order to reduce the overall environmental 
impact of buildings, it is important that the materials be produced with low environmental 
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costs, as it may be as important as heat loss. A good material choice has an immediate posi-
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to describe some of the materials that stand out as sustainable. The text should preferably be 
read in conjunction with the section on sustainability to achieve a broader understanding of 
the meaning.

2.2.3. Social aspect

The shaping of a socially acceptable and individually satisfying environment demands 
participation with the people as well as with the environment. There are many examples 
around the world that reveal how people under given environmental, social, and technical 
limits have striven to create the most suitable living conditions in accordance with nature. 
Good purposeful design of anything has intended meaning which blends form, function, and 
human values. There is a coherent unity or wholeness, which is difficult to define except by 
a phrase like it feels just right. The designer and examples abound in architecture, science, 
engineering, and the arts have interpreted a series of needs and blended these into a whole. 
Environmental adequacy has three essential attributes, flexibility in environmental control, 
identification of need and economy of material, and manpower resources [2]. The alternative 
wants a dynamic and engaging society that creates social and health equity and justice. It 
is necessary to develop the best opportunities for creating an individual life as part of the 
community, and everyone should be able to contribute to the community. The direction of a 
generally sustainable society goes not only through an increased focus on material equality 
and social security, but also through human equality as well as the experience of contributing 
to society and being appreciated as an individual [17]. However, they also have many social 
challenges. It is as though they have stalled or even gone back in some basic areas. The alter-
native will, therefore, challenge the social policy agenda through brave experiments. We must 
focus on well-being and we must dare to invest in people. The alternative has three visions 
for social sustainability:

• Balance in everyday life;

• Investing in people;

• Everyone must be able to contribute to society.

Today, there are many people who, for various reasons, are marginalized in relation to human 
society. As an individual, it can be hard to see what to do for the conversion to ecological sus-
tainability, but we become stronger through communities, and the conversion will necessarily 
be done locally. It is therefore important to recreate local communities and groups that can act 
together and boost the conversion. Neighborhoods, ecosystems, and associations are already 
well underway. There are examples of groups in the informal economy (civil society) that are 
important actors and should be supported and expanded with more local initiatives that can 
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bring about change from below. In modern life, in many areas, humans have already built up 
a strong welfare society and a good starting point for the development of a socially sustainable 
society. The dimensions of social and cultural sustainability are therefore just as important. 
Traditional societies often had a holistic view of their place in the cosmos and their interven-
tions in nature, and their architecture was well adapted to the local environment. However, 
their technology was often far from sustainable, in part, due to a lack of global awareness 
and scientific knowledge, which we have today. Their sociopolitical systems—tribal, feudal, 
dictatorships, and so on—were not always something to get very romantic about either. The 
modernist world replaced the goods of old with rationality and science. Modernism sought 
a new, universal vision, but in doing so discarded both tradition-based wisdom and design 
based on local context. In addition, the specialization of knowledge and functions led to dis-
orientation and fragmentation of the world, both physically and spiritually. The intelligent 
bioclimatic vision combines global view and a local context and integrates the dimension of 
time into architecture so that the global and the local, both the past and the future become 
our informants in the act of architectural creation. Buildings are complex obstructions not 
only because they have irregular openings, but also because they are psychological as well 
as physical barriers. To convert our society to a sustainable society is not only a job for the 
experts but is based on everyone’s dedication and daily involvement. To act in a new way.

3. Building materials and sustainability

The choice and use of building materials have an environmental impact. Production, transport, 
and use of building materials mean consumption of energy and raw materials as well as pol-
lution of the environment. This section deals with a range of building materials, which, with 
today’s knowledge, can be considered as being in favor of more environmentally friendly. 
Another object which signifies the main concern for architects and designers is the overall 
environmental impact of building materials that can only be determined when the material is 
viewed in correlation with the building in which they are used. Why consider new material 
choices and habits? The building materials “share of buildings” overall climate impact in a life 
cycle perspective shows that:

• The share of the building materials’ segment on the climate impact is great and it is abso-
lutely necessary to work with efforts to reduce greenhouse gas emissions.

• The share of the building materials’ segment of the climate impact is increasing in relation 
to the decreasing energy consumption in the newer houses’ operational phase. However, 
it does not mean that it cannot be deducted to reduce energy consumption in operation as 
the challenge in the low-emission society is to distribute energy resources differently than 
today, where buildings capture about 40% of total energy consumption.

3.1. Building materials selection

To build a sustainable building in general, and resistance in particular, requires having knowl-
edge of building materials and construction chemicals, as there are many factors to take into 
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account. The impact of building materials on the environment embodies the essential method 
implicitly significant in this research to effectively determine traditional building materials 
in the environment, in addition to comparative analysis [18]. In order to determine the opti-
mal use of materials, it is necessary to look at the environmental impact of materials from 
beginning to end, making life cycle analyses of the materials in question. The requirements 
of selecting building materials can be described as environmentally friendly or ecological is 
a difficult matter. The selection can be done on comprehensive life cycle assessments that can 
show the overall environmental impact of a product but may also be commonplace. The pasta 
is that most materials selected according to reason and feelings will show compliance with 
life cycle analyses. For better selection of materials, the following are necessary to be taken 
into account:

1. Product life;

2. The environmental characteristics of the product (pollutants) and origin;

3. The ease of use of the product;

4. Possibilities for separating, repairing, replacing, and recycling the product after use;

5. Energy consumption in manufacturing, distribution, and use during the construction 
phase;

6. Indoor climate conditions.

By reviewing basic building materials for foundations, exterior walls, roof constructions, 
etc., it should be mentioned that not all of the building materials listed below are equally 
easy to find in the local construction market, but by virtue of this, in supplier registers, most 
building materials can be obtained and procured, some building materials from building 
to be demolished can be recycled, just requiring a lot of time and courage to acquire the 
right materials. You should also have the possibility of storage space for the materials until 
they are used. There are demolition companies that have large stocks; it should be possible 
to find good building materials. Recycling of building materials is in most cases sensible, 
including in many cases also the recycling of materials that would be unprofitable if they 
were new [19]. Some points to consider when choosing building materials can then be as 
follows:

1. Renewable materials are usually recommended.

2. Energy consumption for production of the material should be as reduced as possible. This 
is a very complex area and, therefore, very important.

3. Different sources have different quality and it is, therefore, important to take into account 
the energy quality used in the manufacture of materials.

4. Transport of materials requires high-energy consumption. What are the physical inter-
ventions in nature that must be done for building material production? How many emis-
sions being released? Are synthetic and stable naturally occurring materials produced 
in the process? Unnatural and stable substances such as polychlorinated biphenyls and 
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brominated flame-retardants will not break down in nature and causes instead damage to 
humans, animals, and nature.

5. Health effects on humans. It is necessary to analyze the impact of building materials on the 
people’s (physical, psychological, chemically and biologically), where it affects instantly 
on human life. Can the materials be repaired and what maintenance frequency do they 
have?

6. Can the materials be reused or otherwise recycled?

The selection of building materials and methods also affects greatly the ability to reuse build-
ing materials during the recycling process. It is important to stop the loop in order to achieve 
a whole when a broken cycle inevitably leads to imbalances in nature. Everything taken from 
the earth must be reversed to a cycle to be late. When there is talk about healthy and eco-
friendly building, it is often unclear as to exactly what it is that makes a building to be referred 
to as healthy and environmentally friendly. The reason is that there are many different areas 
that must be taken into account as a whole and so far there are a few who look at it from a 
holistic perspective. Life cycle analysis is a method to determine the environmental impact of 
a product or service from cradle to grave. Life cycle analyses are resource and time consum-
ing to produce and should be made by those who produce or import products. A life cycle 
analysis can many times give increased knowledge about the product and pave the way for 
new developments when the analysis provides a wealth of knowledge about production. The 
selection procedure is intimately linked with the choice of design and building method. The 
building control of both quantity and type of material, and it is the finished construction in 
its entirety that is decisive for the indoor climate and building sustainability. It is already in 
the planning and design stage as the future sustainability of buildings is determined. When 
comparing materials, the fairest comparison ways will be to take into account the entire life 
span of the materials. Concrete, for example, is a durable material with long life and low 
maintenance requirements. In addition, a building in concrete is more energy efficient than 
a building in wood or steel because of its tight construction and good heat storage capacity. 
This may result in lower energy consumption in the use phase, which in some cases is consid-
ered as the most significant phase of a building’s life cycle [20].

3.2. Recycling model of building materials

Recycling of sustainable building materials is the area that first received attention in the field 
of the environment in the construction industry. Recycling and reusable building material can 
be done in four steps. The first step is that the buildings be designed and maintained in such 
a way that they can be used flexibly for a long time. The second step is to be designed so that 
they can be “picked apart” and the parts used again. Some important strategies for tackling 
the rock of construction waste are:

• Minimize the amount of waste by having a careful planning and design, use as few materi-
als as possible;
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• Use reusable materials and construction methods that allow for the dismantling of building 
components;

• Recycle building and demolition waste for maximum recovery.

In the new building, it can choose to reuse the old materials such as bricks and, usually, some 
of these phases involve physical changes to the property and its equipment, while others are 
more about what we can achieve by changing our thought patterns and habits.
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Sustainable building design concept, which has emerged in the construction sector in 
recent years, has appeared as a response to environmental pollution caused by the con-
struction sector. In the context of sustainable building design, it is intended to create 
built environment sensitive to environmental, economic, and social problems. Within the 
scope of this study, sustainable building design is contextualized by a holistic conceptual 
scheme considering aspects, strategies, criteria, and procedures of creating an environ-
mental, economic, and social awareness by taking into account how to design sustainable 
buildings. According to the suggested scheme, strategies of environmentally sustain-
able building design aspect are classified as site efficiency, water efficiency, energy effi-
ciency, and material efficiency; strategies of economically sustainable building design 
aspect are classified as resource efficiency and cost efficiency; and strategies of socially 
sustainable building design are classified as health and well-being and public awareness. 
Furthermore, related criteria for each strategy and related procedures for each criterion 
are determined. This scheme is intended to indicate the responsibilities of the construc-
tion sector in the context of environmental, economic, and social sustainability and to 
guide the actors of the construction sector and the researchers in this sense.
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1. Introduction

Environmental pollution that occurred as a consequence of industrial development, popu-
lation growth, and urbanization is one of the extremely important problems of our day. 
Seventeen percent of water sources, 25% of forestry products, and 40% of energy sources 
are consumed by the construction sector [1–3]. For this reason, sustainable building design 
concept has emerged in the construction sector in recent years. The aim of sustainable 
building design is to create a built environment that does not disrupt the ecological bal-
ance, minimizes the harmful impacts of buildings on the environment, uses resources eco-
nomically, and provides the necessary conditions for human comfort and health [4]. In 
this context, sustainable building design can be examined under environmental, economic, 
and social aspects. The effective use of the site, water, energy, and materials should be 
taken into consideration during the building design process within the scope of environ-
mentally sustainable building design. Economic constraints in the construction sector have 
to be determined by using resources effectively and performing cost-effective analyses in 
the context of economically sustainable building design. Besides, health and well-being 
of users ought to be enhanced, and public awareness should be provided in the sense of 
socially sustainable building design.

In accordance with the abovementioned issues, a holistic conceptual scheme is suggested by 
considering aspects, strategies, criteria, and procedures in this study. According to the sug-
gested scheme, strategies of environmentally sustainable building design aspect are classi-
fied as site efficiency, water efficiency, energy efficiency, and material efficiency; strategies of 
economically sustainable building design aspect are classified as resource efficiency and cost 
efficiency, and strategies of socially sustainable building design are classified as health and 
well-being and public awareness. Furthermore, related criteria for each strategy and related 
procedures for each criterion are determined. By this means, it is intended to create awareness 
among the actors of the construction sector and the researchers in terms of sustainable build-
ing design in this study. Within the scope of this intention, the aim of this study is to present 
a guiding scheme by considering aspects, strategies, criteria, and procedures of creating an 
environmental, economic, and social awareness at the local and the global level.

2. Aspects of sustainable building design

Costs of energy and natural resources used by the buildings in the construction, usage, and 
demolition processes are remarkably high [5]. For a more habitable and economic future, 
sustainable building design procedures have been developed in the world which use land 
efficiently, use energy effectively, experience projects to reduce water consumption, and 
give importance to the material efficiency and indoor air quality considering the waste prob-
lem and environmental problems [6]. Sustainable building design offers minimum opera-
tional cost for the buildings by minimizing the energy consumption, resource usage, and 
environmental impacts of the buildings [7]. In this context, buildings are evaluated within 
the framework of international building certification systems that contribute to minimizing 
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the environmental impacts of the buildings and lead the way to the designers, and they are 
certificated according to sustainability classifications. The most widely accepted and com-
monly used building certification systems in the world can be stated as Building Research 
Establishment Environmental Assessment Method (BREEAM) and Leadership in Energy and 
Environmental Design (LEED).

BREEAM is the first sustainability assessment method for master planning projects, infra-
structure, and buildings. It addresses a number of lifecycle stages such as new construc-
tion, refurbishment, and in use. BREEAM guides designers, researchers, and related actors 
to excel, innovate, and make effective use of resources. According to the BREEAM system 
developed by the Building Research Establishment (BRE), buildings become entitled to obtain 
pass, good, very good, excellent, and outstanding certificates. Globally in 76 countries, there 
are 562,455 BREEAM certified developments and almost 2,266,120 buildings registered for 
assessment as of November 2017, since it was first launched in 1990 [8].

LEED is a system, which identifies buildings as healthier, more environmentalist, and more 
economical than traditional buildings, for certifying high-performance buildings and sustain-
able neighborhoods [9]. LEED provides a framework to create healthy, highly efficient, and 
cost-saving green buildings available for all building types. LEED reveals sustainable design, 
construction, and operating criteria in building and urban scale. According to the LEED sys-
tem developed by the US Green Building Council (USGBC), buildings become entitled to 
obtain platinum, gold, silver, and certificated certificates. Globally in more than 165 countries 
and territories, more than 2.2 million square feet built-up area is LEED certified, with more 
than 90,000 projects using LEED as of November 2017, since it was first launched in 1998 [10].

It is often observed that only the environmental aspect of sustainability is directly taken into 
account when green building certification systems are examined. However, in the design 
of sustainable buildings, the economic aspect that produces a long-term positive economic 
impact and the social aspect that improves the lives of those with whom the buildings interact 
need to be absolutely included in the design [9]. In this study, aspects, strategies, criteria, and 
procedures of sustainable building design are classified considering the conceptual frame-
works of different scientific studies [4, 6, 11–17] and the LEED [10] and BREEAM [8] evalua-
tion criteria. This classification is presented in Table 1.

Sustainable building design aspects can be achieved by certain criteria and procedures in design, 
construction, usage, and demolition processes of buildings by meeting the strategies of site effi-
ciency, water efficiency, energy efficiency, and material efficiency in terms of environmentally 
sustainable building design; the strategies of resource efficiency and cost efficiency in terms of 
economically sustainable building design; and the strategies of health and well-being and public 
awareness in terms of socially sustainable building design.

2.1. Environmental aspect of sustainable building design

Environmental sustainability means leaving the world’s future generation something bet-
ter than what has been left to, protecting environmental balance and natural systems from 
destruction [18]. Nowadays, as environmental problems become more and more significant, 
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there has been an inclination for an environmentally sustainable building design to reduce 
these problems. In order to ensure that the buildings have environmentally sustainable 
characteristics, procedures are adjusted based on the strategies of site, water, energy, and 
material efficiency. Demand for the site, water, energy, and material increases the impact 

Sustainable building design scheme

Aspects Strategies Criteria Procedures

Environmentally sustainable 
building design

Site efficiency Protection of natural habitats See Table 2

Protection of natural topography

Protection of fertile lands

Improvement of urban areas

Improvement of transportation systems

Reduction of heat island effect

Water efficiency Reduction of water consumption See Table 3

Reuse of waste water

Unpolluted use of water resources

Energy efficiency The use of passive heating, ventilating, 
and air conditioning

See Table 4

The use of active heating, ventilating, 
and air conditioning

Utilization of daylighting

Material efficiency Reduction of environmental impacts See Table 5

Reduction of wastes

Proper sizing of building and systems

Economically sustainable building 
design

Resource 
efficiency

Conservation of raw materials See Table 6

Reduction of the use of nonrenewable 
resources

Cost efficiency Reduction of initial cost See Table 7

Reduction of operating cost

Reduction of recovery cost

Satisfaction of the construction sector 
actors

Socially sustainable building design Health and 
well-being

Creation of livable environments See Table 8

Creation of appropriate indoor comfort 
conditions

Public awareness Educating the public See Table 9

Development of incentives and policies

Table 1. A holistic conceptual scheme for sustainable building design.

Sustainable Buildings - Interaction Between a Holistic Conceptual Act and Materials Properties22

of construction sector on the environment. The local and global environments are affected 
by interrelated user activities and natural processes throughout the existence of buildings, 
and buildings impose a long lasting impact on the environment [19, 20]. In this context, 
the construction sector is responsible for producing sustainable environments via design-
ing sustainable buildings. Sustainable building design includes the building materials that 
are sensitive to the environment; that are reusable and renewable; that minimize energy 
consumption; that use renewable and local sources by reducing the use of natural resources; 
that create healthy indoor areas; that use solar power, natural ventilation, and daylighting; 
and that do not require frequent maintenance and repair [21]. The emphasis for buildings 
should be placed on effective usage of the site, water, energy, and material within the con-
text of environmentally sustainable building design. In this context, environmentally sus-
tainable building design strategies can be classified as site efficiency, water efficiency, energy 
efficiency, and material efficiency.

2.1.1. Criteria and procedures for strategy of site efficiency

Land, which is one of the limited sources, has been decreasing due to urban expansion. For 
this reason, it is essential that lands must be used efficiently. The strategy of site efficiency 
consists of sustainable land use, habitat protection, and improvement of long-term biodiver-
sity for the building site and surrounding land. It addresses the environment surrounding the 
building and emphasizes the relationships among buildings and ecosystems. In this context, 
the criteria for the strategy of site efficiency are classified as protection of natural habitats, pro-
tection of natural topography, protection of fertile lands, improvement of urban areas, improvement 
of transportation systems, and mitigation of heat island effect in this study. Additionally, related 
procedures for each criterion are determined and presented in Table 2.

Protection of natural habitats: 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 [16]. For this reason, in sustainable building 
design, solutions should be produced to preserve the existing natural resources, flora, and 
fauna, and measures must be taken to ensure that the wastes are disposed of without harming 
the natural habitat. It ought to be attempted to improve natural habitats through appropriate 
planting and water use and avoidance of chemicals as much as possible in the design of sus-
tainable buildings. Local wildlife and vegetation should be recognized as part of the building 
site [19]. Furthermore, wetlands and other wildlife habitats may require protection and limit 
the buildable area of a site [22].

Protection of natural topography: Topography refers to the configuration of surface features of 
a plot of land, which influences where and how to build and develop a site. A building has to 
be constructed in compliance with topography, with minimum disturbance of existing land 
forms and natural drainage patterns while taking advantage of natural ground slopes and the 
microclimate of the site. In addition, the amount of cut and fill area required for construction 
of a foundation and site development should be equalized [22]. The existing contours of a 
site ought to be respected. Alteration of contours affects how wind moves through a site and 
how water drains [20]. The drainage of surface water and ground water must be taken into 
account when modifying land forms, and water table has to be preserved [22]. A building 
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there has been an inclination for an environmentally sustainable building design to reduce 
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of construction sector on the environment. The local and global environments are affected 
by interrelated user activities and natural processes throughout the existence of buildings, 
and buildings impose a long lasting impact on the environment [19, 20]. In this context, 
the construction sector is responsible for producing sustainable environments via design-
ing sustainable buildings. Sustainable building design includes the building materials that 
are sensitive to the environment; that are reusable and renewable; that minimize energy 
consumption; that use renewable and local sources by reducing the use of natural resources; 
that create healthy indoor areas; that use solar power, natural ventilation, and daylighting; 
and that do not require frequent maintenance and repair [21]. The emphasis for buildings 
should be placed on effective usage of the site, water, energy, and material within the con-
text of environmentally sustainable building design. In this context, environmentally sus-
tainable building design strategies can be classified as site efficiency, water efficiency, energy 
efficiency, and material efficiency.

2.1.1. Criteria and procedures for strategy of site efficiency

Land, which is one of the limited sources, has been decreasing due to urban expansion. For 
this reason, it is essential that lands must be used efficiently. The strategy of site efficiency 
consists of sustainable land use, habitat protection, and improvement of long-term biodiver-
sity for the building site and surrounding land. It addresses the environment surrounding the 
building and emphasizes the relationships among buildings and ecosystems. In this context, 
the criteria for the strategy of site efficiency are classified as protection of natural habitats, pro-
tection of natural topography, protection of fertile lands, improvement of urban areas, improvement 
of transportation systems, and mitigation of heat island effect in this study. Additionally, related 
procedures for each criterion are determined and presented in Table 2.

Protection of natural habitats: 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 [16]. For this reason, in sustainable building 
design, solutions should be produced to preserve the existing natural resources, flora, and 
fauna, and measures must be taken to ensure that the wastes are disposed of without harming 
the natural habitat. It ought to be attempted to improve natural habitats through appropriate 
planting and water use and avoidance of chemicals as much as possible in the design of sus-
tainable buildings. Local wildlife and vegetation should be recognized as part of the building 
site [19]. Furthermore, wetlands and other wildlife habitats may require protection and limit 
the buildable area of a site [22].

Protection of natural topography: Topography refers to the configuration of surface features of 
a plot of land, which influences where and how to build and develop a site. A building has to 
be constructed in compliance with topography, with minimum disturbance of existing land 
forms and natural drainage patterns while taking advantage of natural ground slopes and the 
microclimate of the site. In addition, the amount of cut and fill area required for construction 
of a foundation and site development should be equalized [22]. The existing contours of a 
site ought to be respected. Alteration of contours affects how wind moves through a site and 
how water drains [20]. The drainage of surface water and ground water must be taken into 
account when modifying land forms, and water table has to be preserved [22]. A building 

A Holistic Conceptual Scheme for Sustainable Building Design in the Context of Environmental…
http://dx.doi.org/10.5772/intechopen.74031

23



Strategy of site efficiency

Criteria Procedures

Protection of natural habitats Preservation of existing natural resources

Preservation of existing flora and fauna

Disposal of wastes without harming the habitat

Protection of natural topography Construction of the building in compliance with topography

Preservation of water table

Disposal of wastes without harming the topography

Protection of fertile lands Prevention of misuse of agricultural lands

Reduction of erosion and industrial pollutants

Disuse of toxic pesticides

Improvement of agricultural lands lost due to misuse

Prevention of agricultural lands from being made available as settlement

Carrying off fertile lands of the construction site to green areas

Disposal of wastes without causing land pollution

Improvement of urban areas Selection of location according to urban density

Increase in green areas

Promotion of mixed-use urban development

Effective use of construction sites

Redevelopment of brownfields

Reclamation of abandoned mine lands

Rehabilitation of existing settlements and buildings

Improvement of transportation 
systems

Development of pedestrian/bicycle transportation systems

Extension of public transport network

Integration of building design with public transportation

Development of public transportation from regional parking lots to city centers

Improvement of rail transport systems in urban areas

Provision of human-powered public transportation

More common use of clean fuels in transportation

More common use of vehicles with less fuel consumption

More common use of smart traffic practices and systems

Rise of efficiency standards in vehicles

Creation of pedestrian ways, pockets, and lanes

Creation of parking systems and local parking lots

Mitigation of heat island effect Preservation of existing tree cover

Increase of forest areas

Selection of right vegetation for right places around buildings

Integration of green areas in building design

Application of green wall systems

Application of green roof systems

Table 2. Criteria and procedures for strategy of site efficiency.
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design should not need excavation below the water table and should not be constructed into 
the water table [19]. Moreover, it is essential that the wastes are being disposed of without 
harming the natural topography.

Protection of fertile lands: Fertile lands are the basis for agricultural production, and protec-
tion of fertile lands is an extremely important matter for the economy of all countries [23]. 
Twenty-five percent of fertile lands have been lost or degraded in the last 50 years. Fertile 
lands are limited because of soil, wind and water erosion, raw material extraction, ground-
water contamination, water logging, acid rain, soil nutrient mining, industrial pollutants, and 
toxic pesticides [24]. It is a well-known fact that it takes a long time for the infertile lands to 
self-reclaim, and the costs of land reclamation are so high. For this reason, some solutions 
should be produced to prevent misuse of agricultural lands, and some precautions must be 
taken to improve agricultural land lost due to misuse [25]. Lands are important not only for 
the agricultural sector but also for the construction sector in building scale and urban scale. In 
urban areas, agricultural lands should be prevented from becoming available as settlements. 
However, if needed, fertile lands of the construction site ought to be carried to other green 
areas. Additionally, the wastes from the structure and infrastructure need to be removed from 
the land without causing pollution.

Improvement of urban areas: The spatial growth affects urban areas in terms of increased traffic, 
pollution, and energy consumption. Appropriate planning of urban areas can help to reduce 
urban sprawl, soil sealing, and biodiversity loss [26]. The scope of the planning is to locate 
the settlements and green areas according to urban density. These measures have to also pro-
mote mixed-use development (the mixing of residential, commercial, office, and retail spaces) 
that will reduce transport demand and in turn reduce pollution [27]. Moreover, appropriate 
planning decisions for construction sites can minimize invasion of heavy equipment and the 
accompanying ecosystem damage. Excavations in the construction site should not alter the 
flow of groundwater, and vegetation should only be removed when absolutely necessary for 
access [20]. It is also essential that lower environmental quality, idle or underutilized areas 
such as brownfields and abandoned mine lands, and empty buildings ought to be improved. 
Redevelopment and reclamation of these lands can provide a range of environmental, eco-
nomic, and social benefits [28]. Furthermore, lands can be conserved by adopting a policy of 
zero expansion of existing urban areas. This could be achieved by adaptive the reuse of exist-
ing settlements and buildings, thereby eliminating the need for new construction [16].

Improvement of transportation systems: As the natural and economic resources are limited, sus-
tainable development of the transportation systems in urban areas is extremely important 
in order to maintain future quality of life [29]. Transportation systems are an indispensable 
element of sustainable development due to the environmental, economic, and social impacts. 
Establishing a sustainable transportation system requires a comprehensive and integrated 
approach to policymaking and decision-making, with the aim of developing affordable, 
accessible, economically viable, low carbon, comfortable, people-oriented, and environment-
friendly systems [30]. For all these elements to be achieved, it is necessary to integrate the 
procedures such as improving and expanding pedestrian and bicycle transportation sys-
tems, extending public transport network, integrating building design with public trans-
portation, better connection with public transportation to city centers from regional parking 
lots, improving the attraction of public transportation [31], and enhancing rail transportation 
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Strategy of site efficiency

Criteria Procedures
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More common use of clean fuels in transportation
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Selection of right vegetation for right places around buildings

Integration of green areas in building design
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Table 2. Criteria and procedures for strategy of site efficiency.
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design should not need excavation below the water table and should not be constructed into 
the water table [19]. Moreover, it is essential that the wastes are being disposed of without 
harming the natural topography.

Protection of fertile lands: Fertile lands are the basis for agricultural production, and protec-
tion of fertile lands is an extremely important matter for the economy of all countries [23]. 
Twenty-five percent of fertile lands have been lost or degraded in the last 50 years. Fertile 
lands are limited because of soil, wind and water erosion, raw material extraction, ground-
water contamination, water logging, acid rain, soil nutrient mining, industrial pollutants, and 
toxic pesticides [24]. It is a well-known fact that it takes a long time for the infertile lands to 
self-reclaim, and the costs of land reclamation are so high. For this reason, some solutions 
should be produced to prevent misuse of agricultural lands, and some precautions must be 
taken to improve agricultural land lost due to misuse [25]. Lands are important not only for 
the agricultural sector but also for the construction sector in building scale and urban scale. In 
urban areas, agricultural lands should be prevented from becoming available as settlements. 
However, if needed, fertile lands of the construction site ought to be carried to other green 
areas. Additionally, the wastes from the structure and infrastructure need to be removed from 
the land without causing pollution.

Improvement of urban areas: The spatial growth affects urban areas in terms of increased traffic, 
pollution, and energy consumption. Appropriate planning of urban areas can help to reduce 
urban sprawl, soil sealing, and biodiversity loss [26]. The scope of the planning is to locate 
the settlements and green areas according to urban density. These measures have to also pro-
mote mixed-use development (the mixing of residential, commercial, office, and retail spaces) 
that will reduce transport demand and in turn reduce pollution [27]. Moreover, appropriate 
planning decisions for construction sites can minimize invasion of heavy equipment and the 
accompanying ecosystem damage. Excavations in the construction site should not alter the 
flow of groundwater, and vegetation should only be removed when absolutely necessary for 
access [20]. It is also essential that lower environmental quality, idle or underutilized areas 
such as brownfields and abandoned mine lands, and empty buildings ought to be improved. 
Redevelopment and reclamation of these lands can provide a range of environmental, eco-
nomic, and social benefits [28]. Furthermore, lands can be conserved by adopting a policy of 
zero expansion of existing urban areas. This could be achieved by adaptive the reuse of exist-
ing settlements and buildings, thereby eliminating the need for new construction [16].

Improvement of transportation systems: As the natural and economic resources are limited, sus-
tainable development of the transportation systems in urban areas is extremely important 
in order to maintain future quality of life [29]. Transportation systems are an indispensable 
element of sustainable development due to the environmental, economic, and social impacts. 
Establishing a sustainable transportation system requires a comprehensive and integrated 
approach to policymaking and decision-making, with the aim of developing affordable, 
accessible, economically viable, low carbon, comfortable, people-oriented, and environment-
friendly systems [30]. For all these elements to be achieved, it is necessary to integrate the 
procedures such as improving and expanding pedestrian and bicycle transportation sys-
tems, extending public transport network, integrating building design with public trans-
portation, better connection with public transportation to city centers from regional parking 
lots, improving the attraction of public transportation [31], and enhancing rail transportation 
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systems in urban areas. Besides these, human-powered public transportation systems, less 
fuel-consuming vehicles, clean fuels in transportation, smart traffic practices, and systems 
ought to be more widely used to reduce urban air pollution, to tackle climate change, and 
to contribute limiting the use of private cars. Efficiency standards for environmental per-
formance of vehicles and comfort of users should be also improved [32], and technological 
solutions have to be developed aiming to reduce the negative impact per car and per kilo-
meter [33]. Moreover, pedestrian zones and parking systems should be developed, and local 
parking lots ought to be increased in order to encourage nonmotorized modes, to limit the 
number of vehicles in the city centers, and to reduce the traffic congestion.

Reduction of heat island effect: Heat island is the most documented phenomenon of climate 
change [34]. A building’s roof, façade, and site area influence the heat gain and retention of a 
building’s surroundings [35] and can cause heat island effect. As a result of heat island effect, 
high temperatures occur in urban areas. High temperatures affect health, economy, leisure 
activities, and well-being of users and may also enhance air pollution, for example, by increas-
ing surface ozone concentration with several negative impacts on human health [36]. In order 
to reduce heat island effect, existing tree cover should be preserved, and forest areas should 
be increased principally. Additionally, trees and plants help to cool the environment, making 
vegetation an effective way to reduce heat island effect. Planting right vegetation for right 
places around buildings can contribute to lower surface and air temperatures by providing 
shade and evapotranspiration [37]. Deciduous trees planted in the south of a building ensure 
solar heat gain in winter and shade in summer. Coniferous trees planted on the north protect 
the building from wind in winter and provide shade in summer. Integration of green areas 
in building design may, therefore, be essential for adaptation to and mitigation of thermal 
impacts of both local and global warming processes [36]. Another essential procedure for 
mitigation of heat island effect is greening roofs and walls combining nature and buildings. 
These systems can lower the surface temperatures of roofs and walls and thus can decrease 
the corresponding sensible heat flux to the atmosphere [34]. Greening walls with vegetation 
to intercept the radiation can reduce the warming up of walls, especially in dense urban areas. 
In the urban areas, the impact of evapotranspiration and shading of plants can significantly 
reduce the amount of heat that would be reradiated by walls [38].

2.1.2. Criteria and procedures for strategy of water efficiency

Water is probably the most important matter in the environment and humankind’s life cycle. 
Protecting clean water resources has a vital importance [39]. The strategy of water efficiency 
consists of indoor use, outdoor use, specialized uses, and metering in the building site and 
surrounding land. It addresses all sources of water related to building and surroundings, 
including appliances, fixtures, fittings, process water, and irrigation. In this context, the crite-
ria for the strategy of water efficiency are classified as the reduction of water consumption, reuse of 
waste water, and unpolluted use of water resources in this study. Additionally, related procedures 
for each criterion are determined and presented in Table 3.

Reduction of water consumption: Efficient water use is an environmental priority in all countries. 
Special attention must, therefore, be given to the reduction of water consumption in building 
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design [40]. For this reason, losses through water installations and leakages ought to be mini-
mized. Water-efficient devices such as waterless toilets and urinals, bio composting toilets, 
small volume cisterns, water-saving flushes, low-flow fixtures, timers, and automatic control 
devices should be utilized for indoor use. It should be noted that the use of these devices also 
contributes to the reduction of energy consumption, cost, and waste water. Apart from these, 
indigenous landscaping for outdoor building design has to be encouraged, which, once estab-
lished, virtually eliminates the need for watering [41]. In the meanwhile, vegetation with less 
water and maintenance need to be planted for outdoor use.

Reuse of waste water: As the water resources are limited, providing water efficiency in the 
building and surroundings is vitally important. The efficient use of water may reduce input 
and output water resources. This is because the water that is supplied to a building and the 
water that leaves the building as waste water should be treated. Therefore, a reduction in 
water use produces a reduction in waste water [42]. Waste water in buildings can be clas-
sified as graywater and black water. Graywater means the low polluted wastewater from 
bathtubs, showers, hand-washing basins, and washing machines excluding wastewater from 
the kitchen and the toilet flushing system [43]. Graywater might be treated by installing gray-
water treatment systems in order to flush toilets and to irrigate vegetation except for edible 
plants. In addition, the reuse of graywater promotes a significant reduction in potable water 
consumption and sewage production [44]. Blackwater is any waste from toilets or urinals 
containing disease-causing bacteria and viruses that can result in human illness and must be 

Strategy of water efficiency

Criteria Procedures

Reduction of water consumption Use of waterless toilets and urinals

Use of bio composting toilets

Use of small volume cisterns

Use of water-saving flushes

Use of low-flow fixtures

Use of timers and automatic control devices

Use of indigenous landscaping

Use of vegetation with less water need

Use of low-maintenance vegetation

Reuse of waste water Treatment and reuse of graywater

Treatment and reuse of rainwater

Unpolluted use of water resources Renovation of sewage systems to prevent contamination of water resources

Control of polluting elements in sewage and storage areas

Disposal of wastes without causing pollution in water resources

Reduction of toxic pesticides

Management of water resources systems

Table 3. Criteria and procedures for strategy of water efficiency.
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to contribute limiting the use of private cars. Efficiency standards for environmental per-
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solutions have to be developed aiming to reduce the negative impact per car and per kilo-
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number of vehicles in the city centers, and to reduce the traffic congestion.
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places around buildings can contribute to lower surface and air temperatures by providing 
shade and evapotranspiration [37]. Deciduous trees planted in the south of a building ensure 
solar heat gain in winter and shade in summer. Coniferous trees planted on the north protect 
the building from wind in winter and provide shade in summer. Integration of green areas 
in building design may, therefore, be essential for adaptation to and mitigation of thermal 
impacts of both local and global warming processes [36]. Another essential procedure for 
mitigation of heat island effect is greening roofs and walls combining nature and buildings. 
These systems can lower the surface temperatures of roofs and walls and thus can decrease 
the corresponding sensible heat flux to the atmosphere [34]. Greening walls with vegetation 
to intercept the radiation can reduce the warming up of walls, especially in dense urban areas. 
In the urban areas, the impact of evapotranspiration and shading of plants can significantly 
reduce the amount of heat that would be reradiated by walls [38].

2.1.2. Criteria and procedures for strategy of water efficiency

Water is probably the most important matter in the environment and humankind’s life cycle. 
Protecting clean water resources has a vital importance [39]. The strategy of water efficiency 
consists of indoor use, outdoor use, specialized uses, and metering in the building site and 
surrounding land. It addresses all sources of water related to building and surroundings, 
including appliances, fixtures, fittings, process water, and irrigation. In this context, the crite-
ria for the strategy of water efficiency are classified as the reduction of water consumption, reuse of 
waste water, and unpolluted use of water resources in this study. Additionally, related procedures 
for each criterion are determined and presented in Table 3.

Reduction of water consumption: Efficient water use is an environmental priority in all countries. 
Special attention must, therefore, be given to the reduction of water consumption in building 
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design [40]. For this reason, losses through water installations and leakages ought to be mini-
mized. Water-efficient devices such as waterless toilets and urinals, bio composting toilets, 
small volume cisterns, water-saving flushes, low-flow fixtures, timers, and automatic control 
devices should be utilized for indoor use. It should be noted that the use of these devices also 
contributes to the reduction of energy consumption, cost, and waste water. Apart from these, 
indigenous landscaping for outdoor building design has to be encouraged, which, once estab-
lished, virtually eliminates the need for watering [41]. In the meanwhile, vegetation with less 
water and maintenance need to be planted for outdoor use.

Reuse of waste water: As the water resources are limited, providing water efficiency in the 
building and surroundings is vitally important. The efficient use of water may reduce input 
and output water resources. This is because the water that is supplied to a building and the 
water that leaves the building as waste water should be treated. Therefore, a reduction in 
water use produces a reduction in waste water [42]. Waste water in buildings can be clas-
sified as graywater and black water. Graywater means the low polluted wastewater from 
bathtubs, showers, hand-washing basins, and washing machines excluding wastewater from 
the kitchen and the toilet flushing system [43]. Graywater might be treated by installing gray-
water treatment systems in order to flush toilets and to irrigate vegetation except for edible 
plants. In addition, the reuse of graywater promotes a significant reduction in potable water 
consumption and sewage production [44]. Blackwater is any waste from toilets or urinals 
containing disease-causing bacteria and viruses that can result in human illness and must be 
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Table 3. Criteria and procedures for strategy of water efficiency.
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discharged to the municipal sewage system. Rainwater might be seen as a resource that pro-
vides many environmental and economic benefits. Rainwater ought to be treated by installing 
rainwater treatment systems in order to restore natural hydrologic conditions, to reduce the 
possibility of flooding, and to irrigate vegetation [35].

Unpolluted use of water resources: As the world’s population grows, ensuring reliable access to 
clean water is becoming increasingly difficult [45]. It is therefore that water resources must not 
be contaminated. In order to prevent contamination of water resources, existing sewage systems 
should be rehabilitated, and polluting elements in sewage and storage areas ought to be moni-
tored. In the meantime, wastes have to be disposed without causing pollution, and measures 
must be taken to reduce toxic pesticides in water resources. In addition to all these, proper plan-
ning and managing have to be performed to increase benefits from the existing water resources.

2.1.3. Criteria and procedures for strategy of energy efficiency

Energy requirement increases approximately 5% every year mainly due to industrialization, 
rapidly growing population, and improvement in the living standards [3]. Ever-increasing 
consumption of fossil fuel reserves providing the major portion of the energy needs, directly 
or indirectly, gives rise to the ozone layer depletion, air pollution, and climatic change. In this 
respect, efficient utilization of energy has become more crucial than ever in construction sec-
tor [39, 46]. Strategy of energy efficiency consists of utilization of renewable energy resources 
for natural heating, ventilating, air conditioning, and illumination. It addresses the use of the 
passive and active systems in the building and surroundings. In this context, the criteria for 
the strategy of energy efficiency are classified as the use of passive heating, ventilating, and air 
conditioning; the use of active heating, ventilating, and air conditioning; and utilization of daylight. 
Additionally, related procedures for each criterion are determined and presented in Table 4.

The use of passive heating, ventilating, and air conditioning: Parts of the major energy consumption 
in buildings are the heating, ventilating, and air conditioning (HVAC) systems. These systems 
can be accepted as indoor climate controls that regulate humidity and temperature. With the 
total amount of HVAC’s energy consumption in buildings, they are closely related to the local 
climatic condition, whether it is necessary to heat the space or cool it. Heating systems are 
to collect and to store the solar heat and to retain the heat within the building. On the con-
trary, cooling systems are to provide cold or to protect the building from direct solar radiation 
and to improve air ventilation. Space heating is the most important building energy user in 
cold countries, whereas air conditioning is a major contributor to peak electricity demand 
in hot climate countries or during summer [47]. In this regard, Trombe walls, metal walls, 
double-skin façades, greenhouses, Venturi chimneys, wind scoops, atriums, building shading 
devices, cross ventilation, and labyrinth systems ought to be used as passive systems. Aside 
from these, the use of high-performance windows and wall, ground, ceiling, and roof insula-
tion prevents heat gain or loss and thus reduces energy consumption. In accordance with local 
climatic conditions, procedures of appropriate building distance, position, form, façade color, 
location, and building envelope surface must be taken into account in passive building design. 
Vegetation is also a procedure that affects the building design in terms of heat gain and loss. 
In this sense, deciduous trees ought to be planted on the south of a building and coniferous 
trees on the north (see Section 2.1.1), and existing green areas should certainly be preserved.
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The use of active heating, ventilating, and air conditioning: The main goal for energy conservation 
is to reduce the consumption of fossil fuels as well as increasing the use of renewable energy 
resources such as solar, wind, water, and geothermal [16]. This could be achieved by utilizing 
active heating, ventilating, and air conditioning systems in buildings, which is essential in 
terms of energy efficiency. In order to maximize energy efficiency, active systems should be 

Strategy of energy efficiency

Criteria Procedures

Use of passive heating, 
ventilating, and air conditioning

Use of Trombe walls for natural heating and air conditioning

Use of metal walls for natural heating and air conditioning

Use of double-skin façades for natural heating and air conditioning

Use of greenhouses for natural heating and air conditioning

Use of Venturi chimneys for natural ventilating

Use of wind scoops for natural ventilating

Use of atriums for natural heating and air conditioning

Use of building shading devices for natural air conditioning

Use of labyrinth systems for natural heating, ventilating, and air conditioning

Use of wind energy by cross ventilation method for natural ventilating

Use of effective insulation systems

Selection of appropriate distance to other buildings compatible with local climatic 
conditions

Selection of appropriate position for building compatible with local climatic 
conditions

Selection of appropriate building form compatible with local climatic conditions

Use of appropriate colors on façades compatible with local climatic conditions

Determination of building envelope surface compatible with local climatic 
conditions

Selection of appropriate location for building

Selection of right vegetation for right direction around buildings

Preservation of existing green areas

Use of active heating, 
ventilating, and air conditioning

Use of photovoltaic panels for power generation

Use of solar collectors for water heating

Use of wind turbines for power generation

Use of water source heat pumps for power generation and water heating

Use of geothermal heat pumps for power generation and water heating

Use of energy efficient appliances and equipment with timing devices

Utilization of daylighting Use of light shelves

Use of solar tubes

Use of heliostats

Use of anidolic ceilings

Table 4. Criteria and procedures for strategy of energy efficiency.
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discharged to the municipal sewage system. Rainwater might be seen as a resource that pro-
vides many environmental and economic benefits. Rainwater ought to be treated by installing 
rainwater treatment systems in order to restore natural hydrologic conditions, to reduce the 
possibility of flooding, and to irrigate vegetation [35].

Unpolluted use of water resources: As the world’s population grows, ensuring reliable access to 
clean water is becoming increasingly difficult [45]. It is therefore that water resources must not 
be contaminated. In order to prevent contamination of water resources, existing sewage systems 
should be rehabilitated, and polluting elements in sewage and storage areas ought to be moni-
tored. In the meantime, wastes have to be disposed without causing pollution, and measures 
must be taken to reduce toxic pesticides in water resources. In addition to all these, proper plan-
ning and managing have to be performed to increase benefits from the existing water resources.

2.1.3. Criteria and procedures for strategy of energy efficiency

Energy requirement increases approximately 5% every year mainly due to industrialization, 
rapidly growing population, and improvement in the living standards [3]. Ever-increasing 
consumption of fossil fuel reserves providing the major portion of the energy needs, directly 
or indirectly, gives rise to the ozone layer depletion, air pollution, and climatic change. In this 
respect, efficient utilization of energy has become more crucial than ever in construction sec-
tor [39, 46]. Strategy of energy efficiency consists of utilization of renewable energy resources 
for natural heating, ventilating, air conditioning, and illumination. It addresses the use of the 
passive and active systems in the building and surroundings. In this context, the criteria for 
the strategy of energy efficiency are classified as the use of passive heating, ventilating, and air 
conditioning; the use of active heating, ventilating, and air conditioning; and utilization of daylight. 
Additionally, related procedures for each criterion are determined and presented in Table 4.

The use of passive heating, ventilating, and air conditioning: Parts of the major energy consumption 
in buildings are the heating, ventilating, and air conditioning (HVAC) systems. These systems 
can be accepted as indoor climate controls that regulate humidity and temperature. With the 
total amount of HVAC’s energy consumption in buildings, they are closely related to the local 
climatic condition, whether it is necessary to heat the space or cool it. Heating systems are 
to collect and to store the solar heat and to retain the heat within the building. On the con-
trary, cooling systems are to provide cold or to protect the building from direct solar radiation 
and to improve air ventilation. Space heating is the most important building energy user in 
cold countries, whereas air conditioning is a major contributor to peak electricity demand 
in hot climate countries or during summer [47]. In this regard, Trombe walls, metal walls, 
double-skin façades, greenhouses, Venturi chimneys, wind scoops, atriums, building shading 
devices, cross ventilation, and labyrinth systems ought to be used as passive systems. Aside 
from these, the use of high-performance windows and wall, ground, ceiling, and roof insula-
tion prevents heat gain or loss and thus reduces energy consumption. In accordance with local 
climatic conditions, procedures of appropriate building distance, position, form, façade color, 
location, and building envelope surface must be taken into account in passive building design. 
Vegetation is also a procedure that affects the building design in terms of heat gain and loss. 
In this sense, deciduous trees ought to be planted on the south of a building and coniferous 
trees on the north (see Section 2.1.1), and existing green areas should certainly be preserved.
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The use of active heating, ventilating, and air conditioning: The main goal for energy conservation 
is to reduce the consumption of fossil fuels as well as increasing the use of renewable energy 
resources such as solar, wind, water, and geothermal [16]. This could be achieved by utilizing 
active heating, ventilating, and air conditioning systems in buildings, which is essential in 
terms of energy efficiency. In order to maximize energy efficiency, active systems should be 

Strategy of energy efficiency

Criteria Procedures

Use of passive heating, 
ventilating, and air conditioning

Use of Trombe walls for natural heating and air conditioning

Use of metal walls for natural heating and air conditioning

Use of double-skin façades for natural heating and air conditioning

Use of greenhouses for natural heating and air conditioning

Use of Venturi chimneys for natural ventilating

Use of wind scoops for natural ventilating

Use of atriums for natural heating and air conditioning

Use of building shading devices for natural air conditioning

Use of labyrinth systems for natural heating, ventilating, and air conditioning

Use of wind energy by cross ventilation method for natural ventilating

Use of effective insulation systems

Selection of appropriate distance to other buildings compatible with local climatic 
conditions

Selection of appropriate position for building compatible with local climatic 
conditions

Selection of appropriate building form compatible with local climatic conditions

Use of appropriate colors on façades compatible with local climatic conditions

Determination of building envelope surface compatible with local climatic 
conditions

Selection of appropriate location for building

Selection of right vegetation for right direction around buildings

Preservation of existing green areas

Use of active heating, 
ventilating, and air conditioning

Use of photovoltaic panels for power generation

Use of solar collectors for water heating

Use of wind turbines for power generation

Use of water source heat pumps for power generation and water heating

Use of geothermal heat pumps for power generation and water heating

Use of energy efficient appliances and equipment with timing devices

Utilization of daylighting Use of light shelves

Use of solar tubes

Use of heliostats

Use of anidolic ceilings

Table 4. Criteria and procedures for strategy of energy efficiency.
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integrated with passive systems in building design. Active heating, ventilating, and air condi-
tioning systems, which enable the efficient use of renewable energy sources in buildings, con-
tain mechanic and electronic appliances and equipment. Photovoltaic panels, solar collectors, 
wind turbines, water source heat pumps, geothermal heat pumps, energy efficient appliances, 
and equipment with timing devices should be integrated to building design in the scope of 
active systems. The installation cost of active systems is considered as an additional initial 
cost of the building. However, these systems ensure a significant decrease in operating costs.

Utilization of daylighting: Typically, one third of the energy used in many buildings is consumed 
by electric lighting. Therefore, in recent years daylighting has become a major topic in energy 
efficient building design next to passive solar heating and cooling [48]. Good daylighting design 
can reduce electricity consumption for lighting; improve standards of visual comfort, health, 
and amenity for the users [49]; and provide a better indoor light environment than artificial 
lighting. Artificial lighting not only consumes a large amount of electricity but also dissipates 
waste heat into indoor space, which causes the increase of cooling loads. If the effective use of 
daylighting is integrated in building design, the cooling and lighting energy can decrease [48]. 
Daylighting can be achieved by bringing natural light into buildings with some systems such 
as light shelves, solar tubes, heliostats, and anidolic ceilings.

2.1.4. Criteria and procedures for strategy of material efficiency

Materials are the fundamental components of a building. Construction sector consumes 
approximately 3 billion tons of raw materials which comes up to 40% of total usage per year 
globally [46]. The production and consumption of building materials has diverse impacts on 
the local and global environments. Extracting, processing, manufacturing, transporting, and 
recycling building materials cause environmental impacts to some extent [50]. The strategy 
of material efficiency consists of reducing these impacts through the entire life cycle of build-
ing materials from extraction to the end of life, as well as reducing the construction wastes 
and sizing the building properly. It focuses on procurement of materials that are sourced in a 
responsible way and have a low embodied impact over their life cycle [8]. In this context, the 
criteria for the strategy of material efficiency are classified as reduction of environmental impact, 
reduction of waste, and proper sizing of building and systems in this study. Additionally, related 
procedures for each criterion are determined and presented in Table 5.

Reduction of environmental impacts: Buildings maintain their relationship with the environment 
throughout their life cycles on local or global scales and cause a number of environmental 
impacts [51]. In this context, the sustainable construction sector is responsible for design-
ing buildings which do not disturb the balances of ecosystems, which secure human health, 
welfare, and comfort; which ensure economic use of materials; which encourages conserva-
tion of nonrenewable energy resources; which saves transportation energy; and thus which 
contributes to minimizing environmental impacts. It is essential to use local, natural, high-
performance, long-lasting, durable, nontoxic, noncarcinogenic, antibacterial, low embodied 
energy, and low volatile organic compound (VOC) building materials. Furthermore, the use 
of building materials made of renewable sources, with less maintenance need, and those 
extracted without ecological damage are of great importance as well as the use of certified 
wood materials and reporting tools such as Environmental Product Declarations [52] and 
Health Product Declarations [53].
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Reduction of wastes: The rate of construction sector-based wastes corresponds more than 30% 
of the total wastes. Within this scope, it is of great importance to target sustainable building 
design in the construction sector [54]. It should be noted that buildings that are demolished 
become the resources for new buildings [55]. During the process of building design, it is nec-
essary to select reusable, recyclable, reclaimed, recycled building materials and nonconven-
tional products in order to lower embodied energy of materials; to reduce the need for new 
landfills; to reduce air, water, and soil pollution; to minimize transportation requirements; to 
reduce the use of raw materials; and to enable the economic use of materials. On the other 
hand, rehabilitation and reuse of existing structures and infrastructures instead of brand-new 
ones are other effective procedures that reduce construction sector-based wastes. Apart from 

Strategy of material efficiency

Criteria Procedures

Reduction of environmental impacts Use of local building materials

Use of natural building materials

Use of high-performance building materials

Use of long-lasting building materials

Use of durable building materials

Use of nontoxic and noncarcinogenic building materials

Use of antibacterial building materials

Use of low embodied energy building materials

Use of low volatile organic compound (VOC) building materials

Use of building materials made from renewable sources

Use of building materials with less maintenance need

Use of building materials extracted without ecological damage

Use of certified wood materials

Use of environmental and health product declarations

Reduction of wastes Use of reusable building materials

Use of recyclable building materials

Use of reclaimed building materials

Use of recycled building materials

Use of nonconventional products as building materials

Rehabilitation and reuse of existing structures

Rehabilitation and reuse of existing infrastructures

Sorting, storage, and disposal of wastes by waste management

Proper sizing of building and systems Design of sufficient-sized interior spaces

Reduction of building envelope surface

Use of simple geometrical forms for building design

Utilization of flexible and modular building design

Utilization of standard building material sizes

Table 5. Criteria and procedures for strategy of material efficiency.
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integrated with passive systems in building design. Active heating, ventilating, and air condi-
tioning systems, which enable the efficient use of renewable energy sources in buildings, con-
tain mechanic and electronic appliances and equipment. Photovoltaic panels, solar collectors, 
wind turbines, water source heat pumps, geothermal heat pumps, energy efficient appliances, 
and equipment with timing devices should be integrated to building design in the scope of 
active systems. The installation cost of active systems is considered as an additional initial 
cost of the building. However, these systems ensure a significant decrease in operating costs.

Utilization of daylighting: Typically, one third of the energy used in many buildings is consumed 
by electric lighting. Therefore, in recent years daylighting has become a major topic in energy 
efficient building design next to passive solar heating and cooling [48]. Good daylighting design 
can reduce electricity consumption for lighting; improve standards of visual comfort, health, 
and amenity for the users [49]; and provide a better indoor light environment than artificial 
lighting. Artificial lighting not only consumes a large amount of electricity but also dissipates 
waste heat into indoor space, which causes the increase of cooling loads. If the effective use of 
daylighting is integrated in building design, the cooling and lighting energy can decrease [48]. 
Daylighting can be achieved by bringing natural light into buildings with some systems such 
as light shelves, solar tubes, heliostats, and anidolic ceilings.

2.1.4. Criteria and procedures for strategy of material efficiency

Materials are the fundamental components of a building. Construction sector consumes 
approximately 3 billion tons of raw materials which comes up to 40% of total usage per year 
globally [46]. The production and consumption of building materials has diverse impacts on 
the local and global environments. Extracting, processing, manufacturing, transporting, and 
recycling building materials cause environmental impacts to some extent [50]. The strategy 
of material efficiency consists of reducing these impacts through the entire life cycle of build-
ing materials from extraction to the end of life, as well as reducing the construction wastes 
and sizing the building properly. It focuses on procurement of materials that are sourced in a 
responsible way and have a low embodied impact over their life cycle [8]. In this context, the 
criteria for the strategy of material efficiency are classified as reduction of environmental impact, 
reduction of waste, and proper sizing of building and systems in this study. Additionally, related 
procedures for each criterion are determined and presented in Table 5.

Reduction of environmental impacts: Buildings maintain their relationship with the environment 
throughout their life cycles on local or global scales and cause a number of environmental 
impacts [51]. In this context, the sustainable construction sector is responsible for design-
ing buildings which do not disturb the balances of ecosystems, which secure human health, 
welfare, and comfort; which ensure economic use of materials; which encourages conserva-
tion of nonrenewable energy resources; which saves transportation energy; and thus which 
contributes to minimizing environmental impacts. It is essential to use local, natural, high-
performance, long-lasting, durable, nontoxic, noncarcinogenic, antibacterial, low embodied 
energy, and low volatile organic compound (VOC) building materials. Furthermore, the use 
of building materials made of renewable sources, with less maintenance need, and those 
extracted without ecological damage are of great importance as well as the use of certified 
wood materials and reporting tools such as Environmental Product Declarations [52] and 
Health Product Declarations [53].
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Reduction of wastes: The rate of construction sector-based wastes corresponds more than 30% 
of the total wastes. Within this scope, it is of great importance to target sustainable building 
design in the construction sector [54]. It should be noted that buildings that are demolished 
become the resources for new buildings [55]. During the process of building design, it is nec-
essary to select reusable, recyclable, reclaimed, recycled building materials and nonconven-
tional products in order to lower embodied energy of materials; to reduce the need for new 
landfills; to reduce air, water, and soil pollution; to minimize transportation requirements; to 
reduce the use of raw materials; and to enable the economic use of materials. On the other 
hand, rehabilitation and reuse of existing structures and infrastructures instead of brand-new 
ones are other effective procedures that reduce construction sector-based wastes. Apart from 

Strategy of material efficiency

Criteria Procedures

Reduction of environmental impacts Use of local building materials

Use of natural building materials

Use of high-performance building materials

Use of long-lasting building materials

Use of durable building materials

Use of nontoxic and noncarcinogenic building materials

Use of antibacterial building materials

Use of low embodied energy building materials

Use of low volatile organic compound (VOC) building materials

Use of building materials made from renewable sources

Use of building materials with less maintenance need

Use of building materials extracted without ecological damage

Use of certified wood materials

Use of environmental and health product declarations

Reduction of wastes Use of reusable building materials

Use of recyclable building materials

Use of reclaimed building materials

Use of recycled building materials

Use of nonconventional products as building materials

Rehabilitation and reuse of existing structures

Rehabilitation and reuse of existing infrastructures

Sorting, storage, and disposal of wastes by waste management

Proper sizing of building and systems Design of sufficient-sized interior spaces

Reduction of building envelope surface

Use of simple geometrical forms for building design

Utilization of flexible and modular building design

Utilization of standard building material sizes

Table 5. Criteria and procedures for strategy of material efficiency.
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these, waste management of construction and demolition phases in terms of sorting, storage, 
and disposal of wastes should be implemented.

Proper sizing of building and systems: It is necessary to optimize the building size in order to 
reduce overall building material use, wastes, embodied energy, energy loads, and costs and 
to conserve resources. This can be achieved by ensuring functionality between spaces and 
circulation according to target utilization rates (number of square meters per person or unit), 
by designing individual spaces to fulfill multiple functions, and by dumping unused spaces 
[56]. Furthermore, reducing building envelope surface, using simple geometrical mass forms; 
designing flexible and modular spaces; and utilizing standard commercially available mate-
rial sizes are the other procedures for proper sizing.

2.2. Economic aspect of sustainable building design

Economic sustainability is defined as the use of various strategies for employing existing 
resources optimally, so that a responsible and beneficial balance can be achieved over the lon-
ger term [57]. Economic sustainability is inextricably linked to both environmental and social 
sustainability [58]. Sustainable building design does not only improve the quality of environ-
ment and comfort of users but also has many economic benefits as well. The initial cost of the 
building can be higher than a conventional building owing to the innovative use of sustainable 
building materials, systems, and equipment through integrated sustainable building design 
process. However, sustainable buildings decrease annual costs in terms of energy, water, main-
tenance and repair, and other operating costs so that the life cycle cost is lower than the cost 
of conventional buildings. In addition to the mentioned cost savings, sustainable buildings 
also provide indirect economic benefits such as increasing comfort and productivity of users, 
reducing absenteeism, and increasing property value, to both the actors of the construction sec-
tor and users [59]. Reducing costs based on construction wastes, pollution, infrastructure, and 
transportation can also be considered as indirect economic benefits. In this context, economi-
cally sustainable building design criteria can be classified as resource efficiency and cost efficiency.

2.2.1. Criteria and procedures for strategy of resource efficiency

The construction sector is a major consumer of all resources, and therefore the actors of the 
construction sector have pursued to design sustainable buildings focusing on increasing the 
efficiency of resource use [16]. Resource efficiency refers to the conservation of raw materials 
and nonrenewable resources based on life cycle conception to design buildings that consume 
fewer resources and that leads to less environmental impacts. The strategy of resource effi-
ciency comprises both energy and material efficiency (see Sections 2.1.3 and 2.1.4). Whereas 
energy efficiency considers the economical use of nonrenewable resources, encouraging the 
use of renewable resources, material efficiency is about the economical use of raw materials 
and reduction of wastes. Resource efficiency addresses human impacts on natural resources, 
economic requirements for land use, environmental impacts, amount of material used, and 
the ratio of gross domestic product (GDP) to material used [60]. In this context, the criteria for 
the strategy of resource efficiency are classified as conservation of raw materials and conservation 
of nonrenewable resources in this study. Additionally, related procedures for each criterion are 
determined and presented in Table 6.
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Conservation of raw materials: Conservation of resources means achieving more with less [16]. 
Nowadays, certain resources are becoming extremely rare; that’s why the use of remaining 
stocks should be treated cautiously [61]. The scarcity of raw material stocks results in a threat 
for the economy. The extraction of raw materials may damage lands; the production, usage, 
and disposal of materials can have significant environmental impacts; and these processes 
may be energy intensive, labor intensive, and very costly [60]. In this context, resource effi-
ciency ought to be handled based on life cycle assessment (LCA) methodology, as depletion 
of abiotic resources is one of the prominent environmental impact indicators of this meth-
odology [62]. Raw materials, which are assigned as abiotic resources, can be conserved by 
using secondary materials such as reusable, recyclable, reclaimed, recycled building materi-
als. Construction wastes can be also reduced by this way. Improving durability, service life, 
the technical and economic performance of building materials, reusing existing structures 
and infrastructures, and developing new eco-innovative building materials are other proce-
dures of conservation of raw materials. Additionally, supply chain and material production 
techniques should be optimized in order to convert raw materials into final building products 
with less environmental impacts [63].

Conservation of nonrenewable resources: Energy use in buildings from life cycle perspective is 
one of the significant economic issues, as buildings are intensive energy consumers. Buildings 
consume energy at each stage of their life cycles, from cradle to grave. The energy consumed 
in usage stage of buildings accounts for a considerable part of the total energy. For this rea-
son, minimizing the use of energy in usage stage is a central task in sustainable building [64]. 
Energy use in usage stage of the buildings includes both operational and embodied energy [65]. 
Operational energy comes out as a result of heating, ventilating, air conditioning, and hot water 
use in buildings, while the embodied energy occurs from the choice of building materials used. 

Strategy of resource efficiency

Criteria Procedures

Conservation of raw materials Use of reusable building materials

Use of recyclable building materials

Use of reclaimed building materials

Use of recycled building materials

Use of long-lasting building materials

Rehabilitation and reuse of existing structures and infrastructures

Development of new eco-innovative building materials

Optimization of supply chain

Optimization of material production techniques

Conservation of nonrenewable 
resources

Increase of use of renewable energy resources

Reduction of energy consumption in all life cycle stages of buildings

Use of energy saving electrical installation

Use of energy saving heating, ventilating, and air conditioning installation

Table 6. Criteria and procedures for strategy of resource efficiency.
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these, waste management of construction and demolition phases in terms of sorting, storage, 
and disposal of wastes should be implemented.

Proper sizing of building and systems: It is necessary to optimize the building size in order to 
reduce overall building material use, wastes, embodied energy, energy loads, and costs and 
to conserve resources. This can be achieved by ensuring functionality between spaces and 
circulation according to target utilization rates (number of square meters per person or unit), 
by designing individual spaces to fulfill multiple functions, and by dumping unused spaces 
[56]. Furthermore, reducing building envelope surface, using simple geometrical mass forms; 
designing flexible and modular spaces; and utilizing standard commercially available mate-
rial sizes are the other procedures for proper sizing.

2.2. Economic aspect of sustainable building design

Economic sustainability is defined as the use of various strategies for employing existing 
resources optimally, so that a responsible and beneficial balance can be achieved over the lon-
ger term [57]. Economic sustainability is inextricably linked to both environmental and social 
sustainability [58]. Sustainable building design does not only improve the quality of environ-
ment and comfort of users but also has many economic benefits as well. The initial cost of the 
building can be higher than a conventional building owing to the innovative use of sustainable 
building materials, systems, and equipment through integrated sustainable building design 
process. However, sustainable buildings decrease annual costs in terms of energy, water, main-
tenance and repair, and other operating costs so that the life cycle cost is lower than the cost 
of conventional buildings. In addition to the mentioned cost savings, sustainable buildings 
also provide indirect economic benefits such as increasing comfort and productivity of users, 
reducing absenteeism, and increasing property value, to both the actors of the construction sec-
tor and users [59]. Reducing costs based on construction wastes, pollution, infrastructure, and 
transportation can also be considered as indirect economic benefits. In this context, economi-
cally sustainable building design criteria can be classified as resource efficiency and cost efficiency.

2.2.1. Criteria and procedures for strategy of resource efficiency

The construction sector is a major consumer of all resources, and therefore the actors of the 
construction sector have pursued to design sustainable buildings focusing on increasing the 
efficiency of resource use [16]. Resource efficiency refers to the conservation of raw materials 
and nonrenewable resources based on life cycle conception to design buildings that consume 
fewer resources and that leads to less environmental impacts. The strategy of resource effi-
ciency comprises both energy and material efficiency (see Sections 2.1.3 and 2.1.4). Whereas 
energy efficiency considers the economical use of nonrenewable resources, encouraging the 
use of renewable resources, material efficiency is about the economical use of raw materials 
and reduction of wastes. Resource efficiency addresses human impacts on natural resources, 
economic requirements for land use, environmental impacts, amount of material used, and 
the ratio of gross domestic product (GDP) to material used [60]. In this context, the criteria for 
the strategy of resource efficiency are classified as conservation of raw materials and conservation 
of nonrenewable resources in this study. Additionally, related procedures for each criterion are 
determined and presented in Table 6.
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Conservation of raw materials: Conservation of resources means achieving more with less [16]. 
Nowadays, certain resources are becoming extremely rare; that’s why the use of remaining 
stocks should be treated cautiously [61]. The scarcity of raw material stocks results in a threat 
for the economy. The extraction of raw materials may damage lands; the production, usage, 
and disposal of materials can have significant environmental impacts; and these processes 
may be energy intensive, labor intensive, and very costly [60]. In this context, resource effi-
ciency ought to be handled based on life cycle assessment (LCA) methodology, as depletion 
of abiotic resources is one of the prominent environmental impact indicators of this meth-
odology [62]. Raw materials, which are assigned as abiotic resources, can be conserved by 
using secondary materials such as reusable, recyclable, reclaimed, recycled building materi-
als. Construction wastes can be also reduced by this way. Improving durability, service life, 
the technical and economic performance of building materials, reusing existing structures 
and infrastructures, and developing new eco-innovative building materials are other proce-
dures of conservation of raw materials. Additionally, supply chain and material production 
techniques should be optimized in order to convert raw materials into final building products 
with less environmental impacts [63].

Conservation of nonrenewable resources: Energy use in buildings from life cycle perspective is 
one of the significant economic issues, as buildings are intensive energy consumers. Buildings 
consume energy at each stage of their life cycles, from cradle to grave. The energy consumed 
in usage stage of buildings accounts for a considerable part of the total energy. For this rea-
son, minimizing the use of energy in usage stage is a central task in sustainable building [64]. 
Energy use in usage stage of the buildings includes both operational and embodied energy [65]. 
Operational energy comes out as a result of heating, ventilating, air conditioning, and hot water 
use in buildings, while the embodied energy occurs from the choice of building materials used. 

Strategy of resource efficiency

Criteria Procedures

Conservation of raw materials Use of reusable building materials

Use of recyclable building materials

Use of reclaimed building materials

Use of recycled building materials

Use of long-lasting building materials

Rehabilitation and reuse of existing structures and infrastructures

Development of new eco-innovative building materials

Optimization of supply chain

Optimization of material production techniques

Conservation of nonrenewable 
resources

Increase of use of renewable energy resources

Reduction of energy consumption in all life cycle stages of buildings

Use of energy saving electrical installation

Use of energy saving heating, ventilating, and air conditioning installation

Table 6. Criteria and procedures for strategy of resource efficiency.
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Nowadays, energy used in buildings for electricity is supplied from nonrenewable resources, 
which are fossil fuels such as natural gas, fuel oil, and coal. The reserves of these resources are 
limited reserves. The entire world, therefore, looks for the means of safe and continuous access 
to energy [66]. In this sense, using renewable energy resources, reducing the energy consump-
tion of in all life cycle stages of buildings, and using energy saving electrical, heating, ventilat-
ing, and air conditioning installations are important tasks to take into consideration.

2.2.2. Criteria and procedures for strategy of cost efficiency

The construction sector can be mentioned as the sector of the economy which plans, designs, 
constructs, alters, refurbishes, maintains, repairs, and eventually demolishes buildings. The 
inputs of the sector are obtained from other sectors of the economy, such as manufactur-
ing, financial services, local government, commercial sectors, and industrial sectors supply-
ing materials. Due to these dealings, there have been considerable procedural and structural 
changes in the construction sector, such as the increased use of design and construct arrange-
ments, integrated project management processes, novation, partnering, benchmarking, re-
engineering, management contracting, private finance initiatives, and public and private 
partnerships. Concordantly, life cycle cost management of building projects has become pro-
gressively important in terms of delivering the highest-quality projects in time with accurate 
budgeting and cost control, ensuring cost efficiency [67]. Through life cycle cost perspective, 
there are three main costs to be considered at the outset of a building project, being the initial 
building investment cost, the cost of the building in use, and the cost of building recovery 
[68]. In this respect, the strategy of cost efficiency focuses on long-term economic performance 
with minimized initial, operating, and recovery costs providing satisfaction of the actors of 
the construction sector. The criteria for the strategy of cost efficiency are classified as the 
reduction of initial cost, reduction of operating cost, reduction of recovery cost, and satisfaction of the 
construction sector actors in this study. Additionally, related procedures for each criterion are 
determined and presented in Table 7.

Reduction of initial cost: The initial cost, also referred to as acquisition cost or development cost, 
covers the entire cost of designing and constructing a building. In a broad sense, initial cost 
comprises land and building acquisition costs, professional consultant fees, the cost of the 
building materials, and the cost of construction processes. It can be said that the initial cost is 
the basic and sometimes the only source of concern for many actors in the construction sector 
[68]. Therefore, initial cost reduction procedures should be considered in sustainable building 
design process. Recycled, reclaimed, and locally available building materials have to be selected 
to reduce the cost value of materials and transportation costs. Deconstruction techniques 
rather than demolition have to be employed to reclaim materials for reuse in other applica-
tions on site [69]. Flexible and modular designs and standardized building components, which 
allow reconfiguration when required, must be preferred [70]. Common and readily available 
building components should be selected to minimize replacement costs and to reduce stock-
ing of components. Building components that cannot be easily repaired or replaced ought 
to be selected as durable to minimize replacement and retrofitting [16]. Appropriate storage 
facilities should be provided on site to maintain the integrity of the materials [69]. Cost saving 
and proper construction technologies must be implemented for different types of buildings. 
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Besides these, the right workers for the right works and the right supplier choice are the other 
issues that need to be carefully considered in order to reduce the initial costs.

Reduction of operating cost: The operating cost, also known as the cost in use or the running cost, 
is affected by the decisions made during the design and construction phases of the building 
design process in terms of the choice of materials and the impeccability of the detailing [68]. It 
involves the costs of heating, ventilating, air conditioning services, building automation and 
control systems, maintenance and repair, and cleaning fees in the usage stage of the building’s 
life cycle. Only the initial cost was estimated, and operating cost was neglected in the design 
phase before the life cycle cost methodology has underlined the relationship between design 

Strategy of cost efficiency

Criteria Procedures

Reduction of initial cost Use of local building materials to reduce transportation cost

Use of recycled building materials

Use of reclaimed building materials

Reduction of transportation to and from the site

Utilization of flexible and modular building design

Use of standardized building components

Use of common and available building components

Safe and correct storage of building materials

Reduction of time for assembly of building materials on site

Selection of appropriate construction technologies for various building types

Selection of appropriate suppliers for building materials

Selection of right labor force for right positions

Reduction of operating cost Selection of long lasting building materials and components

Reduction of maintenance and repair cost

Reduction of regular cleaning cost

Selection of right location for heating, ventilating, and air conditioning systems

Use of easy-to-use building automation and control systems

Reduction of recovery cost Consideration of recycling potential of building materials in design phase

Consideration of reclaiming potential of building materials in design phase

Reuse of building materials or components

Consideration of ease of demolition of building in the design phase

Reuse of an existing building

Satisfaction of the construction 
sector actors

Improvement of productivity

Increase of profitability

Development of lower-cost projects by increasing cost estimation

Shortening the completion time of the project

Table 7. Criteria and procedures for strategy of cost efficiency.
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Nowadays, energy used in buildings for electricity is supplied from nonrenewable resources, 
which are fossil fuels such as natural gas, fuel oil, and coal. The reserves of these resources are 
limited reserves. The entire world, therefore, looks for the means of safe and continuous access 
to energy [66]. In this sense, using renewable energy resources, reducing the energy consump-
tion of in all life cycle stages of buildings, and using energy saving electrical, heating, ventilat-
ing, and air conditioning installations are important tasks to take into consideration.

2.2.2. Criteria and procedures for strategy of cost efficiency

The construction sector can be mentioned as the sector of the economy which plans, designs, 
constructs, alters, refurbishes, maintains, repairs, and eventually demolishes buildings. The 
inputs of the sector are obtained from other sectors of the economy, such as manufactur-
ing, financial services, local government, commercial sectors, and industrial sectors supply-
ing materials. Due to these dealings, there have been considerable procedural and structural 
changes in the construction sector, such as the increased use of design and construct arrange-
ments, integrated project management processes, novation, partnering, benchmarking, re-
engineering, management contracting, private finance initiatives, and public and private 
partnerships. Concordantly, life cycle cost management of building projects has become pro-
gressively important in terms of delivering the highest-quality projects in time with accurate 
budgeting and cost control, ensuring cost efficiency [67]. Through life cycle cost perspective, 
there are three main costs to be considered at the outset of a building project, being the initial 
building investment cost, the cost of the building in use, and the cost of building recovery 
[68]. In this respect, the strategy of cost efficiency focuses on long-term economic performance 
with minimized initial, operating, and recovery costs providing satisfaction of the actors of 
the construction sector. The criteria for the strategy of cost efficiency are classified as the 
reduction of initial cost, reduction of operating cost, reduction of recovery cost, and satisfaction of the 
construction sector actors in this study. Additionally, related procedures for each criterion are 
determined and presented in Table 7.

Reduction of initial cost: The initial cost, also referred to as acquisition cost or development cost, 
covers the entire cost of designing and constructing a building. In a broad sense, initial cost 
comprises land and building acquisition costs, professional consultant fees, the cost of the 
building materials, and the cost of construction processes. It can be said that the initial cost is 
the basic and sometimes the only source of concern for many actors in the construction sector 
[68]. Therefore, initial cost reduction procedures should be considered in sustainable building 
design process. Recycled, reclaimed, and locally available building materials have to be selected 
to reduce the cost value of materials and transportation costs. Deconstruction techniques 
rather than demolition have to be employed to reclaim materials for reuse in other applica-
tions on site [69]. Flexible and modular designs and standardized building components, which 
allow reconfiguration when required, must be preferred [70]. Common and readily available 
building components should be selected to minimize replacement costs and to reduce stock-
ing of components. Building components that cannot be easily repaired or replaced ought 
to be selected as durable to minimize replacement and retrofitting [16]. Appropriate storage 
facilities should be provided on site to maintain the integrity of the materials [69]. Cost saving 
and proper construction technologies must be implemented for different types of buildings. 
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Besides these, the right workers for the right works and the right supplier choice are the other 
issues that need to be carefully considered in order to reduce the initial costs.

Reduction of operating cost: The operating cost, also known as the cost in use or the running cost, 
is affected by the decisions made during the design and construction phases of the building 
design process in terms of the choice of materials and the impeccability of the detailing [68]. It 
involves the costs of heating, ventilating, air conditioning services, building automation and 
control systems, maintenance and repair, and cleaning fees in the usage stage of the building’s 
life cycle. Only the initial cost was estimated, and operating cost was neglected in the design 
phase before the life cycle cost methodology has underlined the relationship between design 

Strategy of cost efficiency

Criteria Procedures

Reduction of initial cost Use of local building materials to reduce transportation cost

Use of recycled building materials

Use of reclaimed building materials

Reduction of transportation to and from the site

Utilization of flexible and modular building design

Use of standardized building components

Use of common and available building components

Safe and correct storage of building materials

Reduction of time for assembly of building materials on site

Selection of appropriate construction technologies for various building types

Selection of appropriate suppliers for building materials

Selection of right labor force for right positions

Reduction of operating cost Selection of long lasting building materials and components

Reduction of maintenance and repair cost

Reduction of regular cleaning cost

Selection of right location for heating, ventilating, and air conditioning systems

Use of easy-to-use building automation and control systems

Reduction of recovery cost Consideration of recycling potential of building materials in design phase

Consideration of reclaiming potential of building materials in design phase

Reuse of building materials or components

Consideration of ease of demolition of building in the design phase

Reuse of an existing building

Satisfaction of the construction 
sector actors

Improvement of productivity

Increase of profitability

Development of lower-cost projects by increasing cost estimation

Shortening the completion time of the project

Table 7. Criteria and procedures for strategy of cost efficiency.
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decisions and costs in use [68, 71]. In fact, the lower the life cycle cost, the more economi-
cally efficient the building [72]. Therefore, implementing operating cost reduction procedures 
would contribute reducing the life cycle cost of the buildings. Durable, long-lasting, low-
maintenance building materials and components have to be preferred to reduce maintenance 
and repair costs [73]. The access points of central and major elements of heating, ventilat-
ing, and air conditioning systems ought to be located properly for easy maintenance, repair, 
and cleaning. Simple environmental automation and control systems should be selected, as 
opposed to complex systems with high maintenance costs [74]. If the required efficiency can 
be achieved by a simple system, then a complicated one ought to be avoided [16].

Reduction of recovery cost: The recovery cost, which consists of the cost of building demoli-
tion and materials recovery, is rarely considered by the actors of the construction sector due 
to looking for short-term gain with minimum outlay [68]. However, recovery cost is also of 
great importance from standpoint of the life cycle cost methodology. Therefore, implement-
ing recovery cost reduction procedures would promote reduction of the life cycle cost of the 
buildings. Recycling and reclaiming potential of building materials have to be evaluated in 
the design phase in order to provide for maximum recovery of materials by reusing them. 
Besides, proper demolition techniques of the building should be considered and improved 
through the design phase. Another procedure for reducing recovery cost is reuse of an exist-
ing building to reduce the amounts of construction waste, raw materials, and the energy used 
for material production processes. When all of these are succeeded within the scope of end-of-
life perspective, the allocation of resources at minimal costs would be provided, and the value 
of the building would be increased [75].

Satisfaction of the construction sector actors: The construction sector involves actors such as 
designers, users, contractors, stakeholders, suppliers, manufacturers, and several organiza-
tional levels that have different tasks. These actors make the construction sector a multilevel 
entity. Satisfaction of the construction sector actors can be stated as an essential criterion of the 
future economic success of the sector [76]. Long-term economic performance of buildings can 
be provided with the satisfaction of the actors by improving the productivity of labor force 
and enhancing profitability. Profitability could be increased by improving the management of 
the building project process. Meanwhile, accuracy of cost estimation is of great importance in 
terms of decreasing the costs of the projects. In addition, flows of information, money, goods, 
and services move between the construction sector actors during the project process [76]. The 
longer the project process, the greater the costs. In order to decrease the costs during this pro-
cess, it is necessary to shorten the completion time of the project.

2.3. Social aspect of sustainable building design

Debates about sustainability do not consider sustainability solely as an environmental and 
economic concern but also incorporate social dimensions [77]. In this respect, the main goals 
of sustainable development are defined as environmental stewardship, economic prosperity, 
and social responsibility. These three goals should be interrelated and supportive of each 
other in order to execute sustainability strategies [78]. When the construction sector is exam-
ined, it is observed that the social aspect of sustainability is usually neglected, despite the 
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anthropocentric focus of sustainability definitions [77]. In the mentioned definitions, sustain-
ability focuses on well-being rather than well-having by sustainable livelihoods and addresses 
fundamental issues for humanity now and in the future, which constitutes the social aspect 
of sustainable building design [79]. In order to achieve socially sustainable building design, 
creating unpolluted and safe environments, protecting human health, improving user pro-
ductivity, enhancing human comfort conditions, creating esthetically satisfactory indoor and 
outdoor environments, conserving local heritage and culture, improving communication with 
the public, and developing regulations are of great importance. In this context, socially sus-
tainable building design criteria can be classified as health and well-being and public awareness.

2.3.1. Criteria and procedures for strategy of health and well-being

It is imperative to pay attention to enhance the quality of life in buildings that encourage a 
healthy and safe internal and external built environment for users [8] without exhausting natu-
ral resources or causing severe ecological damage. The strategy of health and well-being con-
sists of building design procedures ensuring unpolluted, fire- and natural-hazard-resistant, 
disabled-friendly environments and good indoor environmental quality to protect the health 
and comfort of building users. It also addresses increased comfort, health, and safety of build-
ing users, visitors, and others within the vicinity. Livable and high-quality indoor environ-
ments contribute increasing property value, to improve productivity and to reduce absenteeism 
[80]. In this context, the criteria for the strategy of health and well-being are classified as the 
creation of livable environments and creation of appropriate indoor comfort conditions in this study. 
Additionally, related procedures for each criterion are determined and presented in Table 8.

Creation of livable environments: The concept of livability is directly related to the quality of 
human life. Livability evolves out of a wealth of existing resources and conditions that pro-
mote healthy living like clean air, water, and soil. The provision of healthy and comfortable 
indoor and outdoor spaces is the key indicators of livability, which is related to the effects of 
building performance on the quality of living. The environmental aspects typically include 
the issues of noise, visual, air, water, and soil, which cause significant implications on health 
and well-being of users [81]. For this reason, solutions have to be produced to prevent above-
mentioned pollution in order to create livable environments. Additionally, fire protection is 
essential for livable environments, and fire safety systems have to be advanced. These sys-
tems, such as fire sprinklers, can offer environmental benefits by reducing air and water pol-
lution levels and by lowering water usage and fire damage. The resistance to natural hazards 
should also be ensured. It is not possible to prevent these hazards, but mitigation measures 
ought to be taken to overcome. Accessibility of disabled users has to be considered, and acces-
sibility features should be improved to make the environment more livable for them [82]. In 
addition to all these, preservation of cultural heritage and values is another significant proce-
dure of the related criteria.

Creation of appropriate indoor comfort conditions: In developed countries, people spend more 
than 90% of their time indoors. Indoor conditions have therefore far-reaching implications for 
their health, general well-being, and performance [83]. Indoor environmental quality of build-
ing has a high-level impact on users’ health, comfort, and productivity [84]. Apart from these 

A Holistic Conceptual Scheme for Sustainable Building Design in the Context of Environmental…
http://dx.doi.org/10.5772/intechopen.74031

37



decisions and costs in use [68, 71]. In fact, the lower the life cycle cost, the more economi-
cally efficient the building [72]. Therefore, implementing operating cost reduction procedures 
would contribute reducing the life cycle cost of the buildings. Durable, long-lasting, low-
maintenance building materials and components have to be preferred to reduce maintenance 
and repair costs [73]. The access points of central and major elements of heating, ventilat-
ing, and air conditioning systems ought to be located properly for easy maintenance, repair, 
and cleaning. Simple environmental automation and control systems should be selected, as 
opposed to complex systems with high maintenance costs [74]. If the required efficiency can 
be achieved by a simple system, then a complicated one ought to be avoided [16].

Reduction of recovery cost: The recovery cost, which consists of the cost of building demoli-
tion and materials recovery, is rarely considered by the actors of the construction sector due 
to looking for short-term gain with minimum outlay [68]. However, recovery cost is also of 
great importance from standpoint of the life cycle cost methodology. Therefore, implement-
ing recovery cost reduction procedures would promote reduction of the life cycle cost of the 
buildings. Recycling and reclaiming potential of building materials have to be evaluated in 
the design phase in order to provide for maximum recovery of materials by reusing them. 
Besides, proper demolition techniques of the building should be considered and improved 
through the design phase. Another procedure for reducing recovery cost is reuse of an exist-
ing building to reduce the amounts of construction waste, raw materials, and the energy used 
for material production processes. When all of these are succeeded within the scope of end-of-
life perspective, the allocation of resources at minimal costs would be provided, and the value 
of the building would be increased [75].

Satisfaction of the construction sector actors: The construction sector involves actors such as 
designers, users, contractors, stakeholders, suppliers, manufacturers, and several organiza-
tional levels that have different tasks. These actors make the construction sector a multilevel 
entity. Satisfaction of the construction sector actors can be stated as an essential criterion of the 
future economic success of the sector [76]. Long-term economic performance of buildings can 
be provided with the satisfaction of the actors by improving the productivity of labor force 
and enhancing profitability. Profitability could be increased by improving the management of 
the building project process. Meanwhile, accuracy of cost estimation is of great importance in 
terms of decreasing the costs of the projects. In addition, flows of information, money, goods, 
and services move between the construction sector actors during the project process [76]. The 
longer the project process, the greater the costs. In order to decrease the costs during this pro-
cess, it is necessary to shorten the completion time of the project.

2.3. Social aspect of sustainable building design

Debates about sustainability do not consider sustainability solely as an environmental and 
economic concern but also incorporate social dimensions [77]. In this respect, the main goals 
of sustainable development are defined as environmental stewardship, economic prosperity, 
and social responsibility. These three goals should be interrelated and supportive of each 
other in order to execute sustainability strategies [78]. When the construction sector is exam-
ined, it is observed that the social aspect of sustainability is usually neglected, despite the 
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anthropocentric focus of sustainability definitions [77]. In the mentioned definitions, sustain-
ability focuses on well-being rather than well-having by sustainable livelihoods and addresses 
fundamental issues for humanity now and in the future, which constitutes the social aspect 
of sustainable building design [79]. In order to achieve socially sustainable building design, 
creating unpolluted and safe environments, protecting human health, improving user pro-
ductivity, enhancing human comfort conditions, creating esthetically satisfactory indoor and 
outdoor environments, conserving local heritage and culture, improving communication with 
the public, and developing regulations are of great importance. In this context, socially sus-
tainable building design criteria can be classified as health and well-being and public awareness.

2.3.1. Criteria and procedures for strategy of health and well-being

It is imperative to pay attention to enhance the quality of life in buildings that encourage a 
healthy and safe internal and external built environment for users [8] without exhausting natu-
ral resources or causing severe ecological damage. The strategy of health and well-being con-
sists of building design procedures ensuring unpolluted, fire- and natural-hazard-resistant, 
disabled-friendly environments and good indoor environmental quality to protect the health 
and comfort of building users. It also addresses increased comfort, health, and safety of build-
ing users, visitors, and others within the vicinity. Livable and high-quality indoor environ-
ments contribute increasing property value, to improve productivity and to reduce absenteeism 
[80]. In this context, the criteria for the strategy of health and well-being are classified as the 
creation of livable environments and creation of appropriate indoor comfort conditions in this study. 
Additionally, related procedures for each criterion are determined and presented in Table 8.

Creation of livable environments: The concept of livability is directly related to the quality of 
human life. Livability evolves out of a wealth of existing resources and conditions that pro-
mote healthy living like clean air, water, and soil. The provision of healthy and comfortable 
indoor and outdoor spaces is the key indicators of livability, which is related to the effects of 
building performance on the quality of living. The environmental aspects typically include 
the issues of noise, visual, air, water, and soil, which cause significant implications on health 
and well-being of users [81]. For this reason, solutions have to be produced to prevent above-
mentioned pollution in order to create livable environments. Additionally, fire protection is 
essential for livable environments, and fire safety systems have to be advanced. These sys-
tems, such as fire sprinklers, can offer environmental benefits by reducing air and water pol-
lution levels and by lowering water usage and fire damage. The resistance to natural hazards 
should also be ensured. It is not possible to prevent these hazards, but mitigation measures 
ought to be taken to overcome. Accessibility of disabled users has to be considered, and acces-
sibility features should be improved to make the environment more livable for them [82]. In 
addition to all these, preservation of cultural heritage and values is another significant proce-
dure of the related criteria.

Creation of appropriate indoor comfort conditions: In developed countries, people spend more 
than 90% of their time indoors. Indoor conditions have therefore far-reaching implications for 
their health, general well-being, and performance [83]. Indoor environmental quality of build-
ing has a high-level impact on users’ health, comfort, and productivity [84]. Apart from these 
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features, a sustainable building has appropriate ventilation and moisture control, maximizes 
daylighting to provide indoor visual comfort conditions, creates visual connection with the 
outer environment, provides indoor thermal comfort conditions, optimizes acoustic perfor-
mance, provides operable windows and fresh air, and avoids the use of materials with high-
VOC emissions [56]. Except these, electromagnetic pollution has to be prevented to improve 
the indoor air quality, and nontoxic, noncarcinogenic, and antibacterial building materials 
have to be used for maximizing the comfort of users.

2.3.2. Criteria and procedures for strategy of public awareness

Ensuring sustainability in construction sector depends not only on achieving environmental 
and economic aspects of sustainability but also the participation of the public and an under-
standing of the consequences of individual behaviors. Although sustainable building design is 
envisaged as a necessity in construction sector, in general it continues not to receive much atten-
tion between public [85]. As a matter of fact, there is a need to create greater public awareness of 

Strategy of health and well-being

Criteria Procedures

Creation of livable environments Prevention of noise pollution

Prevention of visual pollution

Prevention of air pollution

Prevention of water pollution

Prevention of soil pollution

Provision of fire protection

Provision of resistance to natural hazards

Consideration of the accessibility of disabled users

Conservation of local heritage and culture

Creation of appropriate indoor comfort conditions Provision of sufficient indoor air quality

Provision of appropriate indoor humidity ratio

Provision of indoor visual comfort conditions

Creation of visual connection with the outer environment

Provision of indoor thermal comfort conditions

Provision of indoor acoustical comfort conditions

Provision of operable windows

Provision of clean fresh air

Use of low volatile organic compound (VOC) building materials

Prevention of electromagnetic pollution

Use of nontoxic and noncarcinogenic building materials

Use of antibacterial building materials

Table 8. Criteria and procedures for strategy of health and well-being.
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the health impacts of buildings, to increase the focus on sustainability strategies, and to encour-
age building codes to place increased emphasis on healthier building practices [86]. Strategy of 
public awareness comprises raising consciousness of public and the actors of the construction 
sector about the benefits of sustainable buildings, mobilization of sustainable building tools, 
adoption of procedures for sustainable building management, and development of innovative 
concepts and services [87]. It focuses on developing financial incentives, improving cooperation 
between organizations, and developing policies for innovative initiatives and technologies on 
sustainable design features [88]. In this context, the criteria for the strategy of public aware-
ness are classified as educating the public and development of incentives and policies in this study. 
Additionally, related procedures for each criterion are determined and presented in Table 9.

Educating the public: Creating public awareness about sustainable buildings could be achieved 
by educating the public. More symposiums, conferences, educational videos, programs, 
workshops, seminars, and professional talks have to be held under the theme of sustainable 
buildings in order to educate the public about the importance of sustainability and to raise 
the awareness. Competitions on sustainable buildings should be organized to improve abil-
ity and know-how of the actors of the construction sector that have been gained from their 
previous experiences [89]. Additionally, media ought to be used intensely and effectively in 
creating public awareness and improved understanding of issues [90], and public authorities 
ought to disseminate plans, programs, and other related relevant materials through media 
[91]. Apart from these, pilot sustainable buildings can be opened to the public for on-site 
training. Consequently, the public has to be completely environmental conscious and should 
be encouraged to prefer sustainable buildings.

Development of incentives and policies: It is very crucial to develop policies and approaches that 
enable utilization of domestic resources complying with the conditions of the countries and 

Strategy of public awareness

Criteria Procedures

Educating the public Organization of congresses and conventions on sustainable building design

Implementation of training programs about sustainable building design

Preparation of educational videos about sustainable building design

Organization of competitions on sustainable buildings

Efficient use of media about sustainable building design

Educating the public in pilot sustainable buildings

Development of incentives and 
policies

Provision of financial incentives such as tax and customs’ duty exemption

Improvement of cooperation between public and private organizations

Implementation of policies for the efficient use of renewable energy 
technologies

Implementation of the decisions made in the international meetings on 
environment

Table 9. Criteria and procedures for strategy of public awareness.
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features, a sustainable building has appropriate ventilation and moisture control, maximizes 
daylighting to provide indoor visual comfort conditions, creates visual connection with the 
outer environment, provides indoor thermal comfort conditions, optimizes acoustic perfor-
mance, provides operable windows and fresh air, and avoids the use of materials with high-
VOC emissions [56]. Except these, electromagnetic pollution has to be prevented to improve 
the indoor air quality, and nontoxic, noncarcinogenic, and antibacterial building materials 
have to be used for maximizing the comfort of users.

2.3.2. Criteria and procedures for strategy of public awareness

Ensuring sustainability in construction sector depends not only on achieving environmental 
and economic aspects of sustainability but also the participation of the public and an under-
standing of the consequences of individual behaviors. Although sustainable building design is 
envisaged as a necessity in construction sector, in general it continues not to receive much atten-
tion between public [85]. As a matter of fact, there is a need to create greater public awareness of 

Strategy of health and well-being

Criteria Procedures

Creation of livable environments Prevention of noise pollution

Prevention of visual pollution

Prevention of air pollution

Prevention of water pollution

Prevention of soil pollution

Provision of fire protection

Provision of resistance to natural hazards

Consideration of the accessibility of disabled users

Conservation of local heritage and culture

Creation of appropriate indoor comfort conditions Provision of sufficient indoor air quality

Provision of appropriate indoor humidity ratio

Provision of indoor visual comfort conditions

Creation of visual connection with the outer environment

Provision of indoor thermal comfort conditions

Provision of indoor acoustical comfort conditions

Provision of operable windows

Provision of clean fresh air

Use of low volatile organic compound (VOC) building materials

Prevention of electromagnetic pollution

Use of nontoxic and noncarcinogenic building materials

Use of antibacterial building materials

Table 8. Criteria and procedures for strategy of health and well-being.
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the health impacts of buildings, to increase the focus on sustainability strategies, and to encour-
age building codes to place increased emphasis on healthier building practices [86]. Strategy of 
public awareness comprises raising consciousness of public and the actors of the construction 
sector about the benefits of sustainable buildings, mobilization of sustainable building tools, 
adoption of procedures for sustainable building management, and development of innovative 
concepts and services [87]. It focuses on developing financial incentives, improving cooperation 
between organizations, and developing policies for innovative initiatives and technologies on 
sustainable design features [88]. In this context, the criteria for the strategy of public aware-
ness are classified as educating the public and development of incentives and policies in this study. 
Additionally, related procedures for each criterion are determined and presented in Table 9.

Educating the public: Creating public awareness about sustainable buildings could be achieved 
by educating the public. More symposiums, conferences, educational videos, programs, 
workshops, seminars, and professional talks have to be held under the theme of sustainable 
buildings in order to educate the public about the importance of sustainability and to raise 
the awareness. Competitions on sustainable buildings should be organized to improve abil-
ity and know-how of the actors of the construction sector that have been gained from their 
previous experiences [89]. Additionally, media ought to be used intensely and effectively in 
creating public awareness and improved understanding of issues [90], and public authorities 
ought to disseminate plans, programs, and other related relevant materials through media 
[91]. Apart from these, pilot sustainable buildings can be opened to the public for on-site 
training. Consequently, the public has to be completely environmental conscious and should 
be encouraged to prefer sustainable buildings.

Development of incentives and policies: It is very crucial to develop policies and approaches that 
enable utilization of domestic resources complying with the conditions of the countries and 

Strategy of public awareness

Criteria Procedures

Educating the public Organization of congresses and conventions on sustainable building design

Implementation of training programs about sustainable building design

Preparation of educational videos about sustainable building design

Organization of competitions on sustainable buildings

Efficient use of media about sustainable building design

Educating the public in pilot sustainable buildings

Development of incentives and 
policies

Provision of financial incentives such as tax and customs’ duty exemption

Improvement of cooperation between public and private organizations

Implementation of policies for the efficient use of renewable energy 
technologies

Implementation of the decisions made in the international meetings on 
environment

Table 9. Criteria and procedures for strategy of public awareness.
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to monitor studies pertaining to energy in the world [66]. Sustainable building design and 
practices can be only achieved by political decision-making, including several incentives 
and policies based upon public awareness in this manner [92]. Financial incentives such as 
taxes, subsidies, tradable permits, and rewards do not usually require as much enforcement 
as regulations [93], whereas it is a considerable procedure for encouraging the actors of the 
construction sector to opt for sustainable building design. Furthermore, it can be stated that 
improving cooperation among public bodies, universities, private enterprises, and nongov-
ernmental organizations can support the generalization of sustainable buildings. Finally, 
policies for efficient use of renewable energy technologies have to be implemented, wide 
range of innovative policy instruments ought to be developed, and the decisions made in the 
international meetings on environment must be complied with.

3. Conclusion

Today’s world is facing environmental, economic, and social problems. Many studies and 
researches in various sectors are being carried out to reduce these problems. Sustainable 
building design can be considered as a path of minimizing environmental, economic, and 
social problems in the construction sector. In this context, sustainable building design has 
to be contextualized properly. When reviewing the most recent interpretations of sus-
tainable building design in the literature, many uncertainties and constraints have been 
observed because of the inability to integrate the environmental, economic, and social 
aspects of sustainability. These uncertainties and constraints are tried to be solved in this 
study by developing a holistic conceptual scheme, which comprehensively contextualizes 
all the strategies, criteria, and procedures associated with the aspects of environmentally, 
economically, and socially sustainable building design. By this way, it is envisaged that this 
study can contribute to the improving literature on sustainable building design in terms of 
site efficiency, water efficiency, energy efficiency, material efficiency, resource efficiency, 
cost efficiency, health and well-being, and public awareness. Consequently, this scheme 
may be adopted as a guideline for the actors of the construction sector and the research-
ers and can help in promoting sustainable building practices in the construction sector. 
Furthermore, it is of vital significance to develop new laws and regulations, to improve 
government incentives, to study on new standards, to carry out scientific researches, and to 
conduct effective training programs.
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Abstract

Construction industry have several different sectors producing heterogeneous products, 
which are immobile, unique, heavy and large, complex, durable and costly. Site condi-
tions in a construction project can be unpredictable and unexpected natural events can 
negatively affect construction programs and schedules. Weather conditions constitute 
the most important and unpredictable handicap for the production process of construc-
tion. Construction projects usually executed over a long period and have large budgets. 
Because of this, demand for a construction project is volatile. Unpredictable site condi-
tions and demand volatility bring high level of risk. Because of this, risk management is 
very important in construction. Construction insurance, surety bonds, contracts and sub-
contracting are the main affective solutions for the risk management. This study consists 
of two main sections. In the first section, characteristics of construction industry defined 
in detail. Secondly, the importance of risk management evaluated. In the second section, 
the focus of the study is the evaluation of risk management studies in construction with 
a broad literature review of previous researches.

Keywords: construction industry, risk management, insurance, surety bond, contract, 
subcontract

1. Introduction

Construction industry is a sector, which, in many ways, different from all others fields of eco-
nomic endeavor. Loosely organized firms do non-repetitive work with handcraft methods, 
and use a contract system involving a serious of subcontractors. The products of the con-
struction industry are immobile, unique, heavy and large, complex, durable and expensive. 
Characteristics of products changes project to project. Construction products not only takes 
long time to produce, but also produced and coordinated on-site; and this requires different 
schedules, programs and temporary solutions for each project.
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Since, beginning with unpredictable site conditions and demand volatility, construction pro-
cess bring high level of risk, a careful management of risks is very important in construction. 
Risk management is not only important for successfully completing the production process in 
construction industry, but also for achieving sustainability. Sustainable construction defined as 
creating a healthy built environment based on ecologically sound principles, and aims to create 
and operate a healthy built environment based on resource efficiency and ecological design [1]. 
A careful risk management means an effective using the resources and responsible management 
of a healthy built environment based on ecologically sound principles. Success lies in the details 
mean in sustainable construction all details require a careful design and production management.

The objective of this study is emphasizing the importance of risk management and defining 
affective risk management tools in construction. This study consists of two main sections. In 
the first section, characteristics of construction industry and construction risks are defined in 
detail. In the second section, the importance of risk management in building construction and 
risk management tools are evaluated. In this section, the focus of the study is the evaluation of 
risk management studies with a broad literature review of previous researches.

2. Construction industry characteristics

Construction has many characteristics common to both service and manufacturing industries. 
Although, construction is more like a service industry in some ways, because it does not accu-
mulate significant amounts of capital when compared with industries such as steel, mining, 
transportation and petroleum; there are physical products, and often these are of overwhelm-
ing size, cost and complexity as the manufacturing industry. Success or failure in construction 
industry is by far more dependent on the qualities of its people than it is on technologies pro-
tected by patents out by the sheer availability of capital facilities as in service industries [2].

2.1. On-site production

In construction industry, the product is immobile and produced at the point of consump-
tion. Each project is site specific, produced and coordinated on-site, the contractor sets up the 
factory on-site. Besides, all the complexities inherent in different construction sites. Subsoil 
conditions, weather, surface topography, transportation, material supply, utilities and ser-
vices, local subcontractors, available technologies and labor conditions are an innate part of 
construction. Execution of the project is influenced by social, natural and other locational 
conditions such as weather, labor supply and local building codes. The anticipation of future 
requirements is inherently difficult, since the service life of a facility is long. Changes of design 
plans during construction are uncommon, because of technological complexity and market 
demands [3, 4]. In a construction project, since site conditions can be unpredictable, unex-
pected natural events can negatively affect construction programs and schedules. Weather 
conditions, for the production process of construction, are the most important and unpredict-
able handicap [5]. One of the two different side effects of weather conditions is unexpected 
changes in weather might stop, slow down or destroy production. Confining the production 
process to mild seasons is the other side effect of changes in weather. Construction activities 
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show a trend of seasonality, since it is difficult to execute outdoor activities in winter. Summer 
is the most active and highest season for all the projects in a contractor’s portfolio. Most of 
the production required to complete before winter, since winter is a problematic season [6].

2.2. Properties of the product

The product is changeable in construction industry. It is one-of-a-kind, large, complex, durable 
and long lasting. There may be big value differences among the products. Production depends 
on a project and construction projects typified by the non-standardized nature by their diversity 
and complexity. The construction process is sometimes subject to the influence of highly variable 
and unpredictable factors. Nearly every facility requires a long time to complete and custom 
designed and constructed. To some degree, each construction project is unique and two projects 
cannot be the same. The vagaries of the construction site and the possibilities for creative and 
utilitarian variation combine to make each construction project a new and different experience. 
Both the design and construction of a facility required to satisfy the conditions peculiar to a 
specific site [3, 4].

2.3. Uncertainty and high level of risk

Construction projects usually executed over a long period and have large budgets. In construc-
tion industry, demand is not regular; it is both seasonal and volatile. Construction industry is 
one of the industries, which is the most effected by the economic crisis. During economic cri-
sis, demand decreases. Because of this, demand for a construction project is volatile. Irregular 
demand in construction leads construction firms that have difficulty in keeping their overhead 
down in the case of low demand. In the case of high demand, responding to the load of irregu-
lar demand forces the contractor to search for other organizational forms than the traditional 
forms used in manufacturing [6]. It brings uncertainty in decision-making when different 
production methods required or the project executed in different parts of the country or the 
world. Different types of products, such as dam, highway and high-rise building, executed 
at the same time is a source of uncertainty. Every project requires different design study and 
production results, which brings both uncertainty and high level of risk.

2.4. Labor specialties

Construction is an industry that involves many different participants from different fields. 
Owner, design professional, contractor, subcontractors and material suppliers are vital ele-
ments of the construction project. A successful project can only achieved if interrelated roles 
of the participants coordinated effectively. During the life cycle of the project, beginning with 
the owner’s first contemplating a construction project to the completion, there are different 
types of works, vary in type and intensity, which makes the process complicated. A large num-
ber of labor specialties required in construction projects such as electrical installation, sanitary 
installation or thermal insulation. Cooperation of experts from different fields required, since 
most of these trades demand the knowledge and experience of experts and it is hard and 
long way for a contractor to gain this expertise through project experiences. When a problem 
arises, the solution will be different in a highway project, compared to a solution in a building 
project. Therefore, outside assistance is needed, such as consultants and subcontractors [6].
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Since, beginning with unpredictable site conditions and demand volatility, construction pro-
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sis, demand decreases. Because of this, demand for a construction project is volatile. Irregular 
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lar demand forces the contractor to search for other organizational forms than the traditional 
forms used in manufacturing [6]. It brings uncertainty in decision-making when different 
production methods required or the project executed in different parts of the country or the 
world. Different types of products, such as dam, highway and high-rise building, executed 
at the same time is a source of uncertainty. Every project requires different design study and 
production results, which brings both uncertainty and high level of risk.

2.4. Labor specialties

Construction is an industry that involves many different participants from different fields. 
Owner, design professional, contractor, subcontractors and material suppliers are vital ele-
ments of the construction project. A successful project can only achieved if interrelated roles 
of the participants coordinated effectively. During the life cycle of the project, beginning with 
the owner’s first contemplating a construction project to the completion, there are different 
types of works, vary in type and intensity, which makes the process complicated. A large num-
ber of labor specialties required in construction projects such as electrical installation, sanitary 
installation or thermal insulation. Cooperation of experts from different fields required, since 
most of these trades demand the knowledge and experience of experts and it is hard and 
long way for a contractor to gain this expertise through project experiences. When a problem 
arises, the solution will be different in a highway project, compared to a solution in a building 
project. Therefore, outside assistance is needed, such as consultants and subcontractors [6].
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2.5. Non-routine production system

Production process in construction industry is less amenable to routinize, because products 
have diverse characteristics and executed over a long period. A construction firm can execute 
different types of projects, all of which require different production schedules and systems all 
at the same time. Hence, this makes the decisions of labor and machinery investments uncer-
tain. Not only coordination of resources among different projects becomes a major problem, 
but also new schedules and programs are required for each new project. Since the industry 
requires short-term project objectives and flexibility, construction named a casual industry [6].

3. Method

The specific characteristics of construction industry make the production process risky. 
Construction projects are time-consuming and intricate undertakings. There are several phases 
requiring a diverse range of specialized services during a total development of a project. 
Beginning with the planning phase, the process continues passing typical jobs through succes-
sive and distinct stages to project completion. The project demand input from such disparate 
areas, such as governmental agencies, financial organizations, architects, engineers, lawyers, 
contractors, material manufacturers and suppliers, insurance and surety companies and build-
ing tradesmen [3]. These various parties from different fields have to work together in harmony 
for successfully completing the project. The high performance green building delivery system 
requires close collaboration among the parties, much more than in conventional construction 
delivery system [1].

This study focuses on risk management in construction through the view of sustainability. 
For this purpose, in the first place a broad literature review of previous studies completed. 
After evaluation of the previous studies, specific characteristics of construction industry iden-
tified. Since, the characteristic of the industry form the basics of risk management in construc-
tion industry, risks of construction industry are analyzed. In the last section, the study focuses 
on the four different tools of risk management in construction.

4. Risks of construction industry

Construction is often a hazardous undertaking work. Risk, as a multi-facet concept [11], is 
an uncertain event or condition [7] and can defined as the “probability that an adverse event 
occurs during a stated period of time” [8]. If risk occurs, it has either positive or negative effects 
on project objectives [7]. In the context of construction industry, according to Faber [9], it could 
be the likelihood of the occurrence of combination of events/factors or a definite event/factor, 
which occur during the whole process of construction to the detriment of project. Hertz and 
Thomas [10] defined construction risks as a lack of predictability about structure outcome or 
consequences in a decision or planning situation. It is the uncertainty associated with estimates 
of outcomes—there is a chance that results could be better than expected as well as worse than 

Sustainable Buildings - Interaction Between a Holistic Conceptual Act and Materials Properties52

expected [11]. A risk means, for a construction contractor, an event that will cause costs that 
were not planned and from which no profit will result [12]. Risk may result substantial cost 
and time overruns that are detrimental the project objectives, and inherent to any construction 
project. Arising from delays and additional costs in particular if it comes to public construction 
projects, not only could project owners [clients], construction contractors but also community 
at large suffer from losses. Not only the contractor, but also the client’s role can be critical 
to the success of construction projects [13]. Clients do not pay on time or dispute claims for 
change orders or file for bankruptcy. Contractors cannot or do not reduce fixed overhead fast 
enough in rough times or their cash runs short. Sometimes, subcontractors do not perform as 
required, or go broke [14]. It is a common fact among the participants within the construction 
industry continually faced with a variety of situation, involving many unknown, unexpected, 
frequently undesirable and often unpredictable factors [15].

The most common and well-known risks embedded in construction are the health and safety 
issues, delivery scheduling and aspects related to finances. The sector is full of risks that relate 
to planning, execution, communication and interaction with the surrounding society [16]. A 
primary classification of construction industry risks are natural and human risks. Natural risks 
occur outside human agencies or systems, while human risks arise within humanly organized 
systems. The sub categories of human risks relating to construction and project risks include 
social, political, economic, financial, legal, health, managerial, technical and cultural risks [8].

4.1. Natural risks of construction

4.1.1. Weather systems

Weather risks covers, adverse weather conditions, the probability of hurricane, typhoon, tor-
nado, flood, tidal wave and lightning strike [8]. If it rains for 2 months while the job is coming 
out of the ground, meeting the schedules can be impossible [14]. Pollution is a risk factor, 
because dust, harmful gasses, noise, solid and all of the liquid wastes are harmful to nature 
and affect final quality of the construction [17].

4.1.2. Geological systems

Geological risks covers, discrepancy in geology and topographic conditions, the proba-
bility of earthquake, volcanic eruption and geotechnical fault [8]. Physical risks, such as 
subsurface conditions, are among the geological system risks of construction. Subsurface 
condition, different from anticipated, can lead to excavation costs, which is greater than 
expected [12]. Although, geological investigation reports provide information on the type 
of soil that contractors can expect to deal with, the contractor still has to rely on experience 
of the relative occurrences of ‘adverse ground conditions’ among different soil types, site 
conditions and site history to make judgments about the risk of adverse ground condi-
tions on any site [18]. Site conditions, particularly subsurface conditions, can create an even 
greater degree of uncertainty for facilities with heretofore-unknown characteristics during 
operation [4]. Sometimes it can be possible that non-documented site conditions present 
themselves mid-project [14].
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Construction is often a hazardous undertaking work. Risk, as a multi-facet concept [11], is 
an uncertain event or condition [7] and can defined as the “probability that an adverse event 
occurs during a stated period of time” [8]. If risk occurs, it has either positive or negative effects 
on project objectives [7]. In the context of construction industry, according to Faber [9], it could 
be the likelihood of the occurrence of combination of events/factors or a definite event/factor, 
which occur during the whole process of construction to the detriment of project. Hertz and 
Thomas [10] defined construction risks as a lack of predictability about structure outcome or 
consequences in a decision or planning situation. It is the uncertainty associated with estimates 
of outcomes—there is a chance that results could be better than expected as well as worse than 
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expected [11]. A risk means, for a construction contractor, an event that will cause costs that 
were not planned and from which no profit will result [12]. Risk may result substantial cost 
and time overruns that are detrimental the project objectives, and inherent to any construction 
project. Arising from delays and additional costs in particular if it comes to public construction 
projects, not only could project owners [clients], construction contractors but also community 
at large suffer from losses. Not only the contractor, but also the client’s role can be critical 
to the success of construction projects [13]. Clients do not pay on time or dispute claims for 
change orders or file for bankruptcy. Contractors cannot or do not reduce fixed overhead fast 
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required, or go broke [14]. It is a common fact among the participants within the construction 
industry continually faced with a variety of situation, involving many unknown, unexpected, 
frequently undesirable and often unpredictable factors [15].
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occur outside human agencies or systems, while human risks arise within humanly organized 
systems. The sub categories of human risks relating to construction and project risks include 
social, political, economic, financial, legal, health, managerial, technical and cultural risks [8].
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4.1.1. Weather systems

Weather risks covers, adverse weather conditions, the probability of hurricane, typhoon, tor-
nado, flood, tidal wave and lightning strike [8]. If it rains for 2 months while the job is coming 
out of the ground, meeting the schedules can be impossible [14]. Pollution is a risk factor, 
because dust, harmful gasses, noise, solid and all of the liquid wastes are harmful to nature 
and affect final quality of the construction [17].

4.1.2. Geological systems

Geological risks covers, discrepancy in geology and topographic conditions, the proba-
bility of earthquake, volcanic eruption and geotechnical fault [8]. Physical risks, such as 
subsurface conditions, are among the geological system risks of construction. Subsurface 
condition, different from anticipated, can lead to excavation costs, which is greater than 
expected [12]. Although, geological investigation reports provide information on the type 
of soil that contractors can expect to deal with, the contractor still has to rely on experience 
of the relative occurrences of ‘adverse ground conditions’ among different soil types, site 
conditions and site history to make judgments about the risk of adverse ground condi-
tions on any site [18]. Site conditions, particularly subsurface conditions, can create an even 
greater degree of uncertainty for facilities with heretofore-unknown characteristics during 
operation [4]. Sometimes it can be possible that non-documented site conditions present 
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4.2. Human risks of construction

4.2.1. Social risks

This type of human risks covers criminal acts, such as sabotage and arson, civil torts, such as 
trespass, damage to fences, unauthorized graffiti and similar acts of vandalism, and substance 
abuse. While such indices are likely to result in the project proponent appearing as plaintiff or 
as witnesses for the prosecution, these can also lead to risks of counterclaims by the perpetra-
tors. Social risks in construction industry are becoming a more frequent occurrence on proj-
ects vulnerable to militant protest lobbies [8]. According to Chicken [19], social risks are one 
of the “soft” factors in risk management for major projects, largely because of the difficulty of 
dealing with them quantitatively.

4.2.2. Political risks

War, civil disorder, industrial relations action are among the political risks of construction. This 
type of risks can arise from actions of the organization’s government against other countries, 
such as trade embargoes. Another probability of political risks can arise from action within the 
home country, such as statutory amendments made to industrial relations legislation after a 
change in government [8]. Disapproval of the required project permits one of the other political 
and public risks [12]. According to Chicken [19], political risks are the other “soft” factors in risk 
management for major projects. Political risks are also defined by Ashley and Bonner [20] as 
foreign government interference with the normal conduct of business, and written mainly in the 
context of multinational construction firms and developers operating in foreign countries [8].

4.2.3. Economic risks

This type of risks can occur due to unexpected changes in supplying materials and labor, 
availability of equipment, inflation, tariffs, fiscal policies and exchange rates. Cost escalation 
is another economic risk of construction [12]. Warszawski [21] considered inflation as a risk 
factor for cost control, profit planning and other managerial decision-making aspects of con-
struction projects [8]. Economic conditions of the past decade have negative effect on the 
climate of uncertainty with high inflation and interest rates. The deregulation of financial 
institutions, related to the financing of construction, can cause unanticipated problems [4]. 
Inflation is an important risk factor, because the price of construction materials rises with 
inflation. Sometimes, inaccurate cost estimate, underestimation of construction costs due to 
lack of information [22], that when many unforeseen factors may occur in construction activi-
ties causing the estimated cost to deviate from the real cost is another risk factor. Long-term 
investment can be a risk factor, especially when the project delivery approach requires the 
contractor to make large endowments in advance [17].

4.2.4. Financial risks

This type of risks are about funding of the project and national and international impacts [23] can 
result unexpected changes in interest rates, credit ratings, capital supply, cash flows and rent-
als. Jaafari et al. [24] concluded at the end of their research that a prudent pre-construction risk 
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evaluation of the project in real life would have revealed its financial feasibility [8]. Sometimes 
the cost certain materials spikes unexpectedly. Other times, suppliers can cut off credit [14]. 
Unavailability of funds, which means client’s poor management of funding in the development 
of construction projects, is another risk factor [17].

4.2.5. Legal risks

Risk allocation through the contractual aspect of building procurement covers contract 
clauses, regulations, code and changed labor’s safety laws or regulations. Legal risks, since 
the processes and remedies of subcontractor default, are widely found in the construction 
contract literature [8]. Contractual risks, such as risks assigned by contract over which the 
contractor has no control, are among the legal risks [12]. Amphibious contract, which means 
when the clauses of the contract are hard to understand because of the loose or awkward way 
in which they written, is an another important risk factor. Governmental bureaucracy, which 
means excessive approval procedures in government departments, is another source of risk 
[17]. Since inability to know what will be required and how long it will take to obtain approval 
from the regulatory agencies, the environmental protection movement has contributed to the 
uncertainty for construction. When the problems continue, after re-evaluation of the prob-
lems, additional costs can occur. Public safety regulations, which have been most noticeable 
in the energy field involving nuclear power plants and coal mining, have similar effects. As 
projects move through the stages of planning to construction, new dimension of uncertainty is 
added, can make it virtually impossible to schedule and complete work at budgeted cost [4].

4.2.6. Health risks

A construction site is an environment vulnerable to viruses and infectious diseases. Health 
risks of construction are occurrence and impact of epidemic on construction projects [8]. 
Construction accidents resulting from operating errors or carelessness [22] and the occur-
rence of safety failures in construction forms an important health risk. When resulted with 
accidents, safety failures, may lead to surgeries, which is the other health risk category for 
construction projects.

4.2.7. Managerial risks

Inefficiency of owner supervisors, productivity of labor, productivity of equipment and labor 
disputes [23] can lead to problems with the productivity on-site, quality assurance, cost con-
trol and human resource management. Labor availability and labor productivity, strikes and 
safety risks, such as worker injury or an injury to a member of the public, are the other man-
agerial risks of construction [12]. Managerial strategies, which form managerial risks, can 
affect negatively or positively worker safety behavior and can make important contributions 
negatively or positively to occupational health and safety knowledge for construction [8]. 
Deregulation of safety, which means poor safety awareness of project managers and inac-
curate safety measures, is an important risk factor. On the other hand, lack of insurance, in 
other words, if major equipment and employees are not insured, it is another risk factor. 
Design variations, which may result from issues such as changes by the client or defective 
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evaluation of the project in real life would have revealed its financial feasibility [8]. Sometimes 
the cost certain materials spikes unexpectedly. Other times, suppliers can cut off credit [14]. 
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Risk allocation through the contractual aspect of building procurement covers contract 
clauses, regulations, code and changed labor’s safety laws or regulations. Legal risks, since 
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added, can make it virtually impossible to schedule and complete work at budgeted cost [4].
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A construction site is an environment vulnerable to viruses and infectious diseases. Health 
risks of construction are occurrence and impact of epidemic on construction projects [8]. 
Construction accidents resulting from operating errors or carelessness [22] and the occur-
rence of safety failures in construction forms an important health risk. When resulted with 
accidents, safety failures, may lead to surgeries, which is the other health risk category for 
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4.2.7. Managerial risks

Inefficiency of owner supervisors, productivity of labor, productivity of equipment and labor 
disputes [23] can lead to problems with the productivity on-site, quality assurance, cost con-
trol and human resource management. Labor availability and labor productivity, strikes and 
safety risks, such as worker injury or an injury to a member of the public, are the other man-
agerial risks of construction [12]. Managerial strategies, which form managerial risks, can 
affect negatively or positively worker safety behavior and can make important contributions 
negatively or positively to occupational health and safety knowledge for construction [8]. 
Deregulation of safety, which means poor safety awareness of project managers and inac-
curate safety measures, is an important risk factor. On the other hand, lack of insurance, in 
other words, if major equipment and employees are not insured, it is another risk factor. 
Design variations, which may result from issues such as changes by the client or defective 

Risk Management in Construction
http://dx.doi.org/10.5772/intechopen.76341

55



designs is another source of risk. Communication is very important for the sake of project, 
and poor communication, lack of effective communication among project partners can lead 
important problems. Theft is a risk factor, because employees can steal construction materials 
and equipment [17]. Organizational relationships are the other source of risk, since strained 
relationships may develop between various organizations involved in the design/construc-
tion process. When the problems occur, although the focus should be on solving the prob-
lems, discussions often center on responsibilities rather than project that needs at a time [4].

4.2.8. Technical risks

Late drawing and instructions, defective design, availability of resources, suitability of materi-
als, defective work [23] can result in design failure, equipment and systems failure, estimation 
error, collision and accident. Faulty design not detected by contractor in tendering process and 
contraction errors due to faulty design but not checked in time by contractor are among the 
other technical risks [22]. A project design that is not constructible, construction-related risks 
such as the inability of a subcontractor to perform, construction vehicle accidents are among 
the technical risks of construction [12]. Reworking or delay of work, poor workmanship of sub-
contractor and material overuse by subcontractor with poor technique or working habits are 
the other technical risks [22]. Lack of high-quality staff is a risk factor that poorly trained labor-
ers may lead to poor quality outcomes for the project. Defective construction materials that 
do not meet the building requirements are another risk factor [17]. Site location, and access, 
equipment and system failure, new technology failure, and collisions and accidents are the 
other technical risks. The risk associated with the introduction of new technology is an impor-
tant risk factor, particularly with regard to information technology and the building procure-
ment process. Construction technical risks can also be tracked from the bidding phase to the 
estimating process, and thus, to the planning and scheduling of a project [8]. The machinery 
break down is one of the essential technical risks inherent in all types of construction projects. 
The maintenance program, equipment life and haul road condition are the three input factors 
influence the probability of machinery breakdown. Cost overrun and project delay are the 
major negative impacts on project objectives are the results of machinery breakdown risk [22].

4.2.9. Cultural risks

This type of risks can occur when there are religion or/and cultural differences. Cultural issues 
can be relate to the risks of major international projects, but can also be found on home ground 
[8]. Liu et al. [25] intended to understand project risks as perceived by contractors from a 
perspective of culture how culture influences contractor’s risk management. According to 
their findings, project risks perceived and managed differently in different national cultures. 
Risks are extended when the host country cultures differs from a contractor’s expectation. 
International projects are inevitable that contractors could make effective plans to manage 
project risks, minimize the influences of cultural shock and develop a more realistic way of 
understanding and managing the differences. Where the host culture is similar to the contrac-
tor, risks are fewer and easier to manage than when the host culture is different [25].

The project success usually depends on the combination of all risks, although some of the 
individual risk factors may be more significant. Respond strategies used to mitigate risks 

Sustainable Buildings - Interaction Between a Holistic Conceptual Act and Materials Properties56

and a company’s ability to manage them is fundamental [26]. Sound management of risk is a 
crucial determinant of the success of a project due to an increased attention to the variations 
in actual quality, time and cost performance compared to the expected ones, as a consequence 
of a growing pressure on reducing time and costs. Carborne and Tippett [27] demonstrated 
that failure to deal with risk is one main cause for exceeding budget, falling behind schedules 
and missing performance targets.

5. Managing construction risks

Risk is difficult and inherent to deal with, and this requires, both of theoretical and practical 
meanings a proper management framework [11]. It has demonstrated that failure to deal with 
risk is one main cause for missing performance targets, exceeding budget and falling behind 
schedules [27]. According to Guofeng et al. [28] in construction industry, this situation is exac-
erbated because, project is characterized by long execution processes, huge investments, many 
resources and stakeholders and unstable economic and political environments bring a high 
level of complexity [29]. In responding the risks and uncertainty, Ranasinghe [30] showed that 
the engineering construction industry should not allocate contingency at a predetermined 
probability of success for global variables such as project cost or duration, but rather at the input 
level. A suitable predetermined probability of success value to allocate contingency at the input 
level is about 70% and with at least 70% probability of success for bill items, work package costs 
and durations, or activity costs and durations, then contingency available for project cost and 
duration can ensure a high probability of success in successful completion of the project [30].

In the past, claims for damages were regularly presented subject to the precondition that an 
actual or rather obvious damage or loss at the structure occurred. However, in the meantime 
the claim increasingly asserted in the case of defects that have not yet led to damage or loss at 
the structures [31]. In building construction projects, probability of risks is difficult to assess, 
since each project has unique characteristics. Buildings are too dissimilar and it makes impos-
sible to say what effect any one project will have on the firm providing it. It becomes easier 
to generalize about probabilities, when a series of building is repetitive [32]. The benefits of 
risk management are tremendous in construction projects. Risk management can improve 
the quality of cost estimate and decision-making, help projects completed on time and within 
budget, lower transaction costs and facilitate better risk allocation [33].

Risk management emphasized and implemented in construction projects, regardless of the 
project size to assure the achievement of project objectives; however, small projects are prone 
to more risks. Since, they face more challenges than large projects due to their innate char-
acteristics such as resource constraints, tight project schedule, competition and low profit 
margin, small projects should managed diligently to prevent schedule and cost overruns. The 
benefits of risk management in small project and the impact of risk management on project 
performance are different from those in larger projects. Actually, risk management imple-
mentation in small projects would bring about benefits that outweigh the costs in the end [33].

Project complexity, the property of a project which makes it difficult to understand, foresee, 
and keep under control its overall behavior, even when given reasonably complete information 
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designs is another source of risk. Communication is very important for the sake of project, 
and poor communication, lack of effective communication among project partners can lead 
important problems. Theft is a risk factor, because employees can steal construction materials 
and equipment [17]. Organizational relationships are the other source of risk, since strained 
relationships may develop between various organizations involved in the design/construc-
tion process. When the problems occur, although the focus should be on solving the prob-
lems, discussions often center on responsibilities rather than project that needs at a time [4].

4.2.8. Technical risks

Late drawing and instructions, defective design, availability of resources, suitability of materi-
als, defective work [23] can result in design failure, equipment and systems failure, estimation 
error, collision and accident. Faulty design not detected by contractor in tendering process and 
contraction errors due to faulty design but not checked in time by contractor are among the 
other technical risks [22]. A project design that is not constructible, construction-related risks 
such as the inability of a subcontractor to perform, construction vehicle accidents are among 
the technical risks of construction [12]. Reworking or delay of work, poor workmanship of sub-
contractor and material overuse by subcontractor with poor technique or working habits are 
the other technical risks [22]. Lack of high-quality staff is a risk factor that poorly trained labor-
ers may lead to poor quality outcomes for the project. Defective construction materials that 
do not meet the building requirements are another risk factor [17]. Site location, and access, 
equipment and system failure, new technology failure, and collisions and accidents are the 
other technical risks. The risk associated with the introduction of new technology is an impor-
tant risk factor, particularly with regard to information technology and the building procure-
ment process. Construction technical risks can also be tracked from the bidding phase to the 
estimating process, and thus, to the planning and scheduling of a project [8]. The machinery 
break down is one of the essential technical risks inherent in all types of construction projects. 
The maintenance program, equipment life and haul road condition are the three input factors 
influence the probability of machinery breakdown. Cost overrun and project delay are the 
major negative impacts on project objectives are the results of machinery breakdown risk [22].

4.2.9. Cultural risks

This type of risks can occur when there are religion or/and cultural differences. Cultural issues 
can be relate to the risks of major international projects, but can also be found on home ground 
[8]. Liu et al. [25] intended to understand project risks as perceived by contractors from a 
perspective of culture how culture influences contractor’s risk management. According to 
their findings, project risks perceived and managed differently in different national cultures. 
Risks are extended when the host country cultures differs from a contractor’s expectation. 
International projects are inevitable that contractors could make effective plans to manage 
project risks, minimize the influences of cultural shock and develop a more realistic way of 
understanding and managing the differences. Where the host culture is similar to the contrac-
tor, risks are fewer and easier to manage than when the host culture is different [25].

The project success usually depends on the combination of all risks, although some of the 
individual risk factors may be more significant. Respond strategies used to mitigate risks 
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and a company’s ability to manage them is fundamental [26]. Sound management of risk is a 
crucial determinant of the success of a project due to an increased attention to the variations 
in actual quality, time and cost performance compared to the expected ones, as a consequence 
of a growing pressure on reducing time and costs. Carborne and Tippett [27] demonstrated 
that failure to deal with risk is one main cause for exceeding budget, falling behind schedules 
and missing performance targets.

5. Managing construction risks

Risk is difficult and inherent to deal with, and this requires, both of theoretical and practical 
meanings a proper management framework [11]. It has demonstrated that failure to deal with 
risk is one main cause for missing performance targets, exceeding budget and falling behind 
schedules [27]. According to Guofeng et al. [28] in construction industry, this situation is exac-
erbated because, project is characterized by long execution processes, huge investments, many 
resources and stakeholders and unstable economic and political environments bring a high 
level of complexity [29]. In responding the risks and uncertainty, Ranasinghe [30] showed that 
the engineering construction industry should not allocate contingency at a predetermined 
probability of success for global variables such as project cost or duration, but rather at the input 
level. A suitable predetermined probability of success value to allocate contingency at the input 
level is about 70% and with at least 70% probability of success for bill items, work package costs 
and durations, or activity costs and durations, then contingency available for project cost and 
duration can ensure a high probability of success in successful completion of the project [30].

In the past, claims for damages were regularly presented subject to the precondition that an 
actual or rather obvious damage or loss at the structure occurred. However, in the meantime 
the claim increasingly asserted in the case of defects that have not yet led to damage or loss at 
the structures [31]. In building construction projects, probability of risks is difficult to assess, 
since each project has unique characteristics. Buildings are too dissimilar and it makes impos-
sible to say what effect any one project will have on the firm providing it. It becomes easier 
to generalize about probabilities, when a series of building is repetitive [32]. The benefits of 
risk management are tremendous in construction projects. Risk management can improve 
the quality of cost estimate and decision-making, help projects completed on time and within 
budget, lower transaction costs and facilitate better risk allocation [33].

Risk management emphasized and implemented in construction projects, regardless of the 
project size to assure the achievement of project objectives; however, small projects are prone 
to more risks. Since, they face more challenges than large projects due to their innate char-
acteristics such as resource constraints, tight project schedule, competition and low profit 
margin, small projects should managed diligently to prevent schedule and cost overruns. The 
benefits of risk management in small project and the impact of risk management on project 
performance are different from those in larger projects. Actually, risk management imple-
mentation in small projects would bring about benefits that outweigh the costs in the end [33].

Project complexity, the property of a project which makes it difficult to understand, foresee, 
and keep under control its overall behavior, even when given reasonably complete information 
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about the project system [34], can contribute toward the failure of projects, in terms of cost and 
time overruns. Qazi et al. [35] consider the decision problem of identifying critical risks and 
selecting optimal risk mitigation strategies at the commencement stage of a project, taking into 
account the utility function of the decision-maker with regard to importance of project objec-
tives and holistic interaction between project complexity and risk [35].

5.1. Construction insurance

Construction is hazardous and the risk is significant, injury to individual workers and dam-
age to property [14]. In any risk management program, insurance forms a major option to 
shift designated risks to a financially strong party, willing to assume some or all of the finan-
cial responsibility for the loss, for an agreed premium amount [2]. In construction industry, 
both the project owner and the contractor seek to control risk. One way project owners man-
age their risk requiring contractors to have certain types of insurance. Insurance protects con-
tractors against certain events. Since, builder’s risk insurance protects the owner, the general 
contractor, the subcontractors and the material suppliers against fire, theft and wind, while 
the facility is under construction; it is an “all risk” policy [12].

An insurance policy is a contract between the two parties and spells out obligations, respon-
sibilities, benefits available and policy exclusions [14]. Purchasing insurance, to cover specific 
events that would result in a loss if they occur, is the primary way to manage risks. When a 
key piece of equipment is lost and can cause the contractor additional unplanned costs, insur-
ance can cover the loss. If a contractor who owns and operates only one bulldozer, the loss 
of the bulldozer would be a risk that would put the contractor out of business. Insuring the 
bulldozer is a way for the contractor to manage that risk [12].

Odeyinka [36] identified the sources of insurable construction risks perceived to encounter 
in the Nigerian construction industry, and the types of insurance policy employed in manag-
ing them, examined how they managed through insurance premiums and investigated the 
effectiveness of the use of insurance. If there is any damage to the work, the risk bearing 
responsibility transferred to the insurance company by the contractor. The results of his study 
showed that great importance placed on-site security, construction risks, and health and wel-
fare requirements, and the use of an all-risk insurance policy is the most prominent method 
for managing the identified risks. He found a correlation between insured sum and actual 
replacement cost when there are losses or damages. All-risk policies cover all the risks in 
construction except those specified by exclusion clauses. Odeyinka [36] concluded that actual 
replacement cost had a significant relationship with the claim settled. He concluded also that 
there was a significant correlation between the actual cost of replacement and the claim settled 
and the use of insurance was effective in managing construction risks [36].

Song et al. [37] investigated the possibility of using insurance for alternative dispute-resolu-
tion implementation and then subjective loss to represent the risk-averse attitude of project 
participants and quantify the effect of alternative dispute-resolution implementation costs 
in monetary terms. One approach to reduce the negative influence of uncertain alternative 
dispute-resolution implementation costs is to structure and price potential financial conse-
quences of the cost losses as an insurance product. Thus, it becomes possible to transfer the 
risk of unexpectedly high alternative dispute-resolution costs from the project participant to 

Sustainable Buildings - Interaction Between a Holistic Conceptual Act and Materials Properties58

insurance company. The insurance company receives a premium that covers the company’s 
underwriting expenses and targeted profit, in return. However, the risk transfer process does 
not directly eliminate the possibility that a dispute will occur. Compared to the uneven occur-
rence of alternative dispute-resolution implementation costs in the traditional self-funded 
model, periodic payout of premiums helps maintain a stable cash flow and thus makes it 
easier to budget and plan for insurance expenditures. The risk transfer process reimburses 
any alternative dispute-resolution implementation costs associated with that dispute [37].

There are a number of the more common and usual types of insurance, of the general interest 
to owners, contractors, subcontractors, construction managers and design professionals.

5.1.1. Workers’ compensation insurance

This type of insurance designed to provide the statutory benefits required by state law to an 
employee hurt or killed because of employment [2]. This type of insurance protects workers, 
injured on the job, covering medical and hospitalization expenses, plus a percentage of the 
hourly wage during the time the employee out of work. The worker’s compensation insur-
ance protects contractor by limiting the workers’ remedy from the employer to the amount 
that covered by the worker’s compensation law [12]. Employers required by law, maintain 
statutory worker’s compensation insurance for their employees, and in exchange relieve of 
direct liability for an injured worker’s claims [14].

5.1.2. Employer’s liability insurance

They are the contractor safety programs that form another example of risk management. If 
the contraction company has a high accident rate, the company will have a high experience 
modifier rating. A high experience modifier rating increases the cost of worker’s compensa-
tion insurance and therefore makes the contractors less competitive. A good contractor works 
very hard at reducing the occurrence and severity of accidents [12].

5.1.3. Comprehensive general liability insurance

This type of insurance protects against third-party liability claims for property damage or 
personal injury that arise from the contractors’ operations and acts, and the operations of 
subcontractors or representatives and tailored to protect against other claims [14]. The basic 
policy endorsed to include coverage for contractor’s and owner’s protective insurance, prod-
ucts and completed operations, personal injury (libel, slander, etc.) blanket contractual and 
coverage for liability arising from the insured’s automobiles. This type of insurance is against 
liability imposed by law for negligent acts occurring in the conduct of the business, which 
result in bodily injury or damage to the property of others [2].

5.1.4. Contractual liability insurance

When the contractor assumes the legal liability of the owner, designer or other designated 
party, contractual liability insurance protects him. Since, the contractor is required to assume 
the potential liabilities of others, most contracts contain in some form of indemnification 
clause or hold-harmless provision [2].
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about the project system [34], can contribute toward the failure of projects, in terms of cost and 
time overruns. Qazi et al. [35] consider the decision problem of identifying critical risks and 
selecting optimal risk mitigation strategies at the commencement stage of a project, taking into 
account the utility function of the decision-maker with regard to importance of project objec-
tives and holistic interaction between project complexity and risk [35].

5.1. Construction insurance

Construction is hazardous and the risk is significant, injury to individual workers and dam-
age to property [14]. In any risk management program, insurance forms a major option to 
shift designated risks to a financially strong party, willing to assume some or all of the finan-
cial responsibility for the loss, for an agreed premium amount [2]. In construction industry, 
both the project owner and the contractor seek to control risk. One way project owners man-
age their risk requiring contractors to have certain types of insurance. Insurance protects con-
tractors against certain events. Since, builder’s risk insurance protects the owner, the general 
contractor, the subcontractors and the material suppliers against fire, theft and wind, while 
the facility is under construction; it is an “all risk” policy [12].

An insurance policy is a contract between the two parties and spells out obligations, respon-
sibilities, benefits available and policy exclusions [14]. Purchasing insurance, to cover specific 
events that would result in a loss if they occur, is the primary way to manage risks. When a 
key piece of equipment is lost and can cause the contractor additional unplanned costs, insur-
ance can cover the loss. If a contractor who owns and operates only one bulldozer, the loss 
of the bulldozer would be a risk that would put the contractor out of business. Insuring the 
bulldozer is a way for the contractor to manage that risk [12].

Odeyinka [36] identified the sources of insurable construction risks perceived to encounter 
in the Nigerian construction industry, and the types of insurance policy employed in manag-
ing them, examined how they managed through insurance premiums and investigated the 
effectiveness of the use of insurance. If there is any damage to the work, the risk bearing 
responsibility transferred to the insurance company by the contractor. The results of his study 
showed that great importance placed on-site security, construction risks, and health and wel-
fare requirements, and the use of an all-risk insurance policy is the most prominent method 
for managing the identified risks. He found a correlation between insured sum and actual 
replacement cost when there are losses or damages. All-risk policies cover all the risks in 
construction except those specified by exclusion clauses. Odeyinka [36] concluded that actual 
replacement cost had a significant relationship with the claim settled. He concluded also that 
there was a significant correlation between the actual cost of replacement and the claim settled 
and the use of insurance was effective in managing construction risks [36].

Song et al. [37] investigated the possibility of using insurance for alternative dispute-resolu-
tion implementation and then subjective loss to represent the risk-averse attitude of project 
participants and quantify the effect of alternative dispute-resolution implementation costs 
in monetary terms. One approach to reduce the negative influence of uncertain alternative 
dispute-resolution implementation costs is to structure and price potential financial conse-
quences of the cost losses as an insurance product. Thus, it becomes possible to transfer the 
risk of unexpectedly high alternative dispute-resolution costs from the project participant to 
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insurance company. The insurance company receives a premium that covers the company’s 
underwriting expenses and targeted profit, in return. However, the risk transfer process does 
not directly eliminate the possibility that a dispute will occur. Compared to the uneven occur-
rence of alternative dispute-resolution implementation costs in the traditional self-funded 
model, periodic payout of premiums helps maintain a stable cash flow and thus makes it 
easier to budget and plan for insurance expenditures. The risk transfer process reimburses 
any alternative dispute-resolution implementation costs associated with that dispute [37].

There are a number of the more common and usual types of insurance, of the general interest 
to owners, contractors, subcontractors, construction managers and design professionals.

5.1.1. Workers’ compensation insurance

This type of insurance designed to provide the statutory benefits required by state law to an 
employee hurt or killed because of employment [2]. This type of insurance protects workers, 
injured on the job, covering medical and hospitalization expenses, plus a percentage of the 
hourly wage during the time the employee out of work. The worker’s compensation insur-
ance protects contractor by limiting the workers’ remedy from the employer to the amount 
that covered by the worker’s compensation law [12]. Employers required by law, maintain 
statutory worker’s compensation insurance for their employees, and in exchange relieve of 
direct liability for an injured worker’s claims [14].

5.1.2. Employer’s liability insurance

They are the contractor safety programs that form another example of risk management. If 
the contraction company has a high accident rate, the company will have a high experience 
modifier rating. A high experience modifier rating increases the cost of worker’s compensa-
tion insurance and therefore makes the contractors less competitive. A good contractor works 
very hard at reducing the occurrence and severity of accidents [12].

5.1.3. Comprehensive general liability insurance

This type of insurance protects against third-party liability claims for property damage or 
personal injury that arise from the contractors’ operations and acts, and the operations of 
subcontractors or representatives and tailored to protect against other claims [14]. The basic 
policy endorsed to include coverage for contractor’s and owner’s protective insurance, prod-
ucts and completed operations, personal injury (libel, slander, etc.) blanket contractual and 
coverage for liability arising from the insured’s automobiles. This type of insurance is against 
liability imposed by law for negligent acts occurring in the conduct of the business, which 
result in bodily injury or damage to the property of others [2].

5.1.4. Contractual liability insurance

When the contractor assumes the legal liability of the owner, designer or other designated 
party, contractual liability insurance protects him. Since, the contractor is required to assume 
the potential liabilities of others, most contracts contain in some form of indemnification 
clause or hold-harmless provision [2].
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5.1.5. Professional liability insurance

This type of insurance protects architects and engineers from liability based upon professional 
errors or omissions in performing design, construction management or other services [2].

5.1.6. Builder’s risk insurance

The aim of this type of insurance is providing protection to the insured party or parties against 
physical damage. Destruction of the project or temporary buildings on the job site by external 
causes such as fire and storm, and the insurance should include not only physical damages, 
but also coverage for materials stored in transit to job site waiting for incorporation into the 
project [14]. Builder’s risk insurance is against the cost of damage of a physical nature to a 
building or other component of a construction project. This type of insurance covers material 
and equipment not yet incorporated into the work when located on site or in transit to the site. 
Generally it include the interests of the owner, the general contractor and material supplies [2].

5.1.7. The equipment floater policy

They protect damages to mobile and stationary construction equipment, which is not gener-
ally subject to vehicle registration. It is coverage for damage to the equipment whether located 
at the job site, in transit, or at the contractor’s yard, but not liability and property damage 
insurance for cars, trucks and other equipment subject to the motor vehicle licensing laws, 
since they covered under other liability policies [2].

5.1.8. Wrap-up insurance

This type of insurance is established by the owners to cover the owner, contractors, subcon-
tractors, construction managers and the designers. Basic policies generally cover comprehen-
sive general liability insurance, excess general liability, builder’s risk, worker’s compensation 
and occasionally errors and omissions insurance. Equipment floaters, and the deductible or 
self-insured retention and automobile liability insurance normally continue to be the respon-
sibility of the individual injured [2].

5.2. Construction surety bonds

A surety is a company that guaranties for a fee the obligations of one party to another party. 
When the surety, usually an insurance company, guaranties to a project owner that his contrac-
tor will perform as required by the construction contract between the owner and the contrac-
tor, this is a bond made in writing. The surety is obliged to the owner to see that the contract 
completed—up to the face amount of the bond, if the contractor defaults on his obligations 
under the construction contract [14]. Surety bonding is an effective risk mitigation approach to 
avoid the possible risk of contractor default, in the construction industry. The surety company 
carries the risk of contractor pre-qualification and quarantines the project completion accord-
ing to the contractual obligations, when a surety company agrees to bond a contractor for a 
construction project. The surety company, through a surety underwriter, conducts an evalua-
tion of the contractor to estimate contractor competency for performing a specific project [38].
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A construction owner is under the risk that the general contractor will not be able to complete 
the project on schedule, within budget, and in compliance with plans and specifications. It is 
the same for the general contractor; similarly, a general contractor runs the same risk against 
subcontractors. A surety bond is a financial instrument used to guarantee the completion of 
an obligation. The oblige turn to the bonding company, step in and, on behalf of the principal, 
accomplish the work according to contract terms, if the principal fails to perform [39].

Kangari and Bakheed [40] identified and classified quantitative and qualitative risk factors that 
impact construction bond underwriting, to improve the quality of the evaluation analysis and 
to reduce the highly unstructured environment and the subjectivity of the bond evaluation in 
underwriting. The objective of their paper was, based on a set of surveys and interviews with 
surety companies, to identify major factors impact surety-bond evaluation. The results showed 
that, contractor’s financial strength was the first important factor. The second one was contrac-
tors past experience or character attributes such as the quality of contractor’s people and their 
experience, contractors past work, contractor’s business plan and trust with agents. Contractor’s 
capacity, work schedule to analyze job’s consistency and potential project characteristics; and 
contractor’s continuity that came as the least important factor among the others [40].

There are three types of common and usual construction surety bonds of the general interest 
to owners, contractors and subcontractors.

5.2.1. Performance bonds

Construction surety bonds, for the performance of construction contract obligations that pro-
vide a third-party guarantee. Performance bonds are one of them that guarantee performance of 
contract obligations to the owner as set forth in the contract, but it is not insurance. The amount 
of the performance bond guaranteed to make available by the surety to complete the contract in 
the event of default by the contractor, which represents total contract price. The surety is obli-
gated either complete the work or to arrange with the owner to pay for the cost of completion of 
the work less, in the event of default [2].

5.2.2. Bid and proposal bonds

They provide guarantee for the contractor’s surety that the contractor contracts and provides 
required bonding if selected. If the bid or proposal is successful, surety remuneration comes 
from furnishing the performance and payment bonds and the contractor normally does not 
pay any premium for bid bonds [2].

5.2.3. Labor and material payment bonds

They provide prompt payment to all those furnishing labor and/or materials to the job. 
Although payment is made to the subcontractor by the general contractor, this type of clause 
cover unpaid bills to the same subcontractor [2]. This assures the owner that the vendors do 
not cause to place liens on his property [14].

In some circumstances, utilizing a combination payment and performance bond, under the 
amount of total contract price, can be preferred [2].
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5.1.5. Professional liability insurance

This type of insurance protects architects and engineers from liability based upon professional 
errors or omissions in performing design, construction management or other services [2].

5.1.6. Builder’s risk insurance

The aim of this type of insurance is providing protection to the insured party or parties against 
physical damage. Destruction of the project or temporary buildings on the job site by external 
causes such as fire and storm, and the insurance should include not only physical damages, 
but also coverage for materials stored in transit to job site waiting for incorporation into the 
project [14]. Builder’s risk insurance is against the cost of damage of a physical nature to a 
building or other component of a construction project. This type of insurance covers material 
and equipment not yet incorporated into the work when located on site or in transit to the site. 
Generally it include the interests of the owner, the general contractor and material supplies [2].

5.1.7. The equipment floater policy

They protect damages to mobile and stationary construction equipment, which is not gener-
ally subject to vehicle registration. It is coverage for damage to the equipment whether located 
at the job site, in transit, or at the contractor’s yard, but not liability and property damage 
insurance for cars, trucks and other equipment subject to the motor vehicle licensing laws, 
since they covered under other liability policies [2].

5.1.8. Wrap-up insurance

This type of insurance is established by the owners to cover the owner, contractors, subcon-
tractors, construction managers and the designers. Basic policies generally cover comprehen-
sive general liability insurance, excess general liability, builder’s risk, worker’s compensation 
and occasionally errors and omissions insurance. Equipment floaters, and the deductible or 
self-insured retention and automobile liability insurance normally continue to be the respon-
sibility of the individual injured [2].

5.2. Construction surety bonds

A surety is a company that guaranties for a fee the obligations of one party to another party. 
When the surety, usually an insurance company, guaranties to a project owner that his contrac-
tor will perform as required by the construction contract between the owner and the contrac-
tor, this is a bond made in writing. The surety is obliged to the owner to see that the contract 
completed—up to the face amount of the bond, if the contractor defaults on his obligations 
under the construction contract [14]. Surety bonding is an effective risk mitigation approach to 
avoid the possible risk of contractor default, in the construction industry. The surety company 
carries the risk of contractor pre-qualification and quarantines the project completion accord-
ing to the contractual obligations, when a surety company agrees to bond a contractor for a 
construction project. The surety company, through a surety underwriter, conducts an evalua-
tion of the contractor to estimate contractor competency for performing a specific project [38].
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A construction owner is under the risk that the general contractor will not be able to complete 
the project on schedule, within budget, and in compliance with plans and specifications. It is 
the same for the general contractor; similarly, a general contractor runs the same risk against 
subcontractors. A surety bond is a financial instrument used to guarantee the completion of 
an obligation. The oblige turn to the bonding company, step in and, on behalf of the principal, 
accomplish the work according to contract terms, if the principal fails to perform [39].

Kangari and Bakheed [40] identified and classified quantitative and qualitative risk factors that 
impact construction bond underwriting, to improve the quality of the evaluation analysis and 
to reduce the highly unstructured environment and the subjectivity of the bond evaluation in 
underwriting. The objective of their paper was, based on a set of surveys and interviews with 
surety companies, to identify major factors impact surety-bond evaluation. The results showed 
that, contractor’s financial strength was the first important factor. The second one was contrac-
tors past experience or character attributes such as the quality of contractor’s people and their 
experience, contractors past work, contractor’s business plan and trust with agents. Contractor’s 
capacity, work schedule to analyze job’s consistency and potential project characteristics; and 
contractor’s continuity that came as the least important factor among the others [40].

There are three types of common and usual construction surety bonds of the general interest 
to owners, contractors and subcontractors.

5.2.1. Performance bonds

Construction surety bonds, for the performance of construction contract obligations that pro-
vide a third-party guarantee. Performance bonds are one of them that guarantee performance of 
contract obligations to the owner as set forth in the contract, but it is not insurance. The amount 
of the performance bond guaranteed to make available by the surety to complete the contract in 
the event of default by the contractor, which represents total contract price. The surety is obli-
gated either complete the work or to arrange with the owner to pay for the cost of completion of 
the work less, in the event of default [2].

5.2.2. Bid and proposal bonds

They provide guarantee for the contractor’s surety that the contractor contracts and provides 
required bonding if selected. If the bid or proposal is successful, surety remuneration comes 
from furnishing the performance and payment bonds and the contractor normally does not 
pay any premium for bid bonds [2].

5.2.3. Labor and material payment bonds

They provide prompt payment to all those furnishing labor and/or materials to the job. 
Although payment is made to the subcontractor by the general contractor, this type of clause 
cover unpaid bills to the same subcontractor [2]. This assures the owner that the vendors do 
not cause to place liens on his property [14].

In some circumstances, utilizing a combination payment and performance bond, under the 
amount of total contract price, can be preferred [2].
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5.3. Construction contract

In the construction business, contracts are the vehicles used for the procurement of everything, 
both services and goods. A contract is an agreement between two parties that is enforceable by 
law, and protects parties such as contractors against risks. When the site subsurface conditions 
might not be exactly what the contractor anticipated or any changes in conditions occur, examin-
ing the contract language addressing these changes makes possible to protect against risks [12]. 
Successful project execution requires a proper contractual foundation and construction con-
tracts have a key role with fair, clear and comprehensive allocation of risks [23]. Construction 
contract risks are qualitative, based on analyst’s knowledge and experience of the risks and 
the process by which the analyst selects and organizes such knowledge and experiences into 
meaningful patterns [41]. Contracts for today’s extended and interconnected enterprise have 
growing importance. Contracts are management tools in terms of risk, opportunities for value 
creation, successful inter-firm collaboration, profitability and competitive advantage. Contracts 
can help enabling companies to share, minimize and manage risks; preventing problems; and 
keeping problems from developing into disputes. In a situation where a dispute is unavoidable, 
contracts provide evidence of what agreed and an effective means to control and resolve dispute 
[42]. Many countries have develop standardized conditions contract to be used in construction 
projects. All contracts based on the general conditions of contract that formalize risk allocation 
in Sweden. They assign liabilities and responsibilities of each contracting party regarding job 
performance, organization, timeframes, guaranties, insurances, errors and payments [43].

5.3.1. Basic requirements for an effective risk management in the content of contract

Misunderstandings, delays, claims or disputes can be unexpected losses or other nega-
tive outcomes of contracts. Including goodwill and reputation a lot is at stake and con-
tract disputes are expensive. If contracts fail, business performance will suffer, in terms 
of money, management and staff time that used for productive work. Language risks and 
contract wording is one of the sources of contract risk. The parties seldom concur on the 
terms of agreement, what those terms mean, when a dispute arises. Perceptions, growing 
complexity and communication failures are the other sources of contract risks and help to 
understand the true causes of contract risk. Contracts are a record of what agreed and com-
municate the deal and its terms clearly, so that future disputes over their meaning avoided. 
Gaps in the contracting process or lack of contract management are the next contractual 
risk. When several organizations and supply chain are added, the process becomes more 
complex and delivering the promises made in documents is not easy [42].

According to Rahman and Kumaraswamy [44], appropriate, clear and equitable conditions of 
contract are invaluable for successful projects. Appropriate contract conditions are important 
to meet the specific requirements and objectives of the project. Contract conditions should be 
clear to define the rights and duties of project participants and unequivocally allocate risks or 
future uncertainties to the different contracting parties. Contract conditions also expected to 
be equitable, apart from merely following the often-espoused principle of assigning the risks 
to those best equipped to deal with them [44].

Since any construction project involves risk, eliminating all the risks associated with a spe-
cific project is impossible. Regulating the risk allocated to different parties and then properly 
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managing the risk is all that done. The language of the construction contract can achieve this. 
Serving as a framework between the parties to establish which one has assumed which risk is 
one of the objectives of the contract. Risk sharing or risk shifting decisions made within the con-
text of the contracting policy an owner [45]. Construction contracts not only serve as a means 
of pricing construction, they also structure the allocation of risk to the various parties involved.

5.3.2. Risk management with contract types

In a lump-sum contract [single fixed-price contract], all risks removed from the owner and 
assigned to the contractor [4] and the contractor entitled to a fixed amount of payment from 
the owner. It believed that lump-sum contracts can make the contractor accountable for all 
cost overruns and thus gives the contractor the strongest incentive to improve efficiency [46]. 
Under unit-price contracts, the contractor, in the absence of changes or impacts unforeseen by 
either party, takes all of the construction risk [2] and follow a strict sequential planning and 
design, procurement [tendering or bidding] and construction [23]. The risk of inaccurate esti-
mation of uncertain quantities for some key tasks removed from the contractor in a unit-price 
contract [4]. Although the contractor may pass on much of the risk to lower tier specialty con-
tractors when feasible, usually bears the economic risk of unusual weather conditions, strikes 
or other external factors that influence a contractor’s cost, but which may not be directly 
under its control [2]. In a cost plus fixed percentage contract, the owner sometimes forced to 
assume all risks of cost overruns, especially types of construction involving new technology 
or extremely pressing needs. Under cost plus fixed fee contract, the owner assumes the risks of 
direct job cost overrun, while the contractor may risk the erosion of its profits if the project 
dragged on beyond the expected time. In cost plus variable percentage contract, the contractor 
takes the risk on its own estimate, agreeing to a penalty if the actual cost exceeds the estimated 
job cost, or a reward if the actual cost is below the estimated job cost. Cost plus variable per-
centage contract allocates considerable risk for cost overruns to the owner. Under guarantied 
maximum cost contract the contractor takes all the risks, both in terms of actual project cost and 
project time [4]. In this types of contracts, although the contractor may bear risks for items 
not under his control, eliminated the risk inherent in lump sum contracting as a trade-off for 
a lower guarantied fee [2]. There are possible options for improved contracting methods and 
better risk allocation processes such as collaborating/alliances, risk sharing/reward systems, 
incentive-based contracts and others. Target cost contracts are one of the construction contracts, 
often practiced in the projects with a high level of risk [47].

5.3.3. Various dimensions of contract risk management

Since the owners interested in knowing which risk factors will generate significant impacts 
on the projects, the identification of risks is a significant test for all major contracting parties 
across all building and civil engineering projects [47]. Risk allocation is the definition and divi-
sion of responsibility associated with a possible future loss or gain and its objective is seeking 
to assign responsibility for a variety of hypothetical circumstances, if the project does not 
proceed as planned. Risk allocation is a part of risk management strategy, through the con-
tractual documents. The owner generally has a tendency to pass the responsibility for most of 
the risks to the contractor contractually, under traditional procurement processes. A contract 
indicates willingness of the contractor for undertaking the work and his accepting both the 
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5.3. Construction contract

In the construction business, contracts are the vehicles used for the procurement of everything, 
both services and goods. A contract is an agreement between two parties that is enforceable by 
law, and protects parties such as contractors against risks. When the site subsurface conditions 
might not be exactly what the contractor anticipated or any changes in conditions occur, examin-
ing the contract language addressing these changes makes possible to protect against risks [12]. 
Successful project execution requires a proper contractual foundation and construction con-
tracts have a key role with fair, clear and comprehensive allocation of risks [23]. Construction 
contract risks are qualitative, based on analyst’s knowledge and experience of the risks and 
the process by which the analyst selects and organizes such knowledge and experiences into 
meaningful patterns [41]. Contracts for today’s extended and interconnected enterprise have 
growing importance. Contracts are management tools in terms of risk, opportunities for value 
creation, successful inter-firm collaboration, profitability and competitive advantage. Contracts 
can help enabling companies to share, minimize and manage risks; preventing problems; and 
keeping problems from developing into disputes. In a situation where a dispute is unavoidable, 
contracts provide evidence of what agreed and an effective means to control and resolve dispute 
[42]. Many countries have develop standardized conditions contract to be used in construction 
projects. All contracts based on the general conditions of contract that formalize risk allocation 
in Sweden. They assign liabilities and responsibilities of each contracting party regarding job 
performance, organization, timeframes, guaranties, insurances, errors and payments [43].

5.3.1. Basic requirements for an effective risk management in the content of contract

Misunderstandings, delays, claims or disputes can be unexpected losses or other nega-
tive outcomes of contracts. Including goodwill and reputation a lot is at stake and con-
tract disputes are expensive. If contracts fail, business performance will suffer, in terms 
of money, management and staff time that used for productive work. Language risks and 
contract wording is one of the sources of contract risk. The parties seldom concur on the 
terms of agreement, what those terms mean, when a dispute arises. Perceptions, growing 
complexity and communication failures are the other sources of contract risks and help to 
understand the true causes of contract risk. Contracts are a record of what agreed and com-
municate the deal and its terms clearly, so that future disputes over their meaning avoided. 
Gaps in the contracting process or lack of contract management are the next contractual 
risk. When several organizations and supply chain are added, the process becomes more 
complex and delivering the promises made in documents is not easy [42].

According to Rahman and Kumaraswamy [44], appropriate, clear and equitable conditions of 
contract are invaluable for successful projects. Appropriate contract conditions are important 
to meet the specific requirements and objectives of the project. Contract conditions should be 
clear to define the rights and duties of project participants and unequivocally allocate risks or 
future uncertainties to the different contracting parties. Contract conditions also expected to 
be equitable, apart from merely following the often-espoused principle of assigning the risks 
to those best equipped to deal with them [44].

Since any construction project involves risk, eliminating all the risks associated with a spe-
cific project is impossible. Regulating the risk allocated to different parties and then properly 
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managing the risk is all that done. The language of the construction contract can achieve this. 
Serving as a framework between the parties to establish which one has assumed which risk is 
one of the objectives of the contract. Risk sharing or risk shifting decisions made within the con-
text of the contracting policy an owner [45]. Construction contracts not only serve as a means 
of pricing construction, they also structure the allocation of risk to the various parties involved.

5.3.2. Risk management with contract types

In a lump-sum contract [single fixed-price contract], all risks removed from the owner and 
assigned to the contractor [4] and the contractor entitled to a fixed amount of payment from 
the owner. It believed that lump-sum contracts can make the contractor accountable for all 
cost overruns and thus gives the contractor the strongest incentive to improve efficiency [46]. 
Under unit-price contracts, the contractor, in the absence of changes or impacts unforeseen by 
either party, takes all of the construction risk [2] and follow a strict sequential planning and 
design, procurement [tendering or bidding] and construction [23]. The risk of inaccurate esti-
mation of uncertain quantities for some key tasks removed from the contractor in a unit-price 
contract [4]. Although the contractor may pass on much of the risk to lower tier specialty con-
tractors when feasible, usually bears the economic risk of unusual weather conditions, strikes 
or other external factors that influence a contractor’s cost, but which may not be directly 
under its control [2]. In a cost plus fixed percentage contract, the owner sometimes forced to 
assume all risks of cost overruns, especially types of construction involving new technology 
or extremely pressing needs. Under cost plus fixed fee contract, the owner assumes the risks of 
direct job cost overrun, while the contractor may risk the erosion of its profits if the project 
dragged on beyond the expected time. In cost plus variable percentage contract, the contractor 
takes the risk on its own estimate, agreeing to a penalty if the actual cost exceeds the estimated 
job cost, or a reward if the actual cost is below the estimated job cost. Cost plus variable per-
centage contract allocates considerable risk for cost overruns to the owner. Under guarantied 
maximum cost contract the contractor takes all the risks, both in terms of actual project cost and 
project time [4]. In this types of contracts, although the contractor may bear risks for items 
not under his control, eliminated the risk inherent in lump sum contracting as a trade-off for 
a lower guarantied fee [2]. There are possible options for improved contracting methods and 
better risk allocation processes such as collaborating/alliances, risk sharing/reward systems, 
incentive-based contracts and others. Target cost contracts are one of the construction contracts, 
often practiced in the projects with a high level of risk [47].

5.3.3. Various dimensions of contract risk management

Since the owners interested in knowing which risk factors will generate significant impacts 
on the projects, the identification of risks is a significant test for all major contracting parties 
across all building and civil engineering projects [47]. Risk allocation is the definition and divi-
sion of responsibility associated with a possible future loss or gain and its objective is seeking 
to assign responsibility for a variety of hypothetical circumstances, if the project does not 
proceed as planned. Risk allocation is a part of risk management strategy, through the con-
tractual documents. The owner generally has a tendency to pass the responsibility for most of 
the risks to the contractor contractually, under traditional procurement processes. A contract 
indicates willingness of the contractor for undertaking the work and his accepting both the 

Risk Management in Construction
http://dx.doi.org/10.5772/intechopen.76341

63



controllable and uncontrollable risks. The principles behind the allocation in the documents 
of model or standard sets of general conditions have not clearly stated, although model or 
standard sets of general conditions of contract are available. Any problems can occur using 
any of the model or standard sets of general conditions of contract, if additional clauses affect-
ing risk applied to them. Moreover, in today’s high-risk scenarios and multiparty complex 
projects, the nature and extend of risks tend to be project specific that adoption of tailor-made 
contract strategies is more desirable [48]. According to Zaghloul and Hartman [45], with the 
absence of trust in business relationships, the success of any project or business relationship is 
always questionable. Their findings identify the relationship between trust and risk allocation 
practices in construction contracts. How a strong relationship can reduce the final cost of any 
specific project by improving the risk allocation method between the contracting parties [45].

The aim of the Chang’s [46] study is to make a case for the need of incorporating the conse-
quence of contract breakup into risk allocation decisions, and analyzed the modeling of the post-
contract hazard. A compelling reason for taking this factor seriously is that contract breakup 
may result in contracting parties incurring substantial additional costs. Although owners have 
a larger stake and hence have a stronger incentive to stay in the project; contractors’ staying in 
or leaving the project depend on their risk bearing capacity. Beginning with an analyzation of 
standard pain-gain sharing arrangement in construction contracts, Chang [46] found that tak-
ing no account of contract breakup hazards result in underuse of incentives. When the outturn 
cost also depends on the contractor’s effort high-powered incentives offered to the contractor 
when cost variations expected to be modest, contractor’s distaste for risk taking is low, and 
contractor’s disutility does not rise steeply. According to Chang [46], contract breakup potential 
is an important factor and incentives more intensively used to harness the contractor’s potential 
in cost reduction because the efficiency savings stimulated by stronger incentives can serve as a 
buffer for downside risks and thus reduce the expected loss of contract breakup [46].

Contract choice decisions are central to the management of risk and uncertainty. Chapman 
and Ward [49] indicated that the starting position has to be a best practice approach to risk 
management in terms of the whole project life cycle. Fully integrating a balanced incentive and 
risk sharing approach to contracting is of central concern for a successful risk management. 
A two-dimensional view of risk and uncertainty, a linked risk efficiency view of choices and 
addressing both expected outcomes and potential departures from expectations, is essential for 
this integration to work. A concern for all sources of uncertainty, including ambiguity and lack 
of knowledge and addressing dependence and feedback is essential for an effective contract 
choice decision. Clients need to choose an appropriate form of contract from available common 
options and facilitating appropriate choices usefully addressed within a balanced incentive and 
risk sharing contract framework. According to Chapman and Ward [49], comparative measure-
ment and related comparative assessment of assumptions is the key to effective choices. They 
indicated that the key overall conclusion is that full integration of contract choice decisions 
with a best practice approach to risk management is both practical and advantageous [49].

5.4. Subcontracting

Subcontracting is outsourcing a part of the job to another group and it is widely used in 
construction. Demand volatility, high level of risk and uncertainty are some special condi-
tions of construction industry that causes subcontracting and enables some advantages to 
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general contractor, even if the size of the firm and capacity of work increase. The construc-
tion industry traditionally uses the method of subcontracting to fulfill the need for flexibil-
ity and short-term project objectives. According to Eccless [5], since bounded rationality of 
the general contractor in highly uncertain conditions, market contracting is preferred over 
vertical integration [6]. Subcontracting is another form of risk management. There is a great 
risk for a company performing in construction industry; a contractor can reduce project risk 
by hiring qualified subcontractors. The cost may be increased, but an unqualified subcon-
tractor is a greater risk. The return justifies the cost by reducing the constructor’s exposure 
to risk [12].

Unstable market conditions are the overriding reason for general contractors to conduct trans-
actions with subcontractors, since subcontracting out work packages enables general contrac-
tors to be flexible in responding to potential market difficulties. The construction industry 
hosts an unstable and seasonal demand [i.e. market volatility] because construction firms 
to split into autonomous units and to rely on subcontractors to undertake some of the work 
packages. As construction firms prefer being flexible, general contractor-subcontractor rela-
tionship emerges as a rational response to the instability of demand in construction markets 
and to problems caused by seasonality. Uncertainty and asset specificity are the two dimen-
sions of general contractor-subcontractor transactions. Uncertainty in general contractor-sub-
contractor transactions can both stem from the nature of the construction process and from 
the potential partner’s performance during the course of the construction process. One of the 
sources causing uncertainty in the construction process is that construction operations carried 
out on sites, which present uncertainties regarding weather and soil conditions. Each project 
requires a new design and generates new production problems regarding the coordination 
and integration of the outputs of specialized task groups which carry out interdependent 
tasks; and the contracting system itself is a recipe for uncertainty since cost estimation is not 
an exact science are the other ones. General contractors and subcontractors also face difficul-
ties in assessing each other’s performance, which means poor performance on the part of 
either party, can have profound effects on the other one [50].

5.4.1. Importance of subcontracting in construction

Subcontracting is widely used much more extensively on housing and building construc-
tion projects than on engineering projects and industrial projects. Regardless of the general 
contractor’s skills, especially building projects, it is common for subcontractors [39] perform 
80–90% of the work. In spite of the benefits of subcontracting, there are some inherent risks. 
Quality is a critical issue and the cost of quality rectification problems is high. The contrac-
tor enters into contractual arrangements with the subcontractors in the traditional procure-
ment arrangement option. Coordinating and controlling the works to ensure that the project 
delivered to time, cost and quality targets are the responsibilities of contractor. It is more 
risky when the main contractor in managing subcontractors, especially where the value of the 
subcontractors’ work is significant in relation to the main contractor’s work. The main con-
tractor’s performance and reputation may depend on the performance of the subcontractors. 
The control and coordination of the subcontractors and their works become problematic, and 
could result in unsatisfactory project outcomes. In this context, the main contractor becomes a 
construction manager and need to have sufficient construction management skills [51].
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controllable and uncontrollable risks. The principles behind the allocation in the documents 
of model or standard sets of general conditions have not clearly stated, although model or 
standard sets of general conditions of contract are available. Any problems can occur using 
any of the model or standard sets of general conditions of contract, if additional clauses affect-
ing risk applied to them. Moreover, in today’s high-risk scenarios and multiparty complex 
projects, the nature and extend of risks tend to be project specific that adoption of tailor-made 
contract strategies is more desirable [48]. According to Zaghloul and Hartman [45], with the 
absence of trust in business relationships, the success of any project or business relationship is 
always questionable. Their findings identify the relationship between trust and risk allocation 
practices in construction contracts. How a strong relationship can reduce the final cost of any 
specific project by improving the risk allocation method between the contracting parties [45].

The aim of the Chang’s [46] study is to make a case for the need of incorporating the conse-
quence of contract breakup into risk allocation decisions, and analyzed the modeling of the post-
contract hazard. A compelling reason for taking this factor seriously is that contract breakup 
may result in contracting parties incurring substantial additional costs. Although owners have 
a larger stake and hence have a stronger incentive to stay in the project; contractors’ staying in 
or leaving the project depend on their risk bearing capacity. Beginning with an analyzation of 
standard pain-gain sharing arrangement in construction contracts, Chang [46] found that tak-
ing no account of contract breakup hazards result in underuse of incentives. When the outturn 
cost also depends on the contractor’s effort high-powered incentives offered to the contractor 
when cost variations expected to be modest, contractor’s distaste for risk taking is low, and 
contractor’s disutility does not rise steeply. According to Chang [46], contract breakup potential 
is an important factor and incentives more intensively used to harness the contractor’s potential 
in cost reduction because the efficiency savings stimulated by stronger incentives can serve as a 
buffer for downside risks and thus reduce the expected loss of contract breakup [46].

Contract choice decisions are central to the management of risk and uncertainty. Chapman 
and Ward [49] indicated that the starting position has to be a best practice approach to risk 
management in terms of the whole project life cycle. Fully integrating a balanced incentive and 
risk sharing approach to contracting is of central concern for a successful risk management. 
A two-dimensional view of risk and uncertainty, a linked risk efficiency view of choices and 
addressing both expected outcomes and potential departures from expectations, is essential for 
this integration to work. A concern for all sources of uncertainty, including ambiguity and lack 
of knowledge and addressing dependence and feedback is essential for an effective contract 
choice decision. Clients need to choose an appropriate form of contract from available common 
options and facilitating appropriate choices usefully addressed within a balanced incentive and 
risk sharing contract framework. According to Chapman and Ward [49], comparative measure-
ment and related comparative assessment of assumptions is the key to effective choices. They 
indicated that the key overall conclusion is that full integration of contract choice decisions 
with a best practice approach to risk management is both practical and advantageous [49].

5.4. Subcontracting

Subcontracting is outsourcing a part of the job to another group and it is widely used in 
construction. Demand volatility, high level of risk and uncertainty are some special condi-
tions of construction industry that causes subcontracting and enables some advantages to 
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general contractor, even if the size of the firm and capacity of work increase. The construc-
tion industry traditionally uses the method of subcontracting to fulfill the need for flexibil-
ity and short-term project objectives. According to Eccless [5], since bounded rationality of 
the general contractor in highly uncertain conditions, market contracting is preferred over 
vertical integration [6]. Subcontracting is another form of risk management. There is a great 
risk for a company performing in construction industry; a contractor can reduce project risk 
by hiring qualified subcontractors. The cost may be increased, but an unqualified subcon-
tractor is a greater risk. The return justifies the cost by reducing the constructor’s exposure 
to risk [12].

Unstable market conditions are the overriding reason for general contractors to conduct trans-
actions with subcontractors, since subcontracting out work packages enables general contrac-
tors to be flexible in responding to potential market difficulties. The construction industry 
hosts an unstable and seasonal demand [i.e. market volatility] because construction firms 
to split into autonomous units and to rely on subcontractors to undertake some of the work 
packages. As construction firms prefer being flexible, general contractor-subcontractor rela-
tionship emerges as a rational response to the instability of demand in construction markets 
and to problems caused by seasonality. Uncertainty and asset specificity are the two dimen-
sions of general contractor-subcontractor transactions. Uncertainty in general contractor-sub-
contractor transactions can both stem from the nature of the construction process and from 
the potential partner’s performance during the course of the construction process. One of the 
sources causing uncertainty in the construction process is that construction operations carried 
out on sites, which present uncertainties regarding weather and soil conditions. Each project 
requires a new design and generates new production problems regarding the coordination 
and integration of the outputs of specialized task groups which carry out interdependent 
tasks; and the contracting system itself is a recipe for uncertainty since cost estimation is not 
an exact science are the other ones. General contractors and subcontractors also face difficul-
ties in assessing each other’s performance, which means poor performance on the part of 
either party, can have profound effects on the other one [50].

5.4.1. Importance of subcontracting in construction

Subcontracting is widely used much more extensively on housing and building construc-
tion projects than on engineering projects and industrial projects. Regardless of the general 
contractor’s skills, especially building projects, it is common for subcontractors [39] perform 
80–90% of the work. In spite of the benefits of subcontracting, there are some inherent risks. 
Quality is a critical issue and the cost of quality rectification problems is high. The contrac-
tor enters into contractual arrangements with the subcontractors in the traditional procure-
ment arrangement option. Coordinating and controlling the works to ensure that the project 
delivered to time, cost and quality targets are the responsibilities of contractor. It is more 
risky when the main contractor in managing subcontractors, especially where the value of the 
subcontractors’ work is significant in relation to the main contractor’s work. The main con-
tractor’s performance and reputation may depend on the performance of the subcontractors. 
The control and coordination of the subcontractors and their works become problematic, and 
could result in unsatisfactory project outcomes. In this context, the main contractor becomes a 
construction manager and need to have sufficient construction management skills [51].
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General contractor-subcontractor transactions involve a ‘high human asset specific invest-
ment’ and high human asset specificity is a direct result of the production technology used in 
the construction process. Interdependence among work groups is high, and its predecessors 
in the construction process define the workplace of a group. General contractors and sub-
contractors restrict access to transaction relationships increases the frequency of transactions 
between existing parties and enables them to learn from one another to overcome problems 
caused by newness. Learning new roles, coordination problems, developing trust and com-
munication routes are some of these problems [50]. While main contractors do not depend on 
subcontracting alone, they support construction activities with their own resources, including 
equipment and labor. When the main contractors use their own resources, main contractors’ 
control of the overall quality of construction is vastly improved. The control will be more 
affective, when the employment is direct. Contractors may get a better quality job, by having 
direct control on work. There is a looser relationship between employer and employee in sub-
contracting, and the client and main contractor have very little control over who carries out 
the specialist work under a subcontract [52].

5.4.2. Managing construction risks with subcontracting

Subcontracting is another way of managing risks; however, arbitrary passing down risk can 
create problems, relating to unequal risk allocation. Sometimes, risks not allocated to the 
party in the best position to manage them. People have less decision power toward the end 
of the construction supply chain. Increased subcontracting enables the re-distribution of risks 
between a numbers of subcontractors. In this process, rather than formal quantification and 
evaluation, perceptions of risk play an important role in determining the allocation of risk 
between contractual parties [53].

Mbachu [54] analyzed the various ways in which the subcontractor could contribute to the 
contractor’s payment risks and cash flow problems. The results showed that cost management 
and subcontractor project implementation were the two broad classifications of risk sources. 
The key issues related to a lack of risk management and administration skills were the results 
of the evaluation of the various risk factors attributed to the subcontractor have cost manage-
ment issues. Poor productivity, poor documentation and taking too many jobs at the same 
time were the three subsets of risk factors under the subcontractor’s project implementation 
role. The major solution overcoming these problems was that using head contractor his/her 
key skills in risk management, administration and coordination to assist the subcontractor in 
overcoming these problems [54].

Risk commonly transferred to the subcontractor in the construction industry. According to 
Arditi and Chotibhongs [39], broad form indemnity, which entirely relieves the general con-
tractor and/or owner from covering losses related to the subcontractor’s performance of work, 
regardless of the cause or type of risk is the least balanced approach for a subcontractor. 
The additional insured endorsement is another risk, which is independent, but can have the 
same effect. The owner and/or general contractor named as insured under the subcontractor’s 
commercial general liability policy. The waiver of subrogation is a third method of risk trans-
fer that makes the subcontractor responsible for losses controlled by other parties. Signing a 
waiver, asked by the general contractor and/or owner, protects the subcontractor’s insurance 
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carrier from making any claim to recover funds from the general contractor that the carrier 
paid out to cover a loss [39].

6. Conclusion

The construction industry has a dynamic, challenging and high risky business environment. 
Since the characteristics of the industry is specific and resources used for the production are 
diverse and at a high rate, the process directly related with sustainability. Sustainable devel-
opment movement has evolved worldwide for almost two decades and caused significant 
changes in construction delivery systems. Since sustainable development requires an affec-
tive and carefully consuming the resources of the earth, an effective risk management is a 
key for achieving sustainability in construction projects, in particular building projects, not 
only to secure work, but also to make profit. In construction industry, uncertainty contributes 
to most of the problems related to contractual, client and commercial issues. Construction 
projects are prone to more risk and uncertainty than any other industries, such as produc-
tion or service industries. Sometimes lack of close collaboration among the stakeholders can 
enough to lead higher levels of risk for success of the project. A collection of different risk fac-
tors occurs for risk management consideration by the Construction Company or contractor. 
Uncertainty may lead to changes in the performance of the task relating to productivity, work 
method, supply and quality of labor and materials can affect the construction projects’ time 
and/or cost. It is possible that sometimes uncertainty can lead to the inflated prizing or the 
deflated pricing in the tendering phase. There are different tools to manage risks of construc-
tion. A construction company with a well-prepared contract can overcome the difficulties 
of uncertainty and achieve low cost by optimizing the cost effectiveness of risk allocation. 
Construction insurance, surety bonds and subcontracting are the other main affective solu-
tions for the risk management in building construction projects.
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of uncertainty and achieve low cost by optimizing the cost effectiveness of risk allocation. 
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Abstract

The air flow between building interior and the courtyard to form via natural convection
in hot-dry climatic regions are achieved with the help of wind pressure in other warm-
humid and hot-humid climatic areas. Therefore, it is necessary to take into consideration
and to humid other openings of the building which might change the effectiveness of the
air movement to form due to wind effect in courtyard buildings. Therefore, wind tunnel
experimental ways were developed and examined first in this study for the purpose of
gaining knowledge on the effect of the wind on the cooling load of the atrium and
courtyard buildings, and information to allow pre-estimation of the air flow to take
place at the surface openings of such structures. Since numerical methods would not be
enough alone in particular with regard to the wind, the planned study on the models
was realized via the experimental method in a wind tunnel; and also Computational
Fluid Dynamics numerical analyses were realized. This is a wind tunnel experimental
study for the investigation of various architectural solutions for better cooling and
ventilation through examination of the air flow passing through the surface openings
of courtyard structures and for revelation of the effects of those results on the cooling
and ventilation load. In this context, a courtyard building model was made to experi-
ment on. Example courtyard building models were acquired by modifying various
parameters (courtyard and gap area rates) to assess the test data from the boundary
layer wind tunnel of wind-supported natural ventilation event of the example model
courtyard structure used in the study.

Keywords: air movement, building openings, building with courtyards, natural
ventilation, passive cooling, wind effects, wind velocity, wind tunnel, building facade
design, building facade voids position, numerical analysis, computational fluid
dynamics

1. Introduction

Architects and city planners are in general held liable for production of the plan and for
coordination of the project and some vital inputs are acquired from consultants of other
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disciplines [1]. Planners and designers have, for centuries, considered wind or air flow as
innate data for construction of components at several levels which involve cities, regions and
countries [2]. Miscellaneous passive or natural air-conditioning methods taking advantage of
the wind are used by architects and city planners in order to reduce the costs of cooling in
territories with high temperatures [3]. As a passive air-conditioning medium, the moving air
may be precious for provision of ventilation within buildings, particularly when it comes to
hot and humid climates. The traditional courtyard building form entailed by climates which
are hot and dry ensures that air flow is due to wind pressure variations leading to some
natural ventilation [4–7].

Therefore, other openings of buildings which may cause a change on the efficacy of air move-
ments resulting from the wind effect in courtyard buildings should be a subject for thorough
study. There have been several studies, either numerical or experimental on the angle of
insulation for buildings with courtyards. Nevertheless, wind effects have served as subject to
a limited number of studies only. For instance, the wind attitude is to either flow over or circle
in the courtyard if buildings are adjacent forming an open courtyard in a settlement area. Area
of and openings position in courtyards in view of the wind (as well as openings width or
total width) constitute variables that influence qualitative and quantitative wind character in
courtyards [8, 9]. Outdoor layout and outdoor position have their effects on discomfort param-
eters for pedestrian spaces. The discomfort parameter is at its highest degree in areas subject to
wind and at a medium degree in areas that are fully closed or subject to wind from a single
direction [10–12]. Wind directions influence ventilation performance of buildings with court-
yards and weaken if those courtyards are located in perpendicular to the wind [13]. In case
buildings contain openings, openings in wind direction will cause highest speed of air flows as
a number of parallel experiments have confirmed [14]. Studies demonstrate in the courtyards
that maximum outdoor temperature is observed at noon time in summer of hot climates and
minimum outdoor temperature is experienced prior to sunrise.

Courtyard depth is an effective variable for control of those parameters in buildings without
openings [15–17]. The openings of buildings with courtyards on perpendicular areas, never-
theless, gain high significance particularly in hot/humid and moderate temperature/humid
climatic territories, a parameter that is not true in hot/dry climate areas. In this study we tried
to expound the effects of openings in the architecture of buildings with courtyards on airflow
velocity in those courtyards. The outcomes depend on not only scale tests in the wind tunnel
but also CFD numerical analysis.

2. Limitations and assumptions of the case study

2.1. Experimental process of the research project

Experimental studies have been made on 17 separate opening configurations on the façade of a
building not having (BSL-SUZ) openings on its mass that surrounds the courtyards preferred
as reference building. The building has been evaluated as two stories as its original scale,
whereby each storey has a height of 3.00 m, the external dimensions of the building are 14.00 �
14.00 � 6.00 m but courtyard dimensions are 6.00 � 6.00 � 6.00 m. 36 separate points of
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measurement have been determined on X and Y dimensions in the model courtyard; and
measuring profiles with 36 measurement points have been found on Z dimension at each point
of measurement.

The building model in relation to the courtyard is modular to allow observation of the ventila-
tion effects caused by the openings on the courtyard building. A reference model was made of
empty Plexiglas material with dimensions of 4.00 � 4.00 � 4.00 cm to allow 17 separate config-
urations for courtyards. The model dimensions are 28.00 � 28.00� 12.00 cm and dimensions for
the internal courtyard are 12.00 � 12.00 � 12.00 cm.

Figure 1. Appearance at ground floor plan level of the configuration for the courtyard with 17 different openings
experimented [10].
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The measuring axis perpendicular to the wind tunnel observation section “AB, B, C, D, E, F”
lateral surface was in the wind direction. The points of measurement “1, 2, 3, 4, 5, 6” were
placed on the axis perpendicular to the direction of the wind. At the courtyard, 36 points of
measurement in total have been set with distances of 2.00 cm between directions of the X and Y
axis. As to the points of measurement in dimension Z, profiles with 34 points of measurement
have been placed at differing intervals in a way to be closer to the ground, to the roof and the
opening edges that are to be organized on the model courtyard surfaces (Figures 1–3). At each
measurement profile, nine points of measurement from 0 to 4 cm have been set at 0.5 cm
intervals; 6 of them were placed at 1.00 cm intervals in the section as far as the following
10.00 cm; 14 have been placed at 0.5 cm intervals through the area between 10.00 and 17.00 cm;
and another out-of-the-model 5 between 17.00 and 22.00 cm.

Figure 2. The wind velocity and air flow characteristics of courtyard options between BSL-SUZ-BSL-4 at 0.25H plane.
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2.2. Modeling and simulation in numerical analysis

Computational Fluid Dynamics have been utilized in prediction of the transfer of convective
heat on the exterior of building surfaces [13–15]. The main advantages of CFD in this practice
has been that: (1) it allows for analysis of a specific and complex building or building config-
uration; (2) it provides high data on spatial resolution; (3) it makes consideration of high
Reynolds number flows for atmospheric conditions possible and (4) it makes information on
the flow as well as the thermal areas available in detail.

Those former studies made possible the analysis in detail of: the Correlation over building
surfaces of the distribution of the Heat Transfer Factor; the effect of turbulence in addition to
the wind direction; correlation with various reference wind velocities; the thermal boundary
layer, etc. Nevertheless, we need to highlight some important limitations of the numerical

Figure 3. The wind velocity and air flow at 0.25H level for courtyard options between BSL-5-BSL-8.
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models applied, taking into consideration the building shell in assessment of thermal comfort
and energy performance of buildings with a courtyard, as also studied in CFD. The wall
section is made of several layers in various thicknesses and with miscellaneous physical
properties. The external surface is subject to solar radiation (Is), convection heat transfer
(qc,o) and an exchange of radiation from the sky (qr,o). The internal surface is affected by a
combination of convection and radiation heat transfer (qi) in turn being relevant directly to the
air-conditioning load necessary to preserve the inside design temperature (Tf,i). The following
assumptions have been utilized in formulating the mathematical model:

i. Lack of heat generation.

ii. Fine contact of layers, resulting in interface resistance being negligible.

iii. Negligible variation of thermal properties.

iv. Relatively small thickness of composite roof in comparison to other dimensions. One-
dimensional temperature variation has been thus assumed.

v. Constant convection factor based on the heat flow direction and daily average of wind
velocity.

Taking as a basis the aforementioned assumptions,

Reynolds number:

Air intensity r = 1225 kg/m3

Wind speed (average) V = 30 m/s

Dynamic viscosity μ = 1.7894e-05 kg/(m�s)
Building Length D = 14 m

Reynolds number has been found 28,75.106 in view of the reference values. The flow has
turbulence since the value is greater than 106.

Mach number:

ð1Þ

Sound velocity c ≈ 340 m/s

Wind velocity (average) V = 30 m/s

Mach number has been found as 0.09 in view of the reference values. Because the value is
smaller than 0.3, the flow has been deemed incompressible.

Furthermore, because the properties at any point within the flow do not vary in time, the flow
is defined as perpetual. According to those results, the flow is:

• incompressible,

• with turbulence

Sustainable Buildings - Interaction Between a Holistic Conceptual Act and Materials Properties78

• perpetual

• realized in 3 dimensions (x,y,z cartesian coordinate system).

Preservation equations

ð2Þ

Perpetuity equation: (for perpetual flow)(for incompressible flow)

ð3Þ

ð4Þ

ð5Þ

Momentum Equation:

ð6Þ

in case of constant intensity and viscosity in Newtonian flow (because the air is Newton type
fluid): the flow is perpetual and gravity acts in negative z direction turning the equation into:

ð7Þ

2.3. Boundary conditions

Entering right boundary conditions in CFD is highly important to solve equations correctly.
Those conditions having being determined, necessary surfaces should be designated before the
analysis process to read them for analysis and post-analysis. Fluids contacting to the solid
surface adheres to the surface due to viscose effect, and velocity is zero on the surfaces.
Consequently, those surfaces should, for correct solution, be determined in our model.
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The ground on which the fluid moves and the surfaces of the courtyard buildings being set as
Wall, non-slippery condition will be applied on those surfaces. Because the flow takes place
outdoors, Symmetry boundary condition will be selected for upper and lateral boundaries.

2.4. Modeling of courtyard configurations

Separate geometries were formed for each of the 17 different courtyard configurations in Fluent
Design Modeler. In choosing the control volume to be calculated, attention was paid to selec-
tion of a domain where all necessary geometric and flow properties can be captured. Sensitivity
was paid at a few important points for mesh and analysis in forming those geometries.

The first one of those is to make independent from the control volume the analysis in the
solution area to be formed around the building. Recommendations from some resources were
used to this end. It is generally recommended that if the height of the building is H and width
is W, then the control volume should be at least 5H in height and 10W in width, and 2H for
upward flow and 10H for the downward flow of the building. [Tutorials: Fluent Introduction -
Cell Zone and Boundary Conditions] Another recommendation suggests that the upward flow
value should be at least 5H and the downward flow value at least 15H [18].

An average interval was elected among those recommended values and the height of the
building which was designed in dimensions of 28.00 � 28.00 � 12.00 cm at the scale of 1/200
(H = 12 cm, W = 28 cm), was set 100 cm in height, 200 cm in width, 100 cm in upward flow and
200 cm in downward flow.

The second important point is that the geometry was divided into as many parts as possible to
increase the number of structural meshes in the mesh procedure. Although a structural mesh is
easier to approach a solution, they still are hard to shape in complex geometries. Therefore, the
geometry may require elimination of unnecessary details and division into an adequate num-
ber of smooth parts. In our model, the geometry was divided into an adequate number of parts
in view of the same. Furthermore, “form new part” option was used to define under a single
form to allow mesh element nodes capturing each other among respective parts.

3. Evaluation of the experimental and numerical simulation data

Surroundings suitable for people’s comfort conditions may vary in view of the environmental
conditions within and outside of the building as well as user’s age, gender, metabolism level
and clothing. Human body not only can produce heat through the metabolism but also con-
sumes the heat it has produced as a result of its actions. Creation of environments suitable for
all kinds of climatic comfort conditions should considered as an objective in architectural
designs in view of all these conditions. Openings at different ratios and locations on the
building surface have been considered for comfortable ventilation and cooling in buildings
with a courtyard, an indispensable architectural feature particularly for hot-dry climatic zones,
if used in other climatic zones. And drawing from that central idea of this study, which was first
to experimentally investigate to what extent such openings are effective in terms of climatic
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comfort and then to serve as a background for a more comfortable environment through
comparison of achieved findings; the information from the measurements in the existing wind
tunnel and the data from the analyses with CFD were examined and interpreted in detail.

With the experimental study; it was aimed to find out the effect on velocity profiles of the rates of
opening placed on the building surface, the effects of the flow types on turbulence, and the comfort
conditions that can be deducted from human-climate data. The results of the measurements were
compared via charts to the average velocity and turbulence values gained from measurements at
heights of 0.00H–0.25H–0.50H–0.75H–1.00H–1.25H–1.50H–1.75H at 36 different pre-set points
within the courtyard in the pre-set courtyard building configuration with 17 different openings.
All openings were opened at ground floor level and the BSL-SUZ configuration accepted as
reference building consists of a total of 40 4.00*4.00*4.00 cm boxes on ground floor level.

The opening rates on the courtyard building models with experimented 17 different openings
are as follows. Openings were formed at a rate of 1/20 of the total ground floor area for BSL1,
at a rate of 1/10 of the total ground floor area for BSL2, at a rate of 3/20 of the total ground floor
area for BSL3, at a rate of 1/5 of the total ground floor area for BSL4, at a rate of 1/4 of the total
ground floor area for BSL5, at a rate of 3/20 of the total ground floor area for BSL6, at a rate of
1/5 of the total ground floor area for BSL7, at a rate of 1/10 of the total ground floor area for
BSL8, at a rate of 1/20 of the total ground floor area for BSL9, at a rate of 1/10 of the total
ground floor area for BSL10, at a rate of 3/20 of the total ground floor area for BSL11, at a rate
of 3/20 of the total ground floor area for BSL12, at a rate of 1/5 of the total ground floor area for
BSL13, at a rate of 1/5 of the total ground floor area for BSL14, at a rate of 3/10 of the total
ground floor area for BSL15, at a rate of 2/5 of the total ground floor area for BSL16 (Figure 1).

Although the opening rates of some courtyard building configurations are of the same value,
the air velocity and turbulence values within the courtyard were found at different levels. The
reason why different values have been found is the position to the wind and opening dimen-
sions rather than same opening rates.

In BSL-SUZ courtyard building configuration, the average wind speed in the courtyard is
1.50 m/s. While turbulence values were between approximately 50 and 60% as far as 1.25H
level, they have showed a decrease after 1.25H level. Although turbulence values exhibit an
unstable appearance going up and down at 0.25H level, high turbulence values have been
reached at other levels.

The opening rate at BSL-1-BSL-9 courtyard building configurations is 1/20. It has been seen
upon comparison of the velocity values in BSL1 configuration and the values in the configura-
tion of BSL-SUZ, the reference building, that velocity values in the courtyard show an increase.
The average velocity in reference building courtyard H height is 1.50 m/s compared to BS1,
which rises to 2.50 m/s. As to the windward points with opening, that rate reaches values of
4.50–5.00 m/s. Laminar flow type has been observed considering the flow values at 0.00H- and
0.50H levels. Turbulence air flow type has been observed at other levels. BSL9 configuration
shows similarity in terms of lack of windward opening, yet measurements in the courtyard
came out differently. The average wind velocity in courtyard at the side of the windward area
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Cell Zone and Boundary Conditions] Another recommendation suggests that the upward flow
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ber of smooth parts. In our model, the geometry was divided into an adequate number of parts
in view of the same. Furthermore, “form new part” option was used to define under a single
form to allow mesh element nodes capturing each other among respective parts.

3. Evaluation of the experimental and numerical simulation data

Surroundings suitable for people’s comfort conditions may vary in view of the environmental
conditions within and outside of the building as well as user’s age, gender, metabolism level
and clothing. Human body not only can produce heat through the metabolism but also con-
sumes the heat it has produced as a result of its actions. Creation of environments suitable for
all kinds of climatic comfort conditions should considered as an objective in architectural
designs in view of all these conditions. Openings at different ratios and locations on the
building surface have been considered for comfortable ventilation and cooling in buildings
with a courtyard, an indispensable architectural feature particularly for hot-dry climatic zones,
if used in other climatic zones. And drawing from that central idea of this study, which was first
to experimentally investigate to what extent such openings are effective in terms of climatic
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comfort and then to serve as a background for a more comfortable environment through
comparison of achieved findings; the information from the measurements in the existing wind
tunnel and the data from the analyses with CFD were examined and interpreted in detail.

With the experimental study; it was aimed to find out the effect on velocity profiles of the rates of
opening placed on the building surface, the effects of the flow types on turbulence, and the comfort
conditions that can be deducted from human-climate data. The results of the measurements were
compared via charts to the average velocity and turbulence values gained from measurements at
heights of 0.00H–0.25H–0.50H–0.75H–1.00H–1.25H–1.50H–1.75H at 36 different pre-set points
within the courtyard in the pre-set courtyard building configuration with 17 different openings.
All openings were opened at ground floor level and the BSL-SUZ configuration accepted as
reference building consists of a total of 40 4.00*4.00*4.00 cm boxes on ground floor level.

The opening rates on the courtyard building models with experimented 17 different openings
are as follows. Openings were formed at a rate of 1/20 of the total ground floor area for BSL1,
at a rate of 1/10 of the total ground floor area for BSL2, at a rate of 3/20 of the total ground floor
area for BSL3, at a rate of 1/5 of the total ground floor area for BSL4, at a rate of 1/4 of the total
ground floor area for BSL5, at a rate of 3/20 of the total ground floor area for BSL6, at a rate of
1/5 of the total ground floor area for BSL7, at a rate of 1/10 of the total ground floor area for
BSL8, at a rate of 1/20 of the total ground floor area for BSL9, at a rate of 1/10 of the total
ground floor area for BSL10, at a rate of 3/20 of the total ground floor area for BSL11, at a rate
of 3/20 of the total ground floor area for BSL12, at a rate of 1/5 of the total ground floor area for
BSL13, at a rate of 1/5 of the total ground floor area for BSL14, at a rate of 3/10 of the total
ground floor area for BSL15, at a rate of 2/5 of the total ground floor area for BSL16 (Figure 1).

Although the opening rates of some courtyard building configurations are of the same value,
the air velocity and turbulence values within the courtyard were found at different levels. The
reason why different values have been found is the position to the wind and opening dimen-
sions rather than same opening rates.

In BSL-SUZ courtyard building configuration, the average wind speed in the courtyard is
1.50 m/s. While turbulence values were between approximately 50 and 60% as far as 1.25H
level, they have showed a decrease after 1.25H level. Although turbulence values exhibit an
unstable appearance going up and down at 0.25H level, high turbulence values have been
reached at other levels.

The opening rate at BSL-1-BSL-9 courtyard building configurations is 1/20. It has been seen
upon comparison of the velocity values in BSL1 configuration and the values in the configura-
tion of BSL-SUZ, the reference building, that velocity values in the courtyard show an increase.
The average velocity in reference building courtyard H height is 1.50 m/s compared to BS1,
which rises to 2.50 m/s. As to the windward points with opening, that rate reaches values of
4.50–5.00 m/s. Laminar flow type has been observed considering the flow values at 0.00H- and
0.50H levels. Turbulence air flow type has been observed at other levels. BSL9 configuration
shows similarity in terms of lack of windward opening, yet measurements in the courtyard
came out differently. The average wind velocity in courtyard at the side of the windward area
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without opening is the same as between 1.50 and 2.00 m/s, in contrast to the average wind
velocity at the side of the windward area with the opening, which has been between 3.50 and
4.00 m/s. Consequently, the average courtyard wind velocities at the side of openings for
courtyard building models BSL-1-BSL-9 with openings are almost the same, as about 3.50–
4.00 m/s. The average wind velocities at sides without opening in both configurations are 1.50–
2.00 m/s, the same level as the reference building.

Other courtyard building models with equal opening rates are BSL-2-BSL-8-BSL-10. Opening
rate is 1/10. A comparison of BSL2 with the previous building and BSL-1 buildings show us
that the wind speed within the courtyard shows quite an increase. While the average velocity
value in BSL1 was 2.50 m/s at H height, it rose to values of 4.50–5.00 m/s in BSL-2. The
peripheral air flow to occur in gaps left oppositely will be quite high. The openings in BSL2-
BSL-4-BSL-6 configurations were left oppositely at different rates. The reason why in the three
configurations, wind velocities show an increase with the opening height within the courtyard
at points with opening is due to the “Venturi Effect.”

BSL-8 configuration essentially shows similar features to BSL-7 configuration. The only differ-
ence of BSL-8 configuration from BSL-7 configuration is the openings widths at windward and
leeward regions. The openings widths at BSL8 are less. That has increased the wind velocity at
windward and leeward areas with openings.

Average wind velocities as far as H height within the courtyard are about 3.50–4.00 m/s in BSL-
2 and BSL-8 model. The wind velocities along the H height within courtyard are found close to
wind velocities within the reference building except in general for the points with openings
within BSL-8 model (Figure 3).

The BSL-10 building with courtyard configuration is highly similar with the BSL-9 building
model with courtyard. The only difference of BSL10 configuration from BSL-9 configuration is
the openings widths at windward and leeward regions. Openings width in BSL-10 configuration
is 2H/3. Consequently, measured velocities and turbulence values are almost the same. Wind
velocity as far as 1.25H level is average 3.00 m/s.

Courtyard building configurations BSL-12-BSL-13-BSL-14-BSL-15-BSL-16 are different com-
pared to other configurations. While the openings of other model buildings were at windward
and/or leeward area, openings were left in both windward and leeward area and in lateral
areas in those models. The air flow within the courtyard is not from the windward and
leeward area only but also from lateral areas. The openings at the lateral areas of the courtyard
ensure a sudden change in direction after the air flow heads toward the courtyard, and limits
toward the air outlet openings on the side wall. Thus, the high rate of air flow and velocity
within the courtyard will have been prevented.

The openings rates at BSL-4-BSL-13-BSL-14 building configurations are 1/5. There are quite
high values at BSL-4 openings points. The average wind velocity between 0.00H and 0.50H is
7.00–7.20 m/s. Between 0.50H and 1.25H, however, it showed a sudden decrease to fall to
2.00 m/s wind velocity values (Figure 4).
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The wind velocity at average courtyard H height in BSL-13 is 3.50 m/s. The speed values at
points with openings on 3-4 axis at windward region on ground level are quite high compared
to other points without openings.

Since the openings left at BSL-14 configuration is only from lateral areas, the wind does not enter
the building courtyard from the windward area, resulting in a fall in the courtyard wind velocity
values. A comparison of the BSL-14 measurements to the measurements of the reference build-
ing, BSL-SUZ courtyard building model, showed that the air velocity values up to 1.25H and
turbulence values in the courtyard were almost the same. Average wind velocity is 1.50 m/s. At
that level, no speed over 2.00 m/s wind velocity value was encountered up to almost 1.25H level.
A comparison of the turbulence values showed that BSL14 had higher turbulence values.

The openings rates at BSL-3-BSL-11-BSL-12 building configurations are 3/20. Although the
speed values on 1-2-3-4 axes with openings in BSL3 are about 5.50–6.00 m/s, quite high up to
0.50H height, the wind speed at points on 5-6 axes without openings turned out to be about
1.50 m/s. The width at the windward area constituting the entry area with the openings is
greater compared to the width at the leeward area, which constitutes the exit area. Conse-
quently, thanks to the effect called “channel-funnel effect” at leeward area, the speed values
particularly at leeward exit area are quite high (Figures 4 and 5).

The speed value is average 2.50–3.00 m/s at openings points within the courtyard in BSL-11
configuration. Openings were left only from the leeward area.

BSL-12 configuration differs from the other configurations examined until now. This is because
openings were formed at windward and leeward areas only in the others in contrast to this one
where openings were formed laterally in addition to those areas.

As a consequence, the air flow within the courtyard is not from the windward and leeward area
only but also from lateral areas. The air entry openings placed in the middle of the courtyard and
the openings in the middle of the lateral area ensure a sudden change in direction after the air
flow heads toward the courtyard, and limits toward the air outlet openings on the side wall.
Thus, a high rate of air flow and velocity within the courtyardwill have been sent out before they
may even occur. Average wind velocities up to 1.25H height at points within the courtyard are
about 3.00–3.50 m/s. Turbulence values are high here particularly at points in the leeward area.

The openings rates at BSL-6-BSL-15 building configurations are 3/10. In BSL6, velocities of
laminar flow type at very high levels between 0.00H and 0.50H such as 7.00–7.50 m/s have
been achieved. Considering the flow values at 0.50H and 1.25H levels, wind velocity fell to
values between 1.50 and 2.00, and velocities of turbulence flow type were achieved (Figure 4).

The BSL-15 building with courtyard configuration is similar to the BSL13 building model with
courtyard. Consequently, courtyard and extra-courtyard measurements came out almost sim-
ilar. While the openings widths at lateral areas were 2H/3, the openings widths of windward
and leeward areas were at H/3 rate, and heights of the same at H/3 rate. The average wind
velocity within the courtyard up to 1.25H height is about 2.50 m/s.
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without opening is the same as between 1.50 and 2.00 m/s, in contrast to the average wind
velocity at the side of the windward area with the opening, which has been between 3.50 and
4.00 m/s. Consequently, the average courtyard wind velocities at the side of openings for
courtyard building models BSL-1-BSL-9 with openings are almost the same, as about 3.50–
4.00 m/s. The average wind velocities at sides without opening in both configurations are 1.50–
2.00 m/s, the same level as the reference building.

Other courtyard building models with equal opening rates are BSL-2-BSL-8-BSL-10. Opening
rate is 1/10. A comparison of BSL2 with the previous building and BSL-1 buildings show us
that the wind speed within the courtyard shows quite an increase. While the average velocity
value in BSL1 was 2.50 m/s at H height, it rose to values of 4.50–5.00 m/s in BSL-2. The
peripheral air flow to occur in gaps left oppositely will be quite high. The openings in BSL2-
BSL-4-BSL-6 configurations were left oppositely at different rates. The reason why in the three
configurations, wind velocities show an increase with the opening height within the courtyard
at points with opening is due to the “Venturi Effect.”

BSL-8 configuration essentially shows similar features to BSL-7 configuration. The only differ-
ence of BSL-8 configuration from BSL-7 configuration is the openings widths at windward and
leeward regions. The openings widths at BSL8 are less. That has increased the wind velocity at
windward and leeward areas with openings.

Average wind velocities as far as H height within the courtyard are about 3.50–4.00 m/s in BSL-
2 and BSL-8 model. The wind velocities along the H height within courtyard are found close to
wind velocities within the reference building except in general for the points with openings
within BSL-8 model (Figure 3).

The BSL-10 building with courtyard configuration is highly similar with the BSL-9 building
model with courtyard. The only difference of BSL10 configuration from BSL-9 configuration is
the openings widths at windward and leeward regions. Openings width in BSL-10 configuration
is 2H/3. Consequently, measured velocities and turbulence values are almost the same. Wind
velocity as far as 1.25H level is average 3.00 m/s.

Courtyard building configurations BSL-12-BSL-13-BSL-14-BSL-15-BSL-16 are different com-
pared to other configurations. While the openings of other model buildings were at windward
and/or leeward area, openings were left in both windward and leeward area and in lateral
areas in those models. The air flow within the courtyard is not from the windward and
leeward area only but also from lateral areas. The openings at the lateral areas of the courtyard
ensure a sudden change in direction after the air flow heads toward the courtyard, and limits
toward the air outlet openings on the side wall. Thus, the high rate of air flow and velocity
within the courtyard will have been prevented.

The openings rates at BSL-4-BSL-13-BSL-14 building configurations are 1/5. There are quite
high values at BSL-4 openings points. The average wind velocity between 0.00H and 0.50H is
7.00–7.20 m/s. Between 0.50H and 1.25H, however, it showed a sudden decrease to fall to
2.00 m/s wind velocity values (Figure 4).
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The wind velocity at average courtyard H height in BSL-13 is 3.50 m/s. The speed values at
points with openings on 3-4 axis at windward region on ground level are quite high compared
to other points without openings.

Since the openings left at BSL-14 configuration is only from lateral areas, the wind does not enter
the building courtyard from the windward area, resulting in a fall in the courtyard wind velocity
values. A comparison of the BSL-14 measurements to the measurements of the reference build-
ing, BSL-SUZ courtyard building model, showed that the air velocity values up to 1.25H and
turbulence values in the courtyard were almost the same. Average wind velocity is 1.50 m/s. At
that level, no speed over 2.00 m/s wind velocity value was encountered up to almost 1.25H level.
A comparison of the turbulence values showed that BSL14 had higher turbulence values.

The openings rates at BSL-3-BSL-11-BSL-12 building configurations are 3/20. Although the
speed values on 1-2-3-4 axes with openings in BSL3 are about 5.50–6.00 m/s, quite high up to
0.50H height, the wind speed at points on 5-6 axes without openings turned out to be about
1.50 m/s. The width at the windward area constituting the entry area with the openings is
greater compared to the width at the leeward area, which constitutes the exit area. Conse-
quently, thanks to the effect called “channel-funnel effect” at leeward area, the speed values
particularly at leeward exit area are quite high (Figures 4 and 5).

The speed value is average 2.50–3.00 m/s at openings points within the courtyard in BSL-11
configuration. Openings were left only from the leeward area.

BSL-12 configuration differs from the other configurations examined until now. This is because
openings were formed at windward and leeward areas only in the others in contrast to this one
where openings were formed laterally in addition to those areas.

As a consequence, the air flow within the courtyard is not from the windward and leeward area
only but also from lateral areas. The air entry openings placed in the middle of the courtyard and
the openings in the middle of the lateral area ensure a sudden change in direction after the air
flow heads toward the courtyard, and limits toward the air outlet openings on the side wall.
Thus, a high rate of air flow and velocity within the courtyardwill have been sent out before they
may even occur. Average wind velocities up to 1.25H height at points within the courtyard are
about 3.00–3.50 m/s. Turbulence values are high here particularly at points in the leeward area.

The openings rates at BSL-6-BSL-15 building configurations are 3/10. In BSL6, velocities of
laminar flow type at very high levels between 0.00H and 0.50H such as 7.00–7.50 m/s have
been achieved. Considering the flow values at 0.50H and 1.25H levels, wind velocity fell to
values between 1.50 and 2.00, and velocities of turbulence flow type were achieved (Figure 4).

The BSL-15 building with courtyard configuration is similar to the BSL13 building model with
courtyard. Consequently, courtyard and extra-courtyard measurements came out almost sim-
ilar. While the openings widths at lateral areas were 2H/3, the openings widths of windward
and leeward areas were at H/3 rate, and heights of the same at H/3 rate. The average wind
velocity within the courtyard up to 1.25H height is about 2.50 m/s.
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Figure 4. Wind velocity and air flow in courtyard configurations from the gaps formed on the building surface to the
courtyard.
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Figure 5. Wind velocity diagram at plan plane at the elevation of the openings left on building surfaces in courtyard
configurations.
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Figure 5. Wind velocity diagram at plan plane at the elevation of the openings left on building surfaces in courtyard
configurations.
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The BSL16 building with courtyard configuration is in fact a different version of BSL13-BSL15
models of building with courtyard. Consequently, courtyard and extra-courtyard measure-
ments came out almost similar. The average wind velocity at points of 3-4-5-6 axes with
openings is about 5.50–6.00 m/s. As to the points on windward 1-2 axes without openings,
the increase of the wind velocity fell considerably to an average of 2.00 m/s. The wind velocity
average between 0.50H and 1.50H is about 2.50–3.00 m/s (Figures 4 and 5).

As a result, the reference building model BSL-SUZ has a wind velocity of 1.50 m/s when
assessed in view of average wind velocities in its region at H level area within the courtyard.
There are two different velocity values within the courtyard in building configurations BSL1-
BSL2-BSL3-BSL4-BSL5-BSL6. These are; while the average wind velocity is found out at high
values up to 0.00H-0.50H level, the openings height at points with openings, a sudden fall
occurs in locations without openings in the wind velocity values between 0.50H and 1.25H.

Wind velocities of 4.50–5.00 m/s were found for BSL1 up to openings level 0.00H-0.50H and of
2.00–2.50 m/s above openings level or at points between 0.50H and 1.25H without openings; of
5.50–6.00 m/s for BSL2 up to openings points level and of 3.50–4.00 m/s above openings level
or at points without openings; of 5.50–6.00 m/s for BSL3 up to openings points level and of
1.50 m/s above openings level or at points without openings; of 7.00–7.20 m/s for BSL4 up to
openings points level and of 2.00 m/s above openings level or at points without openings; of
6.50–7.00 m/s for BSL5 up to openings points level or of 2.50–3.00 m/s above openings level or
at points without openings; of 7.00–7.50 m/s for BSL6 up to openings points level or of 1.50–
2.00 m/s above openings level or at points without openings. There are average wind velocity
values for other building configurations up to courtyard H height. Those are average velocity
values of 2.00–3.00 m/s for BSL7, 3.50–4.00 m/s for BSL8, 1.50–2.00 m/s for BSL9, 3.00 m/s for
BSL10, 2.50–3.00 m/s for BSL11, 3.00–3.50 m/s for BSL12; 3.50 m/s for BSL13, 1.50 m/s for
BSL14, 2.50–3.00 m/s for BSL15, 2.50–3.00 m/s for BSL16.

4. Conclusions

As a result of the experimental study made; it is an experimental study aimed at presenting
preliminary information for studies to be held thereafter and form a base for the designated
data about exactly howmuch cooling and ventilation would occur within a courtyard building
using numerical methods for the air flow values acquired within the courtyard. The results of
this study can be summarized as follows. Courtyards of surrounded courtyard without open-
ings (BSL-SUZ) type have minimal air velocity.

Although openings rates are same, the position of the openings becomes increasingly significant.
Proportional velocity increases occur as the openings rate grows on windward and leeward
opposite surfaces. In the event of different openings rates on windward and leeward opposite
surfaces, velocity increases become considerable as the openings on the windward surface grows.

Very different wind velocity and ventilation characteristics are observed due to differentiation
of the positions with openings in courtyard options with same openings rates. In the event of
unilateral openings arrangement, the openings on the windward surface are effective at the
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highest level and those on the leeward surface at the lowest level. While there might be
decreases in the average air movement velocity due to the relative positions and area rates of
openings, points where it increases at spatial distribution may also be formed.

With this study, several experimental measurements and numerical studies will be held in
relation with the building form and surface openings in courtyard buildings at different
configurations and at different dimensions. As a result, it will constitute a very good refer-
ence to all studies to be held hereafter with regard to the reliability and availability of all
measurements conducted and results found, and constitute a base to the design data in
various conditions.
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The BSL16 building with courtyard configuration is in fact a different version of BSL13-BSL15
models of building with courtyard. Consequently, courtyard and extra-courtyard measure-
ments came out almost similar. The average wind velocity at points of 3-4-5-6 axes with
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the increase of the wind velocity fell considerably to an average of 2.00 m/s. The wind velocity
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using numerical methods for the air flow values acquired within the courtyard. The results of
this study can be summarized as follows. Courtyards of surrounded courtyard without open-
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highest level and those on the leeward surface at the lowest level. While there might be
decreases in the average air movement velocity due to the relative positions and area rates of
openings, points where it increases at spatial distribution may also be formed.
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Abstract

District heating systems (DHSs) are very common and important in cold areas in the
world not only because of the huge energy consumption including kinds of fuel, elec-
tricity and water but also due to thermal comfort of all customers. To increase the energy
efficiency and improve heating quality within the operational period, suitable and
optimal control strategy should be applied for the DHSs. Thus, in this chapter, a typical
DHS is designed. Based on the DHS information, a dynamic model is developed by
using thermodynamic principles and corrected according to the measured operational
data from real systems. The DHS properties are simulated by utilizing the open-loop
tests (OLTs) of the developed actual dynamic model. System performance of operation,
energy consumption and zone air temperature are addressed for several control strate-
gies. Based on the energy consumed and indoor air temperature response, average
water temperature set point corrected by equivalent outside air temperature (Case 4)
and indoor air temperature control directly (Case 5) are considered, which are the best
cases of optimal operation in the DHS.

Keywords: district heating system, dynamic modeling, control strategy, simulation,
estimation, energy efficiency

1. General information of typical district heating systems

1.1. Introduction of DHSs

Indoor environment of living and work in cold areas in the world must satisfy certain condi-
tions in cold period. For instance, in some Nordic countries, if people feel cold with in zone air
temperature, they could run the heating system to maintain the air temperature warmer due to
the DHS operated yearly. Another example is that, in China, following the heating guide, if
average outside air temperature lowers than 5�C within 3 days continuously, heating systems
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should be run from that time (adjusted a few days actually). The space heating systems have
been developed from decentralized heating to district heating, which are sometime called as
central heating systems, usually with huge served heating floor area.

When the DHSs are operated from the beginning to the end, the systems have been expectedly
running in an optimal way to improve their performance, increase their energy efficiency,
reduce the pollutant emissions and maintain accepted indoor air temperature as well. Conse-
quently, energy efficiency of buildings has been approached. DHS performance is related to
operational data collection, status estimation, alarm, data analysis, control settings and control
strategies. Energy efficiency should consider the heat transfer from the heat source to the end
users, which could be separated by efficiency of heat source, pipe network and substation,
respectively. Although zone air temperature is normally kept in constant, but the set points
could be reasonably changed such as to increase the human body adaptability with a little bit
zone air temperature fluctuation.

From energy-saving point of view, how to reduce energy consumption including fuel, electric-
ity and water is always a hot topic, a question and a great challenge. These reasons behind are
that currently DHSs integrated not only have been become larger and larger but also require
strong and various technologies to assist the activity. For example, Beijing Heating Group has
the biggest DHSs in the world, around 2.55 Mm2 in 2016–2017 heating period with powerful
SCADA system to support the operation.

One way to increase system energy and served building efficiency is to investigate the system
properties using collected operational data and apply the results to the real system operation.
However, this is time-consuming and cannot test all kinds of situations, which are expected
because of potential risks. Therefore, what the efficient way could be utilized has been consid-
ered by the researchers and HVAC engineers in this field. Currently, this methodology is
entitled as dynamic simulation based on mathematical modeling, which basically could be
used to obtain system characteristics, study control strategies and predict energy consumption
and dynamic responses of system operation.

1.2. The advantages and disadvantages of dynamic modeling

System modeling has two types of methods: one is steady-state modeling, and the other is
dynamic modeling [1, 2]. The thermal capacities of DHSs are not considered in steady-state
modeling process, but those have been calculated in dynamic modeling. This is because
thermal capacities have profound influence in actual system dynamic responses and process
control. To investigate the system responses closely to the real world, the system modeling and
simulations in this chapter always refer to the dynamics. The properties of modeling can be
described as follows.

1.2.1. The advantages of modeling

(1) An ideal model of an overall DHS can be developed by the first law of thermodynamics
and corrected by operational data, which has been changed to the actual model.
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(2) Quick dynamic responses and characteristics could be gathered in the simulation with
acceptable accuracy by simulating the actual model.

(3) The results could be obtained in simulation environment without any risks.

(4) The boundary conditions could be changed very efficiently by inputting different param-
eters and could be utilized while they are modified.

(5) Both greater efficiency and time-saving of R&D could be achieved by programming with
friendly user interface.

(6) Almost all consideration and simulation could be fulfilled by using dynamic modeling to
attain optimal results.

(7) The system responses such as the performance of system, energy efficiency and zone air
temperature could be observed and analyzed.

(8) By using simulation method, the optimal parameters of system operation could be found
and applied for real system to improve energy efficiency of buildings as well as overall
DHSs.

1.2.2. The disadvantages of modeling

(1) It is relatively difficult to develop an overall dynamic model of a DHS with correction.

(2) Programming based on mathematics, control theory, optimization method and computer
skills is required for various dynamic simulations.

(3) Simulations for fast dynamic system, water mass flow rate and pressure, for instance,
could consume more time to get results.

(4) Very powerful computers could be required for more accurate simulation with bigger and
more complex DHS system.

1.3. Methods of dynamic modeling and simulation

1.3.1. Dynamic modeling method

Any closed system must obey certain laws including energy, momentum and mass conserva-
tion [3–5]. According to the properties of DHSs, the dynamic responses mainly depend on
slow response system (temperature dynamics) rather than fast response system (mass and
pressure dynamics). To this end, the dynamics of fast response systems could be replaced by
using steady-state method without affecting the major dynamic properties of DHSs. Energy
and mass conversion are applied for the development of an overall DHS that is addressed in
the following section below.

1.3.2. Dynamic simulation method

Recently, simulation methods of DHSs have played more important rule than ever followed by
the progress of science and technology. The computer, algorithm, programming and software
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become very powerful as simulation tools. Many businesses or academic software such as
BLAST, EnergyPlus, DeST, DOE-2, RNSYS, PKPM-CHEC, eQuest, VisualDOE, ESP-r, Ecotect,
IES, etc. [6] can be easily obtained from various channels. However, if considering inside of the
software, most of them were developed based on steady-state approach. In research area,
dynamics is normally applied to equipment or partial system simulations. Few researchers
are working in the dynamic simulation field for developing entire DHS modeling and try to
utilize the models for system-level improvement [7–12].

1.4. Major focus on this chapter

In this chapter, a typical hot water DHS is considered and designed. Then, a dynamic mathe-
matical model is developed based on the physical model and thermal dynamic principles. An
actual model is developed by correcting an ideal model of the DHS. Following that, the
characteristics of the DHS could be collected by using open-loop test (OLT) method. Finally,
five types of control strategies are simulated and compared with the analysis of dynamic
response, energy consumption and zone air temperature responses.

2. Design of a typical DHS

2.1. A typical DHS diagram

Due to the heated floor area of DHSs which become very larger, indirect DHSs are commonly
formed in practice for major district heating field with substations. A typical DHS diagram is
shown in Figure 1, and the meaning of symbols in it is given in the nomenclature.

Figure 1. A typical DHS diagram with control principle.
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The hot water with high-level temperature (usually less than 150�C in design condition) is
supplied from the boiler (sometimes from CHPs) in the heat source and transfers heat to the
substations; then the heat is released to the secondary side in the substation, and the temper-
ature of the return water in the primary side is decreased. The radiators at the end-users
receive transferred heat from the substations and then are emitted to the indoor air for space
heating. The supplied heat should be continuously gained to maintain suitable zone air tem-
perature due to the heat balance between the indoor and the outdoor environments. The three-
way control valves installed in the primary side of the substations are utilized to regulate the
water mass flow into the heat exchangers and to balance the heat supplied to the secondary
systems. Note that the makeup water systems in the secondary side are same as it is in the
primary side (drawing ignored).

2.2. Subsystem of the DHS

From Figure 1, it is realized that the structure of the indirect DHS includes the following
subsystem such as heat source, pipe network in the primary side, substation, pipe network in
the secondary side, heat emit system from terminal, indoor air and outside environment.

3. Mathematical model development

3.1. Physical model

To obtain the mathematical model of the DHS, it is required to design the heating system
illustrated in Figure 1. The design parameters are given in Table 1. The DHS is designed based
on these parameters, which could be utilized to develop mathematical model and simulations.

3.2. Assumption of model development

The designed DHSs are a very complex system from mathematic modeling point of view
because of the multiple connections among the subsystems. To simplify the dynamic model
development process, several assumptions are listed below without affecting major properties
of the DHSs [13]:

(1) Some parameters such as comprehensive heat transfer coefficient of buildings and heated
floor area of buildings are integrated.

(2) The water leakage from the pipe network is assumed taking place in the primary pipe
network of the substation and in the end-user of the secondary side, and it is divided into
half in supply and half in return pipes, respectively.

(3) Transportation delay of pipe network is not considered in the system dynamics.

(4) Fast response system is expressed as steady-state condition.

(5) The solar radiation is considered from south side windows in the outside wall only.

(6) The water mass flow rate remains constant in the secondary system in each substation.
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3.3. Dynamic modeling

By applying for the first law of thermodynamics and mass conservation principle, each
subsystem dynamic model is shown and described briefly below:

3.3.1. Boiler model

Cb
dTs1

dt
¼ uf GfdHVηb � cw u11G11d þ u12G12d þ u13G13dð Þ Ts1 � Tr1mð Þ (1)

No. Name Unit Data Remark

1 Outside air temperature �C �20

2 Supply water temperature in the primary system �C 120

3 Return water temperature in the primary system �C 60

4 Heat capacity in the heat source MW 7

5 Natural gas-fired boiler % 92

6 Water volume in the boiler body T 3

7 Supply water temperature in the secondary system �C 75 Radiator

8 Return water temperature in the secondary system �C 50 Radiator

9 Supply water temperature in the secondary system �C 50 Floor heating

10 Return water temperature in the secondary system �C 40 Floor heating

11 Indoor air temperature �C 20 Radiator terminal

12 Indoor air temperature �C 18 Floor heating terminal

13 Heated floor area in Substation #1 m2 50,000

14 Heating load index in Substation #1 W/m2 55

15 Water volume in the radiator of Substation #1 T 75

16 Factor of the heat transfer coefficient test in Substation #1 0.35

17 Heated floor area in Substation #2 m2 35,000

18 Heating load index in Substation #2 W/m2 42

19 Water volume in the radiator of Substation #2 T 38

20 Factor of the heat transfer coefficient test in Substation #2 0.28

21 Heated floor area in Substation #3 m2 40,000

22 Heating load index in Substation #3 W/m2 35

23 Water volume in the radiator of Substation #3 T 38

24 Factor related to heat transfer coefficient simulation in Substation #3 0.04

25 Heating load in Substation #1 MW 2.75

26 Heating load in Substation #2 MW 1.47

27 Heating load in Substation #3 MW 1.40

Table 1. Design parameters of the DHS.

Sustainable Buildings - Interaction Between a Holistic Conceptual Act and Materials Properties96

In Eq. (1), the net heat stored in the water of the boiler body is computed with the difference
between the heat from the gas combustion and the heat transferred to the circulation water in
the primary system. Note that the boiler efficiency is calculated according to measured opera-
tional data.

3.3.2. Substation model

Cex11
dTr11

dt
¼ cw u11G11d � 0:5Gmk11ð Þ Ts1B1 � Tr11ð Þ � f ex1Uex1LMTD1 (2)

Cex12
dTr12

dt
¼ cw u12G11d � 0:5Gmk12ð Þ Ts1c1 � Tr12ð Þ � f ex2Uex2LMTD2 (3)

Cex13
dTr13

dt
¼ cw u13G13d � 0:5Gmk13ð Þ Ts1D � Tr13ð Þ � f ex3Uex3LMTD3 (4)

The return water temperatures from each substation in the primary system are given in
Eqs. (2)–(4). The net heat stored in the heat exchanger (primary side) is computed between the
heat from the pipe network to the substation and the heat transferred in the substation:

Cex21
dTs21

dt
¼ f ex1Uex1LMTD1 � cwu21G21d Ts21 � Tr21mð Þ (5)

Cex22
dTs22

dt
¼ f ex2Uex2LMTD2 � cwu22G22d Ts22 � Tr22mð Þ (6)

Cex23
dTs23

dt
¼ f ex3Uex3LMTD3 � cwu23G23d Ts23 � Tr23mð Þ (7)

The supply water temperature from the substation in the secondary system is presented in
Eqs. (5)–(7). The net heat stored in the heat exchanger in the secondary side is related to the heat
transferred in the substation and the heat taken from the substation to the secondary system.
Note that the logarithmic mean temperature difference (LMTD) is calculated in Eq. (8). Note that
it refers to each substation from 1 to 3. Letter i denotes to 1–3, which is the number of substation:

LMTDi ¼ Ts1in � Ts2zið Þ � Tr1i � Tr2imð Þ½ � ln
Ts1in � Ts2zi

Tr1i � Tr2im

� �� ��1

(8)

3.3.3. Radiator model

Cht1
dTr21

dt
¼ cw u21G21d � 0:5Gmk21ð Þ Ts21z � Tr21ð Þ � f ht1Uht1 0:5 Ts21z þ Tr21ð Þ � Tz1½ � 1þk1ð Þ (9)

Cht2
dTr22

dt
¼ cw u22G22d � 0:5Gmk22ð Þ Ts22z � Tr22ð Þ � f ht2Uht2 0:5 Ts22z þ Tr22ð Þ � Tz2½ � 1þk2ð Þ (10)

Crf
dTr23

dt
¼ cw u23G23d � 0:5Gmk23ð Þ Ts23z � Tr23ð Þ � f rf Urf 0:5 Ts23z þ Tr23ð Þ � Tz3½ � 1þk3ð Þ (11)
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3.3. Dynamic modeling

By applying for the first law of thermodynamics and mass conservation principle, each
subsystem dynamic model is shown and described briefly below:

3.3.1. Boiler model

Cb
dTs1

dt
¼ uf GfdHVηb � cw u11G11d þ u12G12d þ u13G13dð Þ Ts1 � Tr1mð Þ (1)

No. Name Unit Data Remark

1 Outside air temperature �C �20

2 Supply water temperature in the primary system �C 120

3 Return water temperature in the primary system �C 60

4 Heat capacity in the heat source MW 7

5 Natural gas-fired boiler % 92

6 Water volume in the boiler body T 3

7 Supply water temperature in the secondary system �C 75 Radiator

8 Return water temperature in the secondary system �C 50 Radiator

9 Supply water temperature in the secondary system �C 50 Floor heating

10 Return water temperature in the secondary system �C 40 Floor heating

11 Indoor air temperature �C 20 Radiator terminal

12 Indoor air temperature �C 18 Floor heating terminal

13 Heated floor area in Substation #1 m2 50,000

14 Heating load index in Substation #1 W/m2 55

15 Water volume in the radiator of Substation #1 T 75

16 Factor of the heat transfer coefficient test in Substation #1 0.35

17 Heated floor area in Substation #2 m2 35,000

18 Heating load index in Substation #2 W/m2 42

19 Water volume in the radiator of Substation #2 T 38

20 Factor of the heat transfer coefficient test in Substation #2 0.28

21 Heated floor area in Substation #3 m2 40,000

22 Heating load index in Substation #3 W/m2 35

23 Water volume in the radiator of Substation #3 T 38

24 Factor related to heat transfer coefficient simulation in Substation #3 0.04

25 Heating load in Substation #1 MW 2.75

26 Heating load in Substation #2 MW 1.47

27 Heating load in Substation #3 MW 1.40

Table 1. Design parameters of the DHS.
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In Eq. (1), the net heat stored in the water of the boiler body is computed with the difference
between the heat from the gas combustion and the heat transferred to the circulation water in
the primary system. Note that the boiler efficiency is calculated according to measured opera-
tional data.
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The return water temperatures from each substation in the primary system are given in
Eqs. (2)–(4). The net heat stored in the heat exchanger (primary side) is computed between the
heat from the pipe network to the substation and the heat transferred in the substation:
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The supply water temperature from the substation in the secondary system is presented in
Eqs. (5)–(7). The net heat stored in the heat exchanger in the secondary side is related to the heat
transferred in the substation and the heat taken from the substation to the secondary system.
Note that the logarithmic mean temperature difference (LMTD) is calculated in Eq. (8). Note that
it refers to each substation from 1 to 3. Letter i denotes to 1–3, which is the number of substation:
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(8)
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The return water temperature from the end-user (radiator and radiant floor heating) is
addressed in Eqs. (9)–(11). The net heat stored in the terminal equals to the heat difference
between the heat gathered from the circulation water and emitted to the indoor air.

3.3.4. Indoor air model

Cz1
dTz1

dt
¼ cw u21G21d � 0:5Gmk21ð Þ Ts21z � Tr21ð Þ þ qsolsFs1 þ qintF1 �Uen1 Tz1 � Toð Þ (12)

Cz2
dTz2

dt
¼ cw u22G22d � 0:5Gmk22ð Þ Ts22z � Tr22ð Þ þ qsolsFs2 þ qintF2 �Uen2 Tz2 � Toð Þ (13)

Cz3 þ Ccð Þ dTz3

dt
¼ cw u23G23d � 0:5Gmk23ð Þ Ts23z � Tr23ð Þ þ qsolsFs3 þ qintF3 �Uen3 Tz3 � Toð Þ (14)

Zone air temperature dynamic responses can be represented in Eqs. (12)–(14). The net heat
stored is related to the heat obtained from the circulation water in the secondary system, the
solar radiation from south side windows, the internal heat gains and the heat transferred to the
outside environment. Note that the thermal capacity in the terminal of floor heating is consid-
ered by accumulating the influence of the concrete structure.

3.3.5. Pipe segment in the primary and secondary systems

Csegj
dTsegoutj

dt
¼ cwGseginjTseginj � cwGsegoutjTsegoutj �Qmksegj �Qhlsegj (15)

The schematic diagram of a pipe segment is shown in Figure 2. The makeup water and the heat
loss from the pipe insulation are considered to gather the water temperature left from the pipe
segment. The supply water temperature from the pipe segment is related to the heat loss from
the pipe segment, while the return water temperature has been considered in the heat losses
from pipe insulation and makeup water. In Eq. (15), the net heat stored in the pipe segment
equals to the heat received from the entrance minus the heat outlet from the exit and the heat
losses from both makeup water leakage and pipe segment. Note that supply pipe segments do
not consider the water leakage by the assumption. Letter j represents each pipe segment.

In summary, 29 dynamic equations are used to address the overall DHS mathematical model.
The developed model is utilized to obtain system properties, simulate various dynamic
responses of control strategies and compare with system energy consumption.

Figure 2. Schematic diagram of a pipe segment.
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4. Actual dynamic model corrected by using open-loop test

4.1. The purposes of OLT

The purposes of doing OLT based on the developed dynamic model are stated hereby. Firstly,
the mathematical model should be checked out with ideal condition to ensure the accuracy.
Then, by applying the experience and operational data, the ideal dynamic model could be
corrected to seek the characteristics of the DHS and various simulations.

4.2. Ideal model of the DHS

The ideal conditions represent that outside and indoor air temperature and water mass flow
rate in primary and secondary system are same as their design values. The affluent factors of
both heat transfer area of each substation and terminal equal to 1. No solar radiation and
internal heat gains exist in the ideal dynamic system. The heat losses from both water leakage
and pipe network are ignored.

With these situations, the dynamic responses of the ideal model with the fuel control signal by
0.798 are shown in Figure 3. In addition to the zone air temperature in Substation #3, which is
equal to 17.9�C due to the huge thermal capacity of the floor heating structure, the supply and
return temperatures from the heat source and substations are identical to the design condi-
tions. Steady-state time of the water temperatures and zone air temperatures except for the
zone air temperature in Substation #3 (48 h) reaches 15 h similarly.

(a) (b)

(c) (d)

Figure 3. Dynamic responses of ideal model (a) Time(h), (b) Time(h), (c) Time(h), (d) Time(h).
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The return water temperature from the end-user (radiator and radiant floor heating) is
addressed in Eqs. (9)–(11). The net heat stored in the terminal equals to the heat difference
between the heat gathered from the circulation water and emitted to the indoor air.

3.3.4. Indoor air model

Cz1
dTz1

dt
¼ cw u21G21d � 0:5Gmk21ð Þ Ts21z � Tr21ð Þ þ qsolsFs1 þ qintF1 �Uen1 Tz1 � Toð Þ (12)
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dt
¼ cw u22G22d � 0:5Gmk22ð Þ Ts22z � Tr22ð Þ þ qsolsFs2 þ qintF2 �Uen2 Tz2 � Toð Þ (13)

Cz3 þ Ccð Þ dTz3

dt
¼ cw u23G23d � 0:5Gmk23ð Þ Ts23z � Tr23ð Þ þ qsolsFs3 þ qintF3 �Uen3 Tz3 � Toð Þ (14)

Zone air temperature dynamic responses can be represented in Eqs. (12)–(14). The net heat
stored is related to the heat obtained from the circulation water in the secondary system, the
solar radiation from south side windows, the internal heat gains and the heat transferred to the
outside environment. Note that the thermal capacity in the terminal of floor heating is consid-
ered by accumulating the influence of the concrete structure.

3.3.5. Pipe segment in the primary and secondary systems

Csegj
dTsegoutj

dt
¼ cwGseginjTseginj � cwGsegoutjTsegoutj �Qmksegj �Qhlsegj (15)

The schematic diagram of a pipe segment is shown in Figure 2. The makeup water and the heat
loss from the pipe insulation are considered to gather the water temperature left from the pipe
segment. The supply water temperature from the pipe segment is related to the heat loss from
the pipe segment, while the return water temperature has been considered in the heat losses
from pipe insulation and makeup water. In Eq. (15), the net heat stored in the pipe segment
equals to the heat received from the entrance minus the heat outlet from the exit and the heat
losses from both makeup water leakage and pipe segment. Note that supply pipe segments do
not consider the water leakage by the assumption. Letter j represents each pipe segment.

In summary, 29 dynamic equations are used to address the overall DHS mathematical model.
The developed model is utilized to obtain system properties, simulate various dynamic
responses of control strategies and compare with system energy consumption.

Figure 2. Schematic diagram of a pipe segment.
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4. Actual dynamic model corrected by using open-loop test

4.1. The purposes of OLT

The purposes of doing OLT based on the developed dynamic model are stated hereby. Firstly,
the mathematical model should be checked out with ideal condition to ensure the accuracy.
Then, by applying the experience and operational data, the ideal dynamic model could be
corrected to seek the characteristics of the DHS and various simulations.

4.2. Ideal model of the DHS

The ideal conditions represent that outside and indoor air temperature and water mass flow
rate in primary and secondary system are same as their design values. The affluent factors of
both heat transfer area of each substation and terminal equal to 1. No solar radiation and
internal heat gains exist in the ideal dynamic system. The heat losses from both water leakage
and pipe network are ignored.

With these situations, the dynamic responses of the ideal model with the fuel control signal by
0.798 are shown in Figure 3. In addition to the zone air temperature in Substation #3, which is
equal to 17.9�C due to the huge thermal capacity of the floor heating structure, the supply and
return temperatures from the heat source and substations are identical to the design condi-
tions. Steady-state time of the water temperatures and zone air temperatures except for the
zone air temperature in Substation #3 (48 h) reaches 15 h similarly.

(a) (b)

(c) (d)

Figure 3. Dynamic responses of ideal model (a) Time(h), (b) Time(h), (c) Time(h), (d) Time(h).
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4.3. Actual model of the DHS

In practice, the affluent factors of both heat transfer area of each substation and terminal are
greater than 1 because of the safety consideration from designers. The circulation water flow
rate could be adjusted rather than design values. With these situations, the ideal dynamic
model should be modified to simulate the real DHS, which is entitled as actual dynamic
model. Regarding the experience and operational data of typical DHSs in China, the affluent
factors of each heat transfer area and terminal in Substations #1–#3 are provided as [1.4, 1.4,
1.4, 1.5, 1.35, 1.4], respectively.

While outside and indoor air temperature and water mass flow rate in primary and second-
ary system are identical to their design values, no solar radiation and internal gains exist, the
water leakage and heat losses from pipe segments are considered, the control signal of fuel
equals to 0.854 and the dynamic responses of the temperatures from actual model are shown
in Figure 4. In this figure, the steady-state values of the supply and return water tempera-
tures from the heat source and Substations #1–#3 are 97.5, 33.2, 57.6, 31.6, 58.6, 33.6, 38.4 and
28.1�C, while the zone air temperatures equal to 20.8, 19.6 and 18.8�C, respectively. From the
values, the supply water temperature from the heat source is not necessary to satisfy its
design value (120�C), while outside air temperature is �16.9�C. Meanwhile, the zone air
temperatures are not same as the design values. The reason behind is that the affluent factors
of the heat transfer area affect the operation very much in the DHS. It is also hinted that the
zone air temperature should be controlled separately because they cannot approach its
design value simultaneously.

(a) (b)

(c) (d)

Figure 4. Dynamic responses of actual model (a) Time(h), (b) Time(h), (c) Time(h), (d) Time(h).
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5. Advanced control strategies and simulations

5.1. System disturbance

Usually, the disturbances taking place in DHSs include outdoor air temperature, solar radia-
tion and internal heat gains, while outdoor air temperature plays the biggest rule in system
operation. On the other hand, when the comprehensive heat transfer coefficient (Uen value) of
the buildings is getting smaller and smaller, the additional heat gains (solar radiation and
internal gains) should be considered in the simulation and in real system operation. In this
chapter, outdoor air temperature, solar radiation and internal heat gains are drawn into actual
model with the range from 8.2 to 13.1�C, from 0 to 45 W/m2 and from 0.9 to 6.8 W/m2,
respectively, for all simulations of the cases.

5.2. Control signals

In many circumstances, DHSs are operated with experience; likely, the supply water tempera-
ture from the heat source has been controlled depending on the experience of operators.
Nevertheless, the disturbances described above change based on time. It means that the
heating supply from the heat source and the heat consumption (heating load) should be
tracked and balanced. Thus, the DHS must be regulated accordingly. Otherwise, the zone air
temperature could fluctuate in larger range, which influences thermal comfort of end-user. By
simulating the dynamic responses of actual model with different conditions (change outdoor
air temperature, indoor air temperature as similar as design value, design water mass flow rate
in the pipe network, constant water leakage rate, considered pipe insulation heat loss, no solar
radiation and internal gains), the simulated stable results from OLTs are listed in Table 2 as set
points for related parameters used in control strategies.

5.3. Control strategies

Five cases are selected for dynamic simulations (given in Table 3) to study the system responses,
the energy consumption (heat consumed in the cases) and the thermal comfort of the end-user
[14–17]. Note that typical PI algorithm is used to all controllers to gather output signals [18].

5.4. Case study based on dynamic simulation

5.4.1. Case 1

Many operators run DHSs according to their experience if they cannot realize the set points of
supply water temperature from the boiler. In this case with 5 days consciously, the dynamic

To, �C 15 10 5 0 �5 �10 �16.9 �20

Ts1, �C 37.5 49.1 54.2 70.6 81.1 91.4 104.2 111.8

Tw2arg1, �C 24.5 28.5 29.2 35.3 38.4 41.3 44.5 46.9

Tw2arg2, �C 25.1 29.3 30.2 36.6 39.8 43.0 46.5 49.0

Tw2arg3, �C 20.4 22.7 21.8 26.5 28.3 29.9 31.6 33.2

Table 2. Set points used in control strategies.
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4.3. Actual model of the DHS
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rate could be adjusted rather than design values. With these situations, the ideal dynamic
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values, the supply water temperature from the heat source is not necessary to satisfy its
design value (120�C), while outside air temperature is �16.9�C. Meanwhile, the zone air
temperatures are not same as the design values. The reason behind is that the affluent factors
of the heat transfer area affect the operation very much in the DHS. It is also hinted that the
zone air temperature should be controlled separately because they cannot approach its
design value simultaneously.
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Figure 4. Dynamic responses of actual model (a) Time(h), (b) Time(h), (c) Time(h), (d) Time(h).

Sustainable Buildings - Interaction Between a Holistic Conceptual Act and Materials Properties100

5. Advanced control strategies and simulations

5.1. System disturbance

Usually, the disturbances taking place in DHSs include outdoor air temperature, solar radia-
tion and internal heat gains, while outdoor air temperature plays the biggest rule in system
operation. On the other hand, when the comprehensive heat transfer coefficient (Uen value) of
the buildings is getting smaller and smaller, the additional heat gains (solar radiation and
internal gains) should be considered in the simulation and in real system operation. In this
chapter, outdoor air temperature, solar radiation and internal heat gains are drawn into actual
model with the range from 8.2 to 13.1�C, from 0 to 45 W/m2 and from 0.9 to 6.8 W/m2,
respectively, for all simulations of the cases.

5.2. Control signals

In many circumstances, DHSs are operated with experience; likely, the supply water tempera-
ture from the heat source has been controlled depending on the experience of operators.
Nevertheless, the disturbances described above change based on time. It means that the
heating supply from the heat source and the heat consumption (heating load) should be
tracked and balanced. Thus, the DHS must be regulated accordingly. Otherwise, the zone air
temperature could fluctuate in larger range, which influences thermal comfort of end-user. By
simulating the dynamic responses of actual model with different conditions (change outdoor
air temperature, indoor air temperature as similar as design value, design water mass flow rate
in the pipe network, constant water leakage rate, considered pipe insulation heat loss, no solar
radiation and internal gains), the simulated stable results from OLTs are listed in Table 2 as set
points for related parameters used in control strategies.

5.3. Control strategies

Five cases are selected for dynamic simulations (given in Table 3) to study the system responses,
the energy consumption (heat consumed in the cases) and the thermal comfort of the end-user
[14–17]. Note that typical PI algorithm is used to all controllers to gather output signals [18].

5.4. Case study based on dynamic simulation

5.4.1. Case 1

Many operators run DHSs according to their experience if they cannot realize the set points of
supply water temperature from the boiler. In this case with 5 days consciously, the dynamic

To, �C 15 10 5 0 �5 �10 �16.9 �20

Ts1, �C 37.5 49.1 54.2 70.6 81.1 91.4 104.2 111.8

Tw2arg1, �C 24.5 28.5 29.2 35.3 38.4 41.3 44.5 46.9

Tw2arg2, �C 25.1 29.3 30.2 36.6 39.8 43.0 46.5 49.0
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responses of the DHS are presented in Figure 5. From this figure, the supply water tempera-
ture from the boiler changes depending on the outside air temperature (Figure 5(a)). The
average water temperature responses of the secondary side in Substations #1 and #2 are almost
similar and higher than that in Substation #3 due to the difference between the radiator and the
floor heating terminals (Figure 5(b)). The difference of indoor air temperature dynamic
responses shown in Figure 5(c) is mainly resulted from the structure of terminals. By

Case Control strategy Description Used
controller

1 Experienced Ts1 control Supply water temperature from the heat source controlled
based on experience

Cf

2 Tuned Ts1 control Supply water temperature from the heat source controlled
based on tuned set points

Cf

3 Tuned Ts1 and Tw2arg control Supply water temperature from the heat source and
average water temperature in the secondary system of
each substation controlled based on tuned set points

Cf, C1, C2, C3

4 Tuned Ts1 controlled based on
To and Tw2arg controlled based on Toe

Supply water temperature from the heat source controlled
based on To and average water temperature in the
secondary system of each substation controlled based on
equivalent To (Toe)

Cf, C1, C2, C3

5 Tuned Ts1 controlled based on To and
zone air temperature controlled based
on Tz

Supply water temperature from the heat source controlled
based on To and zone air temperature in each substation
controlled based on Tz

Cf, C1, C2, C3

Table 3. Control strategies used in the cases.

(a) (b)

(c) (d)

Figure 5. Dynamic responses in case 1 (a) Time(h), (b) Time(h), (c) Time(h), (d) Time(h).
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considering the responses of the last 2 days rather than the influences of the initial parameter
settings, the average and the range of the zone air temperatures in Substations #1–#3 are 20.2,
17.4–24.1, 20.9, 18.1–25.2, 21.1 and 20.7–22.2�C, respectively. The control signal of fuel in the
heat source is changed based on the heating load (Figure 5(d)). The water mass flow rate in the
pipe network is set to be the design values.

5.4.2. Case 2

From the simulation by using experience of the supply water temperature from the heat
source, the average zone air temperatures excess their design values with bigger fluctuation.
This situation should be improved by utilizing tuned supply water temperature set points
(Ts1sp). With Ts1sp given in Table 2, the simulation results are shown in Figure 6. With the
tuned setting value, the average zone air temperatures in Substations #1–#3 are given as 19.7,
20.2 and 20.1�C, meaning that average zone air temperatures are reduced comparing with
those in Case 1.

5.4.3. Case 3

From Cases 1 and 2, the average and the fluctuation of zone air temperatures are still larger
than the expected results. Because the heat properties of the substations are different, indoor
air temperatures should be controlled separately to balance their heat supply and requirement.
In this situation, the simulation is made and shown in Figure 7 for zone air temperature
responses only, and considering the time-consuming simulation, the time span is decreased to

(a) (b)

(c) (d)

Figure 6. Dynamic responses in case 2 (a) Time(h), (b) Time(h), (c) Time(h), (d) Time(h).
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responses of the DHS are presented in Figure 5. From this figure, the supply water tempera-
ture from the boiler changes depending on the outside air temperature (Figure 5(a)). The
average water temperature responses of the secondary side in Substations #1 and #2 are almost
similar and higher than that in Substation #3 due to the difference between the radiator and the
floor heating terminals (Figure 5(b)). The difference of indoor air temperature dynamic
responses shown in Figure 5(c) is mainly resulted from the structure of terminals. By

Case Control strategy Description Used
controller

1 Experienced Ts1 control Supply water temperature from the heat source controlled
based on experience

Cf

2 Tuned Ts1 control Supply water temperature from the heat source controlled
based on tuned set points

Cf

3 Tuned Ts1 and Tw2arg control Supply water temperature from the heat source and
average water temperature in the secondary system of
each substation controlled based on tuned set points

Cf, C1, C2, C3

4 Tuned Ts1 controlled based on
To and Tw2arg controlled based on Toe

Supply water temperature from the heat source controlled
based on To and average water temperature in the
secondary system of each substation controlled based on
equivalent To (Toe)

Cf, C1, C2, C3

5 Tuned Ts1 controlled based on To and
zone air temperature controlled based
on Tz

Supply water temperature from the heat source controlled
based on To and zone air temperature in each substation
controlled based on Tz

Cf, C1, C2, C3

Table 3. Control strategies used in the cases.

(a) (b)

(c) (d)

Figure 5. Dynamic responses in case 1 (a) Time(h), (b) Time(h), (c) Time(h), (d) Time(h).
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considering the responses of the last 2 days rather than the influences of the initial parameter
settings, the average and the range of the zone air temperatures in Substations #1–#3 are 20.2,
17.4–24.1, 20.9, 18.1–25.2, 21.1 and 20.7–22.2�C, respectively. The control signal of fuel in the
heat source is changed based on the heating load (Figure 5(d)). The water mass flow rate in the
pipe network is set to be the design values.

5.4.2. Case 2

From the simulation by using experience of the supply water temperature from the heat
source, the average zone air temperatures excess their design values with bigger fluctuation.
This situation should be improved by utilizing tuned supply water temperature set points
(Ts1sp). With Ts1sp given in Table 2, the simulation results are shown in Figure 6. With the
tuned setting value, the average zone air temperatures in Substations #1–#3 are given as 19.7,
20.2 and 20.1�C, meaning that average zone air temperatures are reduced comparing with
those in Case 1.

5.4.3. Case 3

From Cases 1 and 2, the average and the fluctuation of zone air temperatures are still larger
than the expected results. Because the heat properties of the substations are different, indoor
air temperatures should be controlled separately to balance their heat supply and requirement.
In this situation, the simulation is made and shown in Figure 7 for zone air temperature
responses only, and considering the time-consuming simulation, the time span is decreased to

(a) (b)

(c) (d)

Figure 6. Dynamic responses in case 2 (a) Time(h), (b) Time(h), (c) Time(h), (d) Time(h).
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2 days continuously. The results illustrate that the fluctuation of zone air temperatures is
reduced significantly, but average zone air temperatures are still high compared with their
design values.

5.4.4. Case 4

The meaning behind average zone air temperatures excessed the deign values is that the
disturbances are never considered in the control algorithm. Consequently, a concept of an

Figure 7. Dynamic responses in case 3.

Figure 8. Dynamic responses in case 4.

Sustainable Buildings - Interaction Between a Holistic Conceptual Act and Materials Properties104

equivalent outside air temperature is introduced to reset the original average water tempera-
ture set points and improve the stability and decrease zone air temperature swing. The
equivalent outside air temperature is calculated in Eq. (16). This case is simulated and
addressed in Figure 8. Compared with Figure 7, the purpose of decreasing zone air tempera-
ture fluctuation is realized perfectly:

Toei ¼ To þ qsolsFsi þ qintFi
� �

U�1
eni (16)

5.4.5. Case 5

As known that, average water temperature in a terminal is related to the zone air temperature
indirectly, and the return water temperature from the terminal is delayed due to the thermal
capacity of the terminal. If the zone air temperature is measured and applied for the control
strategy, it would be better to elevate the thermal comfort of indoor environment. To this end,
the simulation is made and shown in Figure 9. The dynamic responses of zone air tempera-
tures in Substations #1–#2 are improved very much. Because of the huge thermal capacity of
the radiant floor heating structure, the zone air temperature in Substation #3 although
approaches 18�C still needs more advanced control strategy such as predictive control or two-
temperature control to improve the dynamic response of zone air temperature.

5.5. Comparison with energy consumption

Due to relevant smaller parts of electricity and water consumption in DHSs, the heat consum-
ing is considered only for energy comparison. The simulated results in the fuel control signal
responses are presented in Figure 10. From this figure, the fuel consumption in Case 2 has the
lowest value but with larger zone air temperature fluctuation. By observation with all cases,

Figure 9. Dynamic responses in case 5.
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Case 5 is the best control strategy based on both dynamic responses of zone air temperature
and the fuel consumption. Without measuring zone air temperature for compensation, Case 4
is the best one for optimal operation of the DHS.

6. Conclusions

6.1 The first law of thermodynamics and mass conservation principle can be utilized to
develop dynamic mathematical models of DHSs.

6.2 The developed ideal dynamic model must be corrected to obtain actual model, which can
be applied for various simulations, analysis and compression.

6.3 DHSs must be controlled due to the disturbances from outside air temperature, solar
radiation and internal heat gains to reduce the influence of zone air temperature.

6.4 By dealing with the disturbances in Cases 4 and 5, the thermal comfort level has been
improved significantly because of the compensation of disturbances.

6.5 Instead of the limitation of measuring zone air temperature in buildings, the equivalent
outside air temperature method could be utilized to compensate the disturbances.

6.6 The best thermal comfort can be approached with the lowest energy consumption (Case 5)
by utilizing zone air temperature control strategy directly to regulate average water
temperature in the secondary system.

Figure 10. Comparison with fuel consumption.
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Nomenclature

c specific heat (J/kg�C)

C thermal capacity (J/�C) or controller

f factor

F heated floor area (m2)

G water mass flow rate (kg/s)

HV heating valve of fuel (J/kg)

LMTD logarithmic mean temperature difference (�C)

q heating load per m2 (W/m2)

Q heating load (W)

t time (s)

T temperature (�C)

u control signal

U heat transfer rate (W/�C)

Subscripts

1, 2 number of substation or primary/secondary system

3 number of substation

arg average

b boiler

d design

en enclosure of building

ex heat exchanger

f fuel

hl heat loss from pipe segment

ht heater-radiator

i 1–3

in inlet

int internal

j refer to pipe segment j
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k factor related to heater transfer coefficient test

m mix

mk makeup water

o outside air

oe equivalent outside air

out outlet

r return

rf radiant floor

s supply

seg segment of pipe network

sol solar radiation

sp set point

w water

z zone air

Alphabet

η efficiency
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Abstract

With high flowability and passing ability, self-consolidating concrete (SCC) does not 
require compaction during casting and can improve constructability. The favourable prop-
erties of SCC have enabled its widespread adoption in many parts of the world. However, 
there are two major issues associated with the SCC mixes commonly used in practice. First, 
the cement content is usually at the high side. Since the production of cement involves cal-
cination at high temperature and is an energy-intensive process, the high cement content 
imparts high embodied energy and carbon footprint to the SCC mixes. Besides, the exo-
thermic reaction of cement hydration would cause high heat generation and early thermal 
cracking problem that would impair structural integrity and necessitate repair. Second, the 
strength is usually limited to around grade 60, which is considered as medium strength in 
nowadays achievable norm. With a view to develop sustainable high-strength self-consoli-
dating concrete (HS-SCC), experimental research utilising fly ash (FA), shale ash (SA), and 
microsilica (MS) in the production of SCC has been conducted, as reported herein.

Keywords: embodied carbon, embodied energy, fly ash, high-strength  
self-consolidating concrete, microsilica, shale ash, supplementary binder materials, 
sustainability

1. Introduction

Self-consolidating concrete (SCC) was first developed in Japan [1, 2] with greatly enhanced 
flowability and passing ability compared to conventional concrete. With high flowability and 
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passing ability, SCC possesses superior capability to deform and flow, fills up constricted 
spaces and far-reaching corners, passes through small clearance between objects including 
reinforcing bars, and achieves proper consolidation without compaction applied [3]. These 
allow proper placement of concrete even at locations of congested reinforcement and sophis-
ticated formwork shape. At the same time, the concreting operations would be much qui-
eter without the noise generated from concrete compaction, and part of the labour input for 
concreting can be saved [4]. The production of SCC was mainly enabled by the advent of 
superplasticising admixtures. With the adoption of appropriate dosage of superplasticiser 
and water to binder ratio, the workability of concrete can be dramatically improved while the 
strength can be maintained at the desired level or even increased. The favourable properties 
of SCC have enabled its widespread adoption in many parts of the world [5]. In recent years, 
guidelines and specifications of SCC have been developed in Japan [6], Europe [7], USA [8], 
China [9] and many parts of the world.

Nevertheless, there are two major issues associated with the SCC mixes commonly used in 
practice. The first issue is that the cement content is usually at the high side, and the adverse 
effects of high cement content are twofold. Since the production of cement involves calcina-
tion at high temperature which is an energy-intensive process [10], the high cement content 
imparts high embodied energy (EE) and carbon footprint to the SCC mixes [11]. Besides, since 
the hydration of cement is an exothermic chemical reaction, the high cement content would 
generate a large amount of heat during concrete hardening and increase the temperature [12]. 
When the temperature drops to the ambient subsequently and if the thermal contraction is 
constrained, early thermal cracking would result and that would impair structural integrity 
and necessitate repair [13].

The second issue is that the strength of concrete is usually limited in practical applications to 
around grade 60, which is considered as medium strength in nowadays achievable norm [14]. It 
is well known that the strength of concrete can be increased by decreasing the water to cementi-
tious materials (W/CM) ratio. In the past, the practical limit of W/CM below which the concrete 
would be insufficiently workable was rather high. That was due to the limited efficiency of the 
then plasticisers or superplasticisers (SP) available. With the advancement of superplasticising 
technology over the past decades, lower W/CM ratio could be achieved while the concrete could 
remain highly workable, and this can be translated to high-strength performance. However, 
though different high-strength SCC mixes had been developed in laboratories [15, 16], the same 
range of strength has not yet been commonplace in practice. One of the main reasons of limited 
strength is that the W/CM ratio has not been minimised by effective utilisation of SP. As will be 
illustrated later in this chapter, with the increasing usage of cementitious materials with high 
fineness, instead of the conventional way of dosing the superplasticiser (SP) based on the mass 
content of cementitious materials, the SP can be more effectively utilised with its dosage being 
set based on the specific surface area of cementitious materials.

To address the above two issues, the authors have conducted research on improving the 
sustainable performance and mechanical strength of SCC, as reported in this chapter. With 
respect to the first issue, the cement consumption is reduced with the incorporation of sustain-
able binder materials including fly ash (FA), shale ash (SA) and microsilica (MS). With respect 
to the second issue, the compressive strength of SCC was improved by lowering the W/CM 
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ratio through rational mix design and use of polycarboxylate-ether-based SP. The objective 
of the study is to develop sustainable high-strength self-consolidating concrete (HS-SCC). A 
series of 12 SCC mixes incorporating FA, SA and MS were produced for laboratory testing. 
In the study, the sustainability performance is quantitatively represented by the embodied 
energy (EE) and the embodied carbon (EC) per cubic metre of concrete, the workability and 
flowability is measured by the slump and slump flow values from standardised tests, the 
segregation stability is determined by the visual observation of signs of segregation and the 
strength is measured by the 7-day and 28-day cube compressive strength values.

2. Use of sustainable binder materials

Supplementary cementitious or binder materials have been increasingly used in recent years 
to yield various beneficial effects on the performance of concrete [17]. For such materials 
which are naturally occurring or are industrial by-products, their embodied energy and car-
bon emission are usually much lower than those of silicate cement. The use of these materi-
als as part of the binder to reduce cement consumption can promote the sustainability of 
concrete, and for this reason they are referred to as sustainable binder materials herein. The 
different physical properties and chemical reactivity of sustainable binder materials would 
affect the performance of SCC in different manners. From chemistry viewpoint, common sup-
plementary binder materials can be broadly classified into three types. The first type is silica 
dominated (mainly single composition of SiO2), as exemplified by MS, recycled glass powder, 
perlite and quartz powder [18]. The second type is alumino-silicate dominated (mainly binary 
composition of Al2O3-SiO2), as exemplified by activated clays and metakaolin [19]. The third 
type is calcium-alumino-silicate dominated (mainly ternary composition of CaO-Al2O3-SiO2), 
as exemplified by FA and slags such as ground granulated blast-furnace slag (GGBS) [20]. 
While the chemical composition of supplementary binder materials determines their pozzola-
nic reactivity in reacting with calcium hydroxide formed during cement hydration to produce 
extra cementitious products, the physical characteristics, mainly the granulometry, strongly 
influence the rate of pozzolanic reaction and various performance attributes of the concrete.

In this study, FA, SA and MS were employed and their effects on SCC are discussed in the 
following. FA is produced mainly from power stations during the burning of pulverised coal. 
The ash particles are predominantly spherical in shape and their fineness resembles that of 
cement. Depending on the source and classification, the silica content of FA would be in the 
range of 50–70%. Due to its rounded shape, the workability of SCC would not be adversely 
affected by adding FA. The strength development of concrete with FA is slower than cement 
concrete, and longer curing period is necessary. The benefits of FA in concrete production are 
rather established [21, 22]. Particularly, it is very effective in reducing the heat generation of 
mass concrete during curing to prevent the early thermal cracking problem.

SA is produced by the combustion process of oil shale that contains fossil energy. It is yielded 
from the solid residue (known as spent shale) resulted from the burning of oil shale [23]. The 
disposal of SA has been an environmental problem faced by countries that produce shale oil [24]. 
Though SA may be ground to similar size as cement grains and utilised in the manufacturing of 
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passing ability, SCC possesses superior capability to deform and flow, fills up constricted 
spaces and far-reaching corners, passes through small clearance between objects including 
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then plasticisers or superplasticisers (SP) available. With the advancement of superplasticising 
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ratio through rational mix design and use of polycarboxylate-ether-based SP. The objective 
of the study is to develop sustainable high-strength self-consolidating concrete (HS-SCC). A 
series of 12 SCC mixes incorporating FA, SA and MS were produced for laboratory testing. 
In the study, the sustainability performance is quantitatively represented by the embodied 
energy (EE) and the embodied carbon (EC) per cubic metre of concrete, the workability and 
flowability is measured by the slump and slump flow values from standardised tests, the 
segregation stability is determined by the visual observation of signs of segregation and the 
strength is measured by the 7-day and 28-day cube compressive strength values.

2. Use of sustainable binder materials

Supplementary cementitious or binder materials have been increasingly used in recent years 
to yield various beneficial effects on the performance of concrete [17]. For such materials 
which are naturally occurring or are industrial by-products, their embodied energy and car-
bon emission are usually much lower than those of silicate cement. The use of these materi-
als as part of the binder to reduce cement consumption can promote the sustainability of 
concrete, and for this reason they are referred to as sustainable binder materials herein. The 
different physical properties and chemical reactivity of sustainable binder materials would 
affect the performance of SCC in different manners. From chemistry viewpoint, common sup-
plementary binder materials can be broadly classified into three types. The first type is silica 
dominated (mainly single composition of SiO2), as exemplified by MS, recycled glass powder, 
perlite and quartz powder [18]. The second type is alumino-silicate dominated (mainly binary 
composition of Al2O3-SiO2), as exemplified by activated clays and metakaolin [19]. The third 
type is calcium-alumino-silicate dominated (mainly ternary composition of CaO-Al2O3-SiO2), 
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nic reactivity in reacting with calcium hydroxide formed during cement hydration to produce 
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influence the rate of pozzolanic reaction and various performance attributes of the concrete.
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following. FA is produced mainly from power stations during the burning of pulverised coal. 
The ash particles are predominantly spherical in shape and their fineness resembles that of 
cement. Depending on the source and classification, the silica content of FA would be in the 
range of 50–70%. Due to its rounded shape, the workability of SCC would not be adversely 
affected by adding FA. The strength development of concrete with FA is slower than cement 
concrete, and longer curing period is necessary. The benefits of FA in concrete production are 
rather established [21, 22]. Particularly, it is very effective in reducing the heat generation of 
mass concrete during curing to prevent the early thermal cracking problem.

SA is produced by the combustion process of oil shale that contains fossil energy. It is yielded 
from the solid residue (known as spent shale) resulted from the burning of oil shale [23]. The 
disposal of SA has been an environmental problem faced by countries that produce shale oil [24]. 
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bricks [25], its use in the production of SCC has been much less explored [26]. Due to the minerol-
ogy of shale, SA contains relatively high content of calcium oxide, usually in the range of 10–40%. 
The pozzolanicity of SA is similar to that of GGBS, and it has a silica content of 30–40%. In terms 
of chemical composition, SA can be classified as calcium-alumino-silicate dominated, with a sub-
tle content of aluminium oxide. The addition of SA in concrete had been reported to increase the 
concrete strength, reduce the permeability and improve frost resistance [27]. However, the alkali 
content in SA is generally at the high side, and the content of SA in concrete should be limited to 
prevent expansive alkali-silicate reaction [28].

MS (also called condensed silica fume) is a by-product of the smelting process used to pro-
duce silicon metal and ferrosilicon alloys. MS is characterised by the high content of reactive 
silica of over 85% and the extremely fine particle size in the order of 0.2 μ. The high fineness 
of MS allows it to fill the voids between larger cement particles and increases packing density. 
The displaced water becomes excess water to lubricate the solid particles. From mix design 
perspective, the water demand for packing is greatly reduced and a lower W/CM can be 
used for achieving higher strength. The high fineness and large specific surface area risk of 
MS also mitigate the plastic settlement and segregation problems. The use of MS in concrete 
production is rather established, and it is among the common constituent materials for mak-
ing high-strength concrete [29, 30]. The use of MS as well as the combined use of MS and FA 
in producing SCC had been investigated and confirmed to be effective by the authors [31, 32].

3. Use of superplasticising admixtures

Plasticising and superplasticising admixtures have taken an indispensable role in advancing the 
concrete technology and development of SCC. Before the 1960s, workability improving admix-
tures based on hydroxycarboxylic acids or lignosulphonates had been developed. They were 
usually known as plasticisers or water reducers, and they would allow the W/CM ratio to be 
reduced by 5–10% without adversely affecting the workability of concrete. In the 1960s–1970s, 
a newer generation of workability improving admixtures based on sulphonated formalde-
hyde condensates of melamine or naphthalene was developed. These admixtures are generally 
named superplasticisers (SP) or high-range water reducers because of their superior perfor-
mance compared to their predecessors. Such SP could allow the W/CM ratio to be reduced 
by as much as 20–30% without affecting the workability [33]. Terminologically, SPs derived 
from sulphonated melamine formaldehyde condensates are sub-classified as melamine-based 
superplasticisers (abbreviated as SMF), while SPs derived from sulphonated naphthalene form-
aldehyde condensates are sub-classified as naphthalene-based superplasticisers (abbreviated 
as SNF). SMF and SNF have similar performance and may be blended together in usage [34].

In the 1980s, manufacturers started works to develop polycarboxylate-ether-based SP (abbre-
viated as PCE), but initially there were serious problems of severe retardation and excessive 
air entrainment [35]. It was only until around the turn of century, PCE became available in the 
market and these products were dubbed the third-generation superplasticisers or hyperplas-
ticisers. The PCE remarkably outperformed the existing SP. Their use would allow the W/CM 
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ratio to be reduced by up to 40% without adversely affecting the workability of concrete. The 
molecular structure of PCE is characterised by an active-monomer (such as polymethacrylate 
acid, or abbreviated as PMAA) formed main chain, attached with numerous graft copolymers 
(such as polyethylene glycol, or abbreviated as PEG) formed long side chains. Such long side 
chains are absent in SMF and SNF molecules.

PCE improve the workability of concrete mixes by dual effects, namely the dispersion effect 
and steric hindrance or steric repulsion effect. This is in contrast to SMF and SNF which 
improve the workability of concrete mixes only by dispersion effect. The dispersion effect 
is explained as follows. There are four main types of minerals in ordinary Portland cement, 
namely belite (C2S), alite (C3S), aluminate (C3A) and ferrite (C4AF) [36]. Belite and alite are 
negatively charged, while aluminate and ferrite are positively charged. Because of the oppo-
site electrostatic potentials, the cement grains tend to coagulate together, making it less read-
ily to thoroughly mix with water to form a uniform paste [37]. With the addition of SP, the SP 
molecules are adsorbed onto the surfaces of cement grains, and they impart negative charges 
to all the cement grains. The electrostatic repulsion derived from the negative charges dis-
perses the cement grains apart. For PCE, it is the main chain of PCE molecule that is adsorbed 
and imparts negative charges to cement grains, whereas the side chains act as physical bar-
riers to separate the cement grains further apart [38]. Such steric hindrance further promotes 
dispersion and prolongs workability retention [39, 40].

In determining the SP dosage to concrete, attention should be paid to the quantities of SP 
demand for given levels of workability, the saturation SP dosage beyond which further addi-
tion of SP would yield no return, and the maximum SP dosage beyond which further addi-
tion of SP would cause segregation. Conventionally, the SP demand, saturation dosage and 
maximum dosage are expressed in percentage by mass of cementitious materials. However, 
as SP is a surfactant adsorbed onto the surface of cementitious materials, its effectiveness 
should be dependent on the amount of SP per surface area of cementitious materials [41]. 
Therefore, the SP demand, saturation dosage and maximum dosage should be controlled by 
the fineness and the content of each cementitious material. This forms the basis to rationalise 
the usage of SP.

4. Method

4.1. Materials employed

A total of 12 concrete mixes were produced for testing. The materials employed were as fol-
lows. The cement used was an ordinary Portland cement that complied with the requirements 
in European Standard EN 197. It has a solid density of 3.1 and a specific surface of 350 m2/kg. 
The fly ash (FA) used was produced from coal-fired power station and the properties com-
plied with the requirements in European Standard EN 450. The shale ash (SA) used was pro-
duced from shale oil fuelled power plant and the properties have been investigated in this 
research. To show the morphology of SA particles, Figure 1 depicts the scanning electron 
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bricks [25], its use in the production of SCC has been much less explored [26]. Due to the minerol-
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content in SA is generally at the high side, and the content of SA in concrete should be limited to 
prevent expansive alkali-silicate reaction [28].
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silica of over 85% and the extremely fine particle size in the order of 0.2 μ. The high fineness 
of MS allows it to fill the voids between larger cement particles and increases packing density. 
The displaced water becomes excess water to lubricate the solid particles. From mix design 
perspective, the water demand for packing is greatly reduced and a lower W/CM can be 
used for achieving higher strength. The high fineness and large specific surface area risk of 
MS also mitigate the plastic settlement and segregation problems. The use of MS in concrete 
production is rather established, and it is among the common constituent materials for mak-
ing high-strength concrete [29, 30]. The use of MS as well as the combined use of MS and FA 
in producing SCC had been investigated and confirmed to be effective by the authors [31, 32].

3. Use of superplasticising admixtures

Plasticising and superplasticising admixtures have taken an indispensable role in advancing the 
concrete technology and development of SCC. Before the 1960s, workability improving admix-
tures based on hydroxycarboxylic acids or lignosulphonates had been developed. They were 
usually known as plasticisers or water reducers, and they would allow the W/CM ratio to be 
reduced by 5–10% without adversely affecting the workability of concrete. In the 1960s–1970s, 
a newer generation of workability improving admixtures based on sulphonated formalde-
hyde condensates of melamine or naphthalene was developed. These admixtures are generally 
named superplasticisers (SP) or high-range water reducers because of their superior perfor-
mance compared to their predecessors. Such SP could allow the W/CM ratio to be reduced 
by as much as 20–30% without affecting the workability [33]. Terminologically, SPs derived 
from sulphonated melamine formaldehyde condensates are sub-classified as melamine-based 
superplasticisers (abbreviated as SMF), while SPs derived from sulphonated naphthalene form-
aldehyde condensates are sub-classified as naphthalene-based superplasticisers (abbreviated 
as SNF). SMF and SNF have similar performance and may be blended together in usage [34].

In the 1980s, manufacturers started works to develop polycarboxylate-ether-based SP (abbre-
viated as PCE), but initially there were serious problems of severe retardation and excessive 
air entrainment [35]. It was only until around the turn of century, PCE became available in the 
market and these products were dubbed the third-generation superplasticisers or hyperplas-
ticisers. The PCE remarkably outperformed the existing SP. Their use would allow the W/CM 
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ratio to be reduced by up to 40% without adversely affecting the workability of concrete. The 
molecular structure of PCE is characterised by an active-monomer (such as polymethacrylate 
acid, or abbreviated as PMAA) formed main chain, attached with numerous graft copolymers 
(such as polyethylene glycol, or abbreviated as PEG) formed long side chains. Such long side 
chains are absent in SMF and SNF molecules.

PCE improve the workability of concrete mixes by dual effects, namely the dispersion effect 
and steric hindrance or steric repulsion effect. This is in contrast to SMF and SNF which 
improve the workability of concrete mixes only by dispersion effect. The dispersion effect 
is explained as follows. There are four main types of minerals in ordinary Portland cement, 
namely belite (C2S), alite (C3S), aluminate (C3A) and ferrite (C4AF) [36]. Belite and alite are 
negatively charged, while aluminate and ferrite are positively charged. Because of the oppo-
site electrostatic potentials, the cement grains tend to coagulate together, making it less read-
ily to thoroughly mix with water to form a uniform paste [37]. With the addition of SP, the SP 
molecules are adsorbed onto the surfaces of cement grains, and they impart negative charges 
to all the cement grains. The electrostatic repulsion derived from the negative charges dis-
perses the cement grains apart. For PCE, it is the main chain of PCE molecule that is adsorbed 
and imparts negative charges to cement grains, whereas the side chains act as physical bar-
riers to separate the cement grains further apart [38]. Such steric hindrance further promotes 
dispersion and prolongs workability retention [39, 40].

In determining the SP dosage to concrete, attention should be paid to the quantities of SP 
demand for given levels of workability, the saturation SP dosage beyond which further addi-
tion of SP would yield no return, and the maximum SP dosage beyond which further addi-
tion of SP would cause segregation. Conventionally, the SP demand, saturation dosage and 
maximum dosage are expressed in percentage by mass of cementitious materials. However, 
as SP is a surfactant adsorbed onto the surface of cementitious materials, its effectiveness 
should be dependent on the amount of SP per surface area of cementitious materials [41]. 
Therefore, the SP demand, saturation dosage and maximum dosage should be controlled by 
the fineness and the content of each cementitious material. This forms the basis to rationalise 
the usage of SP.

4. Method

4.1. Materials employed

A total of 12 concrete mixes were produced for testing. The materials employed were as fol-
lows. The cement used was an ordinary Portland cement that complied with the requirements 
in European Standard EN 197. It has a solid density of 3.1 and a specific surface of 350 m2/kg. 
The fly ash (FA) used was produced from coal-fired power station and the properties com-
plied with the requirements in European Standard EN 450. The shale ash (SA) used was pro-
duced from shale oil fuelled power plant and the properties have been investigated in this 
research. To show the morphology of SA particles, Figure 1 depicts the scanning electron 
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microscopy image of the SA. The microsilica (MS) used was produced from ferrosilicon plant 
and the properties complied with the requirements in European Standard EN 13263. Table 1 
lists the chemical compositions in percentage of the cement, FA, SA and MS. Regarding the 
physical properties, the cement, FA, SA and MS had specific surface areas of 595, 415, 570 and 
20,000 m2/kg, and had specific gravities of 3150, 2110, 2800 and 2200 kg/m3.

The coarse aggregate was crushed granitic rock with a maximum size of 10 mm, while the fine 
aggregate used was crushed granitic rock fine with a maximum size of 5 mm. The properties 
and grading of the fine and coarse aggregates have been tested to comply with European 
Standard EN 12620. The SP used was polycarboxylate-ether-based complying with European 
Standard EN 934. It is a white-colour milky liquid that can be added into the mixing water or 
directly to the wet concrete. The recommended SP dosage by the manufacturer was typically 
0.5–3.0% by mass of the cementitious materials content. Such polycarboxylate-ether-based SP 
is very effective and it allows adoption of low W/CM ratios.

4.2. Experimental programme

The experimental programme encompassed 12 SCC mixes. For all concrete mixes, the W/CM 
ratio by mass was ranging from 0.28 to 0.33, and the paste volume was ranging from 0.32 to 
0.35. The fine to total aggregate (F/T) ratio was fixed at approximately 0.4 for the majority of 
concrete mixes, except for one of the mixes with W/CM ratio of 0.33 the F/T ratio was raised 
to 0.5. The contents of supplementary binder materials in mass percentage of the total binder 
were as follows: the FA content varied among 0 and 25%, the SA content varied among 0, 15, 
30 and 45%, and the MS content varied among 0, 5 and 10%. One of the SCC mixes was cement 
concrete and did not contain any supplementary binder materials, six mixes featured binary 
blending of FA or SA, and five mixes featured ternary blending of FA and MS. Table 2 sum-
marises the mix parameters of the experimental programme. The SP dosage of the majority of 
mixes was 3.0%, except the dosage was lowered to 1.5% by mass for the mixes with SA due to 
the higher inherent workability of those mixes. It should be noted that the dosage was adjusted 
based on the surface area of the solid particles present in the concrete and the actual achieved 
workability compared to the target workability. The mix proportions are listed in Table 3.

Figure 1. Morphology of SA.
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4.3. Embodied energy and carbon

To study the embodied energy (EE) and carbon emission of the SCC mixes, the data in the lit-
erature: Embodied Carbon: The Inventory of Carbon and Energy [42] were referred to. Table 4  
lists the embodied energy (EE) and embodied carbon (EC) of the constituent materials. Here, 
the embodied energy is expressed in terms of MJ/kg of material, and the embodied carbon is 
expressed in terms of kgCO2/kg of material. It can be seen that the tabulated values for cement 
are generally one to two orders higher than those of FA, SA and MS, which originate from 
industrial by-products. Therefore, blending with supplementary binder materials to reduce 
the cement consumption is an effective means to enhance the sustainability of concrete.

Minerals Cement Fly ash (FA) Shale ash (SA) Microsilica (MS)

SiO2 18.8 48.8 24.8 92.1

Al2O3 3.9 25.2 5.9 1.2

CaO 62.1 2.4 50.5 1.1

Fe2O3 2.8 5.3 4.6 1.2

MgO 2.6 2.4 6.5 0.8

Na2O 0.2 0.9 0.1 1.1

K2O 1.1 3.6 2.1 0.7

SO3 0.8 0.5 4.4 1.3

Table 1. Chemical compositions (in %) of cement and supplementary binder materials.

Mix no. W/CM ratio Paste volume F/T ratio FA content (%) SA content (%) MS content (%)

1 0.30 0.32 0.39 0 0 0

2 0.26 0.35 0.40 25 0 0

3 0.28 0.35 0.40 25 0 0

4 0.30 0.35 0.40 25 0 0

5 0.32 0.34 0.39 0 15 0

6 0.32 0.34 0.39 0 30 0

7 0.32 0.34 0.39 0 45 0

8 0.28 0.35 0.40 25 0 5

9 0.28 0.35 0.40 25 0 10

10 0.30 0.35 0.40 25 0 5

11 0.30 0.35 0.40 25 0 10

12 0.33 0.35 0.50 25 0 5

Note: The FA, SA and MS contents are expressed in percentage by mass of total binder.

Table 2. Concrete mix parameters.
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4.3. Embodied energy and carbon

To study the embodied energy (EE) and carbon emission of the SCC mixes, the data in the lit-
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lists the embodied energy (EE) and embodied carbon (EC) of the constituent materials. Here, 
the embodied energy is expressed in terms of MJ/kg of material, and the embodied carbon is 
expressed in terms of kgCO2/kg of material. It can be seen that the tabulated values for cement 
are generally one to two orders higher than those of FA, SA and MS, which originate from 
industrial by-products. Therefore, blending with supplementary binder materials to reduce 
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Minerals Cement Fly ash (FA) Shale ash (SA) Microsilica (MS)

SiO2 18.8 48.8 24.8 92.1

Al2O3 3.9 25.2 5.9 1.2

CaO 62.1 2.4 50.5 1.1

Fe2O3 2.8 5.3 4.6 1.2

MgO 2.6 2.4 6.5 0.8

Na2O 0.2 0.9 0.1 1.1

K2O 1.1 3.6 2.1 0.7

SO3 0.8 0.5 4.4 1.3

Table 1. Chemical compositions (in %) of cement and supplementary binder materials.
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Note: The FA, SA and MS contents are expressed in percentage by mass of total binder.

Table 2. Concrete mix parameters.
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Based on the listed values in Table 4, the embodied energy and embodied carbon of the SCC 
mixes may be computed as follows, where EE is in MJ/m3, EC is in kgCO2/m3 and W, C, FA, 
SA, MS and A are the contents of water, cement, FA, SA, MS and aggregate, respectively, in 
kg/m3.

  EE = 0.010 W + 4.500C + 0.100FA + 0.030SA + 0.850MS + 0.083A  (1)

  EC = 0.001 W + 0.730C + 0.008FA + 0.002SA + 0.020MS + 0.005A  (2)

4.4. Test procedures

Laboratory pan-type mixer was employed to mix the concrete, with a total duration of mixing 
of not less than 5 minutes for each mix. The workability of the fresh SCC mixes was measured 

Mix no. Mass content (kg/m3)

Cement FA SA MS Water SP

1 492 0 0 0 150 7.4

2 421 140 0 0 146 17.7

3 408 136 0 0 152 17.1

4 395 132 0 0 158 16.6

5 452 0 80 0 152 7.2

6 380 0 163 0 146 5.7

7 320 0 262 0 150 6.3

8 376 134 0 27 150 16.9

9 345 133 0 53 149 16.5

10 365 130 0 26 156 16.4

11 335 129 0 52 155 16.2

12 342 117 0 23 161 14.7

Table 3. Concrete mix proportions.

Material Embodied energy (MJ/kg) Embodied carbon (kgCO2/kg)

Water 0.010 0.001

Cement 4.500 0.730

FA 0.100 0.008

SA 0.030 0.002

MS 0.850 0.020

Rock aggregate 0.083 0.005

Table 4. Embodied energy and embodied carbon of constituent materials.
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by the slump and flow tests as stipulated in European Standard EN 12350: Part 2 and Part 
8. The same equipment was used for the slump and flow tests. The slump cone had a base 
diameter of 200 mm, a top diameter of 100 mm and a height of 300 mm. A smooth steel plate 
of size 1× 1 m was placed on level ground for carrying out the test. The size of steel plate was 
sufficiently large to cater for the extent of flow of concrete. Concrete was first filled into the 
slump cone without tamping. When the slump cone was full, the top surface of concrete was 
trowelled flat and the slump cone was lifted steadily to allow the concrete to flow under its 
own weight to form a patty. After the flow had ceased, the slump of concrete was measured 
as the difference between the height of slump cone and the highest point of the patty. Besides, 
the slump flow (or flow in short) of concrete was measured as the average diameter of the 
patty in two orthogonal directions. The slump and flow values were measured and reported 
to the nearest 5 mm. In addition, any sign of segregation instability was observed by visual 
inspection particularly around the rim of the slumped patty.

The compressive strength of the SCC mixes was measured in accordance with European 
Standard EN 12390: Part 3 and Part 4. Cubes of size 100 mm were cast from the fresh SCC 
mixes and then covered to protect against loss of moisture by evaporation. One day after 
casting, the cubes were demoulded and were cured by immersing in lime-saturated water 
curing tank at a temperature of 27 ± 2°C. Until the required age of testing at 7 days or 28 days, 
the cubes were taken out from the curing tank, wiped dry and underwent the compressive 
strength test. The mean compressive strength was obtained by averaging the test results of a 
set of three cubes. If there was any individual cube strength deviating from the average cube 
strength by more than 10%, the individual result would be discarded and the average cube 
strength would be taken as the average of the remaining two cubes. All strength results pre-
sented in this chapter are the mean compressive strength so evaluated.

5. Results and discussions

5.1. Workability and flowability

The experimental results of workability and strength of the SCC mixes are presented in 
Table 5. It is noted that the slump values fell in the range from 220 to 260 mm, and the 
flow values were within the range from 620 to 775 mm. No sign of segregation instability 
was observed for all the SCC mixes. Basically, all the concrete mixes achieved the required 
workability and flowability of being self-consolidating. Such workability and flowability 
regime also offers potential applications for tremie concrete mixes and pumped mixes. 
According to the relevant European guidelines [7], SCC are classified into three flow 
classes, namely class SF1 for flow value between 550 and 650 mm, class SF2 for flow value 
between 660 and 750 mm and class SF3 for flow value between 760 and 850 mm. The flow 
classification of each SCC mix is indicated in Table 5. It is worthwhile to note that for 
the SA concrete (Mixes 5, 6 and 7), the workability and flowability at the presence of SA 
were favourable such that the SP dosage was set at a low level (circa 1.5% by mass of the 
cementitious materials content). Therefore, the use of SA can economise the material cost 
of SCC by consuming less amount of SP.
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Based on the listed values in Table 4, the embodied energy and embodied carbon of the SCC 
mixes may be computed as follows, where EE is in MJ/m3, EC is in kgCO2/m3 and W, C, FA, 
SA, MS and A are the contents of water, cement, FA, SA, MS and aggregate, respectively, in 
kg/m3.

  EE = 0.010 W + 4.500C + 0.100FA + 0.030SA + 0.850MS + 0.083A  (1)

  EC = 0.001 W + 0.730C + 0.008FA + 0.002SA + 0.020MS + 0.005A  (2)

4.4. Test procedures

Laboratory pan-type mixer was employed to mix the concrete, with a total duration of mixing 
of not less than 5 minutes for each mix. The workability of the fresh SCC mixes was measured 

Mix no. Mass content (kg/m3)

Cement FA SA MS Water SP

1 492 0 0 0 150 7.4

2 421 140 0 0 146 17.7

3 408 136 0 0 152 17.1

4 395 132 0 0 158 16.6

5 452 0 80 0 152 7.2

6 380 0 163 0 146 5.7

7 320 0 262 0 150 6.3

8 376 134 0 27 150 16.9

9 345 133 0 53 149 16.5

10 365 130 0 26 156 16.4

11 335 129 0 52 155 16.2

12 342 117 0 23 161 14.7

Table 3. Concrete mix proportions.

Material Embodied energy (MJ/kg) Embodied carbon (kgCO2/kg)

Water 0.010 0.001

Cement 4.500 0.730

FA 0.100 0.008

SA 0.030 0.002

MS 0.850 0.020

Rock aggregate 0.083 0.005

Table 4. Embodied energy and embodied carbon of constituent materials.
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by the slump and flow tests as stipulated in European Standard EN 12350: Part 2 and Part 
8. The same equipment was used for the slump and flow tests. The slump cone had a base 
diameter of 200 mm, a top diameter of 100 mm and a height of 300 mm. A smooth steel plate 
of size 1× 1 m was placed on level ground for carrying out the test. The size of steel plate was 
sufficiently large to cater for the extent of flow of concrete. Concrete was first filled into the 
slump cone without tamping. When the slump cone was full, the top surface of concrete was 
trowelled flat and the slump cone was lifted steadily to allow the concrete to flow under its 
own weight to form a patty. After the flow had ceased, the slump of concrete was measured 
as the difference between the height of slump cone and the highest point of the patty. Besides, 
the slump flow (or flow in short) of concrete was measured as the average diameter of the 
patty in two orthogonal directions. The slump and flow values were measured and reported 
to the nearest 5 mm. In addition, any sign of segregation instability was observed by visual 
inspection particularly around the rim of the slumped patty.

The compressive strength of the SCC mixes was measured in accordance with European 
Standard EN 12390: Part 3 and Part 4. Cubes of size 100 mm were cast from the fresh SCC 
mixes and then covered to protect against loss of moisture by evaporation. One day after 
casting, the cubes were demoulded and were cured by immersing in lime-saturated water 
curing tank at a temperature of 27 ± 2°C. Until the required age of testing at 7 days or 28 days, 
the cubes were taken out from the curing tank, wiped dry and underwent the compressive 
strength test. The mean compressive strength was obtained by averaging the test results of a 
set of three cubes. If there was any individual cube strength deviating from the average cube 
strength by more than 10%, the individual result would be discarded and the average cube 
strength would be taken as the average of the remaining two cubes. All strength results pre-
sented in this chapter are the mean compressive strength so evaluated.

5. Results and discussions

5.1. Workability and flowability

The experimental results of workability and strength of the SCC mixes are presented in 
Table 5. It is noted that the slump values fell in the range from 220 to 260 mm, and the 
flow values were within the range from 620 to 775 mm. No sign of segregation instability 
was observed for all the SCC mixes. Basically, all the concrete mixes achieved the required 
workability and flowability of being self-consolidating. Such workability and flowability 
regime also offers potential applications for tremie concrete mixes and pumped mixes. 
According to the relevant European guidelines [7], SCC are classified into three flow 
classes, namely class SF1 for flow value between 550 and 650 mm, class SF2 for flow value 
between 660 and 750 mm and class SF3 for flow value between 760 and 850 mm. The flow 
classification of each SCC mix is indicated in Table 5. It is worthwhile to note that for 
the SA concrete (Mixes 5, 6 and 7), the workability and flowability at the presence of SA 
were favourable such that the SP dosage was set at a low level (circa 1.5% by mass of the 
cementitious materials content). Therefore, the use of SA can economise the material cost 
of SCC by consuming less amount of SP.

Development of Sustainable High-Strength Self-Consolidating Concrete Utilising Fly Ash, Shale…
http://dx.doi.org/10.5772/intechopen.75508

121



Mix 
no.

Slump 
(mm)

Flow 
(mm)

Flow 
class

7-day mean cube 
strength (MPa)

28-day mean cube 
strength (MPa)

28-day to 7-day 
strength ratio

1 230 660 SF2 67.4 80.2 1.19

2 220 620 SF1 78.2 98.0 1.25

3 235 665 SF2 74.6 96.1 1.29

4 225 670 SF2 63.3 81.6 1.29

5 250 700 SF2 72.7 86.7 1.19

6 225 650 SF1 73.7 91.8 1.25

7 255 730 SF2 75.2 83.4 1.11

8 250 660 SF2 74.6 101.4 1.36

9 225 620 SF1 81.4 108.5 1.33

10 235 660 SF2 77.1 102.7 1.33

11 225 620 SF1 73.1 104.8 1.43

12 260 775 SF3 72.5 89.8 1.24

Table 5. Workability and strength results.

To reveal the relation between slump and flow, the variation of these two quantities is 
plotted in Figure 2. For ease of visualisation, the data points are divided into four groups, 
namely “Cement SCC” for Mix 1, “FA SCC” for Mixes 2–4, “SA SCC” for Mixes 5–7, and 
“FA + MS” SCC for Mixes 8–12. Besides, horizontal lines at flow levels of 550, 650 and 
750 mm corresponding to the boundary values of flow classes are drawn. It can be seen 
from Figure 2 that the slump and flow are positively correlated. Nevertheless, at a work-
ability level of higher than 200 mm slump, the slump is less sensitive to the change in work-
ability as compared to the flow. Hence, the flow value serves as a better measurement of the 
self-consolidating ability.

5.2. Compressive strength

The 7-day and 28-day mean cube compressive strength results are listed in Table 5. It can be seen 
that all 7-day strength results were higher than 60 MPa, and all 28-day strength results were higher 
than 80 MPa. Therefore, the SCC mixes do satisfy the requirement of high strength. The 7-day 
strength was ranging from 63.3 to 81.4 MPa. Mix 4 with W/CM ratio of 0.3 and with 25% FA content 
had the lowest 7-day strength, due to the relative slow strength development of FA concrete as 
expected. The 28-day strength was ranging from 80.2 to 108.5 MPa. Mix 1 without supplementary 
binder materials had the lowest 28-day strength, which demonstrated the more effective strength 
development at a later age of blended SCC mixes. Mix 9 with W/CM ratio of 0.28 and with 25% FA 
content and 10% MS content had the highest 7-day and 28-day strengths, which proved the ben-
eficial effect of MS on strength enhancement. In particular, the use of SA up to even a high volume 
allowed the achievement of very high strength. At 30% SA content, the 28-day strength of Mix 6 was 
91.8 MPa; where at 45% SA content, the 28-day strength of Mix 7 was 83.4 MPa. The 7-day compres-
sive strength is plotted versus the 28-day compressive strength in Figure 3. In the figure, the line of 
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unity, the line of gradient of 1.2 and the trend line of data points are drawn for ease of visualisation. 
For each SCC mix, the ratio of 28-day strength to 7-day strength is computed and is listed in the last 
column of Table 5. The ratio ranged from 1.11 for Mix 7 with 45% SA content to 1.43 for Mix 11 with 
25% FA content and 10% MS content.

It is evident from the strength results that the SCC mixes produced in the current experi-
mental programme are suitable for adoption as high-strength SCC, or HS-SCC mixes. From 
the authors’ experience in concrete production and testing, rational grade designation for 
Mixes 1–12 is assigned with reasonable allowance of standard deviations in strength results 
to account for the difference between the mean strength and the characteristic strength (grade 
strength). The grade designation based on concrete cube strength is listed in the second col-
umn of Table 6, where Mixes 1, 4 and 7 are designated as C70, Mix 5 is designated as C75, 
Mixes 6 and 12 are designated as C80, Mixes 2, 3, 8 and 10 are designated as C85, and Mixes 9 
and 11 are designated as C90. These concrete grades are significantly higher than the grades 
of common SCC mixes employed in construction projects. It should be noted that the stan-
dard deviation of strength results can be established with a higher confidence level upon the 
availability of data from a larger sample population. Therefore, the grade designation herein 
would subject to alteration after further trial mixing and production.

5.3. Sustainability performance

The sustainability performance of the SCC mixes, evaluated through the EE and EC as per Eq. 
(1) and Eq. (2), is shown in Table 6. The EE was ranging from 1590 to 2359 MJ/m3, whereas the 
EC was ranging from 243 to 368 kgCO2/m3. The cement SCC Mix 1 without supplementary 
binder materials gave rise to the highest EE and EC values. By blending with FA, SA and MS, 

Figure 2. Plot of flow versus slump.
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Mix 
no.

Slump 
(mm)

Flow 
(mm)

Flow 
class

7-day mean cube 
strength (MPa)

28-day mean cube 
strength (MPa)

28-day to 7-day 
strength ratio

1 230 660 SF2 67.4 80.2 1.19

2 220 620 SF1 78.2 98.0 1.25

3 235 665 SF2 74.6 96.1 1.29

4 225 670 SF2 63.3 81.6 1.29

5 250 700 SF2 72.7 86.7 1.19

6 225 650 SF1 73.7 91.8 1.25

7 255 730 SF2 75.2 83.4 1.11

8 250 660 SF2 74.6 101.4 1.36

9 225 620 SF1 81.4 108.5 1.33

10 235 660 SF2 77.1 102.7 1.33

11 225 620 SF1 73.1 104.8 1.43

12 260 775 SF3 72.5 89.8 1.24

Table 5. Workability and strength results.

To reveal the relation between slump and flow, the variation of these two quantities is 
plotted in Figure 2. For ease of visualisation, the data points are divided into four groups, 
namely “Cement SCC” for Mix 1, “FA SCC” for Mixes 2–4, “SA SCC” for Mixes 5–7, and 
“FA + MS” SCC for Mixes 8–12. Besides, horizontal lines at flow levels of 550, 650 and 
750 mm corresponding to the boundary values of flow classes are drawn. It can be seen 
from Figure 2 that the slump and flow are positively correlated. Nevertheless, at a work-
ability level of higher than 200 mm slump, the slump is less sensitive to the change in work-
ability as compared to the flow. Hence, the flow value serves as a better measurement of the 
self-consolidating ability.

5.2. Compressive strength

The 7-day and 28-day mean cube compressive strength results are listed in Table 5. It can be seen 
that all 7-day strength results were higher than 60 MPa, and all 28-day strength results were higher 
than 80 MPa. Therefore, the SCC mixes do satisfy the requirement of high strength. The 7-day 
strength was ranging from 63.3 to 81.4 MPa. Mix 4 with W/CM ratio of 0.3 and with 25% FA content 
had the lowest 7-day strength, due to the relative slow strength development of FA concrete as 
expected. The 28-day strength was ranging from 80.2 to 108.5 MPa. Mix 1 without supplementary 
binder materials had the lowest 28-day strength, which demonstrated the more effective strength 
development at a later age of blended SCC mixes. Mix 9 with W/CM ratio of 0.28 and with 25% FA 
content and 10% MS content had the highest 7-day and 28-day strengths, which proved the ben-
eficial effect of MS on strength enhancement. In particular, the use of SA up to even a high volume 
allowed the achievement of very high strength. At 30% SA content, the 28-day strength of Mix 6 was 
91.8 MPa; where at 45% SA content, the 28-day strength of Mix 7 was 83.4 MPa. The 7-day compres-
sive strength is plotted versus the 28-day compressive strength in Figure 3. In the figure, the line of 
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unity, the line of gradient of 1.2 and the trend line of data points are drawn for ease of visualisation. 
For each SCC mix, the ratio of 28-day strength to 7-day strength is computed and is listed in the last 
column of Table 5. The ratio ranged from 1.11 for Mix 7 with 45% SA content to 1.43 for Mix 11 with 
25% FA content and 10% MS content.

It is evident from the strength results that the SCC mixes produced in the current experi-
mental programme are suitable for adoption as high-strength SCC, or HS-SCC mixes. From 
the authors’ experience in concrete production and testing, rational grade designation for 
Mixes 1–12 is assigned with reasonable allowance of standard deviations in strength results 
to account for the difference between the mean strength and the characteristic strength (grade 
strength). The grade designation based on concrete cube strength is listed in the second col-
umn of Table 6, where Mixes 1, 4 and 7 are designated as C70, Mix 5 is designated as C75, 
Mixes 6 and 12 are designated as C80, Mixes 2, 3, 8 and 10 are designated as C85, and Mixes 9 
and 11 are designated as C90. These concrete grades are significantly higher than the grades 
of common SCC mixes employed in construction projects. It should be noted that the stan-
dard deviation of strength results can be established with a higher confidence level upon the 
availability of data from a larger sample population. Therefore, the grade designation herein 
would subject to alteration after further trial mixing and production.

5.3. Sustainability performance

The sustainability performance of the SCC mixes, evaluated through the EE and EC as per Eq. 
(1) and Eq. (2), is shown in Table 6. The EE was ranging from 1590 to 2359 MJ/m3, whereas the 
EC was ranging from 243 to 368 kgCO2/m3. The cement SCC Mix 1 without supplementary 
binder materials gave rise to the highest EE and EC values. By blending with FA, SA and MS, 

Figure 2. Plot of flow versus slump.
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the EE and EC could be remarkably reduced, with the percentage decrease for each mix rela-
tive to Mix 1 listed in brackets in columns 3 and 4 of Table 6 after the respective EE and EC 
values. As noted in the above, SA can be used at a high volume while capable of achieving 
high strength, consequently, the largest decrease in EE and EC was attained by Mix 7, which 
had the highest SA content of 45% by mass of binder. The corresponding reduction in EE and 
EC was as large as 32.6 and 34.0%, respectively. The variation of EE with the 28-day strength 

Mix 
no.

Grade 
designation

Embodied 
energy (MJ/m3)

Embodied carbon 
(kgCO2/m3)

EE per strength (MJ/
m3/MPa)

EC per strength (kgCO2/
m3/MPa)

1 C70 2359 (±0%) 368 (±0%) 29.4 (±0%) 4.6 (±0%)

2 C85 2050 (−13.1%) 317 (−13.9%) 20.9 (−28.9%) 3.2 (−30.4%)

3 C85 1991 (−15.6%) 308 (−16.3%) 20.7 (−29.6%) 3.2 (−30.4%)

4 C70 1932 (−18.1%) 298 (−19.0%) 23.7 (−19.4%) 3.7 (−19.6%)

5 C75 2182 (−7.5%) 339 (−7.9%) 25.2 (−14.3%) 3.9 (−15.2%)

6 C80 1855 (−21.4%) 286 (−22.3%) 20.2 (−31.3%) 3.1 (−32.6%)

7 C70 1590 (−32.6%) 243 (−34.0%) 19.1 (−35.0%) 2.9 (−37.0%)

8 C85 1870 (−20.7%) 285 (−22.6%) 18.4 (−37.4%) 2.8 (−39.1%)

9 C90 1752 (−25.7%) 263 (−28.5%) 16.1 (−45.2%) 2.4 (−47.8%)

10 C85 1819 (−22.9%) 277 (−24.7%) 17.7 (−39.8%) 2.7 (−41.3%)

11 C90 1706 (−27.7%) 255 (−30.7%) 16.3 (−44.6%) 2.4 (−47.8%)

12 C80 1712 (−27.4%) 260 (−29.3%) 19.1 (−35.0%) 2.9 (−37.0%)

Table 6. Sustainability performance results.

Figure 3. Plot of 28-day strength versus 7-day strength.
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and the variation of EC with the 28-day strength are plotted in Figures 4 and 5, respectively. In 
these figures, moving vertically downwards and towards the right-hand side would indicate 
a more sustainable and higher strength concrete. It can be observed that Mix 1 performed the 
worst among all mixes in terms of both strength and sustainability, while the ternary blended 
(cement + FA + MS) mixes generally performed superior, as reflected by the group of data 
points close to the bottom right corner in the figures. The good overall performance is due to 
the effectiveness of FA in lowering the EE and EC, as well as the effectiveness of MS in improv-
ing the strength.

For comparison on an equal-strength basis, the EE per strength and the EC per strength at age 
of 28-days are evaluated and listed in the last two columns of Table 6. It is seen that the EE per 
strength was ranging from 16.1 to 29.4 (MJ/m3)/MPa, whereas the EC per strength was ranging 
from 2.4 to 4.6 (kgCO2/m3)/MPa. Similar to the foregoing, the percentage decrease in EE and 
EC per strength relative to Mix 1 is listed in brackets in the last two columns of Table 6. This 
can reflect the concurrent improvement in strength and sustainability by blending with FA, 
SA and MS. The largest percentage reductions in EE and EC per strength were attained by 
Mixes 9 and 11, which contained 25% FA content and 10% MS content. To facilitate visualising 
the concurrent effects on strength and sustainability, family of straight lines of constant EE/
strength ratio at equal intervals and family of straight lines of constant EC/strength ratio at 
equal intervals are plotted in Figures 4 and 5, respectively.

5.4. Additional investigation of rational SP dosage

To investigate the rationalisation of SP dosage, one of the SCC mixes, additional trial of Mix 2 was 
carried out with varied SP dosage while maintaining the proportions of other mix ingredients 

Figure 4. Plot of embodied energy versus 28-day compressive strength.
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the EE and EC could be remarkably reduced, with the percentage decrease for each mix rela-
tive to Mix 1 listed in brackets in columns 3 and 4 of Table 6 after the respective EE and EC 
values. As noted in the above, SA can be used at a high volume while capable of achieving 
high strength, consequently, the largest decrease in EE and EC was attained by Mix 7, which 
had the highest SA content of 45% by mass of binder. The corresponding reduction in EE and 
EC was as large as 32.6 and 34.0%, respectively. The variation of EE with the 28-day strength 

Mix 
no.

Grade 
designation

Embodied 
energy (MJ/m3)

Embodied carbon 
(kgCO2/m3)

EE per strength (MJ/
m3/MPa)

EC per strength (kgCO2/
m3/MPa)

1 C70 2359 (±0%) 368 (±0%) 29.4 (±0%) 4.6 (±0%)

2 C85 2050 (−13.1%) 317 (−13.9%) 20.9 (−28.9%) 3.2 (−30.4%)

3 C85 1991 (−15.6%) 308 (−16.3%) 20.7 (−29.6%) 3.2 (−30.4%)

4 C70 1932 (−18.1%) 298 (−19.0%) 23.7 (−19.4%) 3.7 (−19.6%)

5 C75 2182 (−7.5%) 339 (−7.9%) 25.2 (−14.3%) 3.9 (−15.2%)

6 C80 1855 (−21.4%) 286 (−22.3%) 20.2 (−31.3%) 3.1 (−32.6%)

7 C70 1590 (−32.6%) 243 (−34.0%) 19.1 (−35.0%) 2.9 (−37.0%)

8 C85 1870 (−20.7%) 285 (−22.6%) 18.4 (−37.4%) 2.8 (−39.1%)

9 C90 1752 (−25.7%) 263 (−28.5%) 16.1 (−45.2%) 2.4 (−47.8%)

10 C85 1819 (−22.9%) 277 (−24.7%) 17.7 (−39.8%) 2.7 (−41.3%)

11 C90 1706 (−27.7%) 255 (−30.7%) 16.3 (−44.6%) 2.4 (−47.8%)

12 C80 1712 (−27.4%) 260 (−29.3%) 19.1 (−35.0%) 2.9 (−37.0%)

Table 6. Sustainability performance results.

Figure 3. Plot of 28-day strength versus 7-day strength.
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and the variation of EC with the 28-day strength are plotted in Figures 4 and 5, respectively. In 
these figures, moving vertically downwards and towards the right-hand side would indicate 
a more sustainable and higher strength concrete. It can be observed that Mix 1 performed the 
worst among all mixes in terms of both strength and sustainability, while the ternary blended 
(cement + FA + MS) mixes generally performed superior, as reflected by the group of data 
points close to the bottom right corner in the figures. The good overall performance is due to 
the effectiveness of FA in lowering the EE and EC, as well as the effectiveness of MS in improv-
ing the strength.

For comparison on an equal-strength basis, the EE per strength and the EC per strength at age 
of 28-days are evaluated and listed in the last two columns of Table 6. It is seen that the EE per 
strength was ranging from 16.1 to 29.4 (MJ/m3)/MPa, whereas the EC per strength was ranging 
from 2.4 to 4.6 (kgCO2/m3)/MPa. Similar to the foregoing, the percentage decrease in EE and 
EC per strength relative to Mix 1 is listed in brackets in the last two columns of Table 6. This 
can reflect the concurrent improvement in strength and sustainability by blending with FA, 
SA and MS. The largest percentage reductions in EE and EC per strength were attained by 
Mixes 9 and 11, which contained 25% FA content and 10% MS content. To facilitate visualising 
the concurrent effects on strength and sustainability, family of straight lines of constant EE/
strength ratio at equal intervals and family of straight lines of constant EC/strength ratio at 
equal intervals are plotted in Figures 4 and 5, respectively.

5.4. Additional investigation of rational SP dosage

To investigate the rationalisation of SP dosage, one of the SCC mixes, additional trial of Mix 2 was 
carried out with varied SP dosage while maintaining the proportions of other mix ingredients 
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unchanged. From the specific surface areas reported in Section 4.1, the SP dosage of Mix 2 in terms 
of liquid mass per surface area of cementitious materials was evaluated to be 57 × 10−6 kg/m2. Two 
trial mixes, labelled as Mix 2a and Mix 2b, were conducted with the respective SP dosage set at 
76 × 10−6 kg/m2 and 96 × 10−6 kg/m2 area of cementitious materials (approximately correspond to 
4% and 5% by mass of cementitious materials, respectively). The slump and flow results of Mix 
2a were 255 and 725 mm, respectively, while the slump and flow results of Mix 2b were 240 and 
770 mm, respectively. No sign of segregation was observed. It should be noted that when deter-
mining the SP dosage of SCC mixes containing materials of high fineness such as MS, the SP dos-
age should better be set based on the specific surface area of cementitious materials, so as to more 
effectively utilised the SP. In any case, the above additional investigation indicated possibility 
of further increasing the flowability at constant W/CM ratio, or conversely, possibility of further 
reducing the W/CM ratio for achieving even higher strength while maintaining the flowability. 
Therefore, it should be viable to develop HS-SCC beyond grade C90 by rationalising the SP usage 
and further mix optimisation, and research along this direction is recommended.

6. Conclusions

With the aim to develop sustainable high-strength self-consolidating concrete (HS-SCC) 
mixes, the authors have conducted research on improving the sustainable performance 
and mechanical strength of self-consolidating concrete (SCC) mixes. Reduction in embod-
ied energy and carbon emission of SCC mixes has been achieved by reducing the cement 
consumption with the incorporation of fly ash (FA), shale ash (SA) and microsilica (MS) as 
supplementary binder materials. High compressive strength of SCC mixes has been achieved 

Figure 5. Plot of embodied carbon versus 28-day compressive strength.
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by adopting low W/CM ratios through the use of polycarboxylate-ether-based superplasti-
ciser (SP). A series of 12 SCC mixes incorporating FA, SA and MS have been produced for 
laboratory testing. From the experimental results, all the concrete mixes have attained the 
required workability and flowability of self-consolidating. The flow values have satisfied the 
respective ranges of slump-flow classes SF1, SF2 or SF3 according to the European guidelines 
for SCC, and there has been no problem of segregation instability as revealed from visual 
observations. The mean 28-day compressive cube strengths of the SCC mixes were within the 
range from 80.2 to 108.5 MPa, which could be designated as grade C70 to C90. Depending 
on the contents of respective supplementary binder materials, the use of FA, SA and MS has 
significantly lowered the embodied energy (EE) and embodied carbon (EC) of the SCC mixes 
by up to 32.6% and 34.0%, respectively. In particular, SA can be used at a high volume while 
capable of achieving high strength, thereby enabling great enhancement in sustainability 
performance. For comparison on an equal-strength basis, the EE per strength and the EC 
per strength at 28-day age have been evaluated. By so doing, the concurrent improvement in 
strength and sustainability by blending with FA, SA and MS has been clearly demonstrated, 
where reductions in EE per strength and EC per strength by up to more than 45% have been 
achieved. Overall speaking, the results have concluded successful development of sustain-
able HS-SCC with superior performance compared to the conventional SCC mixes. The mix 
design contained in this chapter may be adopted as reference HS-SCC mixes for practical 
use. Moreover, from additional studies, the authors have suggested rationalising the SP dos-
age based on the specific surface area of cementitious materials, instead of the conventional 
practice of dosing the SP based on the mass content of cementitious materials.
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Abstract

In this study, the effects on the mechanical and durability properties of concrete with
cathode ray tube glass sand (CRTS) obtained by recycling the screens of cathode ray tubes
(CRTs) were investigated. CRTS was used by the ratios of 5, 10, 15, and 20% in the
concrete. The unit weight, workability, water absorption, compressive strength, flexural
strength, ultrasonic pulse velocity, static and dynamic elastic moduli, abrasion resistance,
and alkali-silica reaction (ASR) expansion tests on the concrete were examined. The use of
CRTS improved specific properties of concrete according to the fraction of glass aggregate
used between 0 and 20%. Plain concrete (P) and CRTS of 5% in concrete gave better results
in terms of mechanical properties. Use of CRTS above 5% in concrete declined the
mechanical properties but on the 90th day, CRTS concrete reduced the difference. CRTS
up to 20% in concrete especially improved abrasion resistance in comparison to P without
CRTS; furthermore, this addition did not increase ASR expansion to a deleterious level.

Keywords: concrete, cathode ray tube glass sand, mechanical properties, ultrasonic pulse
velocity, alkali-silica reaction, abrasion resistance

1. Introduction

For centuries, glass has been one of the main man-made materials that characterize societies. It
is part of everyday life in both developed and developing countries. So much consumer glass is
regularly produced in the World. However, its disposal creates serious problems because only
small percentages of glass are reused or recycled. As a result, most glass products become solid
waste and consume ever-scarce landfill capacity [1, 2].
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To facilitate problems related to disposal, many countries are currently legislating sustainable
waste management and conservation of resources, which includes recycling. In particular,
glass has inherent value that can be utilized in numerous applications [3, 4]. Demand for
recycled glass has gradually increased in some European countries and North America. Cur-
rently, 34% of container glass in Great Britain is recycled, but this rate is far below that in other
countries such as Germany, Switzerland, the Netherlands, and Finland where the recycling
rates are as high as 80%. In the USA, the rates are considerably less, and millions of tons of
waste glass remain as landfill [5, 6].

Adding value to a waste product generates both economic and environmental benefits that are
particularly effective if certain inherent properties of a specific waste material are utilized.
Concrete is an important construction material that can eliminate certain components of the
waste stream with promising results [7]. The most successful and widespread modification is
the use of fly ash, slags, and silica fume to partially replace ordinary Portland cement. In
addition, other waste stream components such as glass, foundry sands, and rubber are suc-
cessfully used as concrete ingredients. Studies of glass as an aggregate for concrete have been
primarily limited to soda lime glass, which is used for household containers and bottles. On
the other hand, studies on the use of LCD glass have also been conducted [8]. The chemical
makeup of different glass widely varies even with the glass color, which affects the properties
of concrete. In addition, various types of recycled glass can be used in concrete [4].

The recycling of old TV sets and computer monitors with cathode ray tubes (CRTs) poses
additional problems. CRTs consist of four structures with different components and properties
(screen or panel, cone or funnel, neck and frit junction). Most CRT components contain heavy
metals (e.g., Pb, Ba, and Sr) that pose serious environmental health concerns. Thus, CRTs have a
notably low recycling rate, which necessitates their disposal in specially engineered landfills [9,
10]. Moreover, depositing glass materials in engineered landfills is expensive [7]. Waste CRTs
require a special procedure before they are sent to landfills because of their high lead content. In
Hong Kong, a simple method with four steps is used to remove lead on the surface of CRTs: (i)
removing the leaded funnel glass from the CRT; (ii) crushing the CRT into small particles of sizes
below 5 mm; (iii) cleaning the lead from the glass surface by immersion in a 5% nitric acid
solution for 3 h; and (iv) removing the remaining acid by rinsing in tap water [11]. The front
panel, which is a component of the CRT, is made of barium strontium glass and is free of lead
[12]. CRT can be used instead of raw aggregate if it is known it has good performance on
properties and durability in concrete. Using of to CRT replace fine aggregate is possible owing
to its close association with natural aggregate as chemical and composition [13].

According to Topçu and Canbaz and Ismail and Al-Hashmi, waste glass concrete exhibits
slightly smaller slump values than plain concrete [14, 15]. In a study on workability by Kou
and Xing, glass powder minimally decreases the workability according to flow table results
[16]. It is expected that glass positively affects the mechanical properties of concrete because of
its excellent mechanical properties if it is used as an aggregate or in finely ground powder as a
partial cement replacement [2]. Ismail and Al-Hashmi showed that the replacement of sand
with glass at up to 20% in concrete can increase compressive and flexural strength [15].
Nevertheless, a glass aggregate content of more than 20% leads to notable decrease in the
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compressive and flexural strength, ultrasonic pulse velocity and dynamic elasticity modulus
[1, 14]. One of the problems encountered when using glass as an aggregate in concrete is glass
cracking and progression of these cracks [2, 5, 14]. A smooth glass surface facilitates the
movement of the cracks, and this effect decreases the strength [11]. The flexural strength of a
mortar specimen with glass aggregate can be 10% less than that of a specimen without glass
aggregate. Expansion from 1 to 4 mm in the size of the glass aggregate increases flexural
strength from 2.6 to 3.2 MPa. Mortars with 3 and 4 mm glass aggregates have stronger
resistance to cracks and exhibit high energy [17]. Investigations are still lacking in the area of
abrasion resistance of concrete containing glass aggregates. In studies by Ling and Poon,
Turgut, and Turgut and Yahlizade, the replacement of sand with glass aggregates in the
mortar increased the abrasion resistance [18–20]. Use of glass aggregate at up to 20% in
concrete resulted in better performance in comparison to plain concrete from the standpoint
of material properties [20, 21].

It is also well known that silica in glass can chemically react with alkali in the cement matrix,
which is known as ASR. The resulting ASR gel swells in the presence of moisture and causes
potentially serious cracking damage [2, 5, 22]. Topçu et al. reported that the ASR caused
expansion and internal stresses in the concrete in direct proportion to the amount of glass in
the concrete. It was necessary to add 2% Li2CO3 and 20% fly ash to the mix to constrain the
expansion below the acceptable limit [22]. As reported by Özkan, clear glass performed better
than brown glass in terms of strength and durability. That study also considered mortar with
up to 50% blast furnace slag, which replaced Portland cement, and it was found that 25% slag
led to the least amount of ASR expansion. Large amounts of fly ash and slag reduced the early
strength but significantly increased the alkali resistance of concrete [1]. Polley et al. and Kou
and Poon reported that the use of fly ash significantly decreased the influence of the ASR [21,
23]. Lane and Ozyildirim concluded that the strength and durability increased when small
amounts of silica fume were used with large amounts of fly ash or slag. ASR tests according to
ASTM C1293 indicated that as little as 15% of fly ash was sufficient to prevent detrimental
expansion. In addition, a slag ratio of at least 35% was found to be advisable. This performance
was also achieved with 25% slag and 2.5% silica fume due to the beneficial combination of
silica fume and blast furnace slag [24]. Cota et al. showed that waste glass of 7.5 or 15% did not
deteriorate mechanical properties or ASR durability when Portland cement replaced 15% of
metakaolin [25]. Ismail and Al-Hashmi noted that it is not always necessary to use pozzolana
to prevent ASR. In that study, high-quality pozzolanic waste glass sand (67.72% SiO2 and 6.9%
CaO) that was modified with 10, 15, and 20% sand was used. The concrete strength and ASR
durability increased with increasing waste glass content [15]. According to Schwarz et al., fine
glass dust can improve the durability of concrete [26]. The results of Shayan and Xu indicate
that if the glass particle sizes are thinner than 0.30 mm, they will not cause deleterious
expansion. Particle sizes above 0.60 mm cause significant deleterious expansion [2]. In their
other study by Shayan and Xu, powder glass did not cause ASR because it had pozzolanic
properties [27]. According to Meyer, it is possible to reduce ASR expansion depending on the
cement and climatic conditions and the structure and thickness of the glass [28]. In addition,
because ASR swelling occurs only in the presence of moisture, measures to prevent the ingress
of moisture are expected to be effective in preventing ASR damage.
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expansion below the acceptable limit [22]. As reported by Özkan, clear glass performed better
than brown glass in terms of strength and durability. That study also considered mortar with
up to 50% blast furnace slag, which replaced Portland cement, and it was found that 25% slag
led to the least amount of ASR expansion. Large amounts of fly ash and slag reduced the early
strength but significantly increased the alkali resistance of concrete [1]. Polley et al. and Kou
and Poon reported that the use of fly ash significantly decreased the influence of the ASR [21,
23]. Lane and Ozyildirim concluded that the strength and durability increased when small
amounts of silica fume were used with large amounts of fly ash or slag. ASR tests according to
ASTM C1293 indicated that as little as 15% of fly ash was sufficient to prevent detrimental
expansion. In addition, a slag ratio of at least 35% was found to be advisable. This performance
was also achieved with 25% slag and 2.5% silica fume due to the beneficial combination of
silica fume and blast furnace slag [24]. Cota et al. showed that waste glass of 7.5 or 15% did not
deteriorate mechanical properties or ASR durability when Portland cement replaced 15% of
metakaolin [25]. Ismail and Al-Hashmi noted that it is not always necessary to use pozzolana
to prevent ASR. In that study, high-quality pozzolanic waste glass sand (67.72% SiO2 and 6.9%
CaO) that was modified with 10, 15, and 20% sand was used. The concrete strength and ASR
durability increased with increasing waste glass content [15]. According to Schwarz et al., fine
glass dust can improve the durability of concrete [26]. The results of Shayan and Xu indicate
that if the glass particle sizes are thinner than 0.30 mm, they will not cause deleterious
expansion. Particle sizes above 0.60 mm cause significant deleterious expansion [2]. In their
other study by Shayan and Xu, powder glass did not cause ASR because it had pozzolanic
properties [27]. According to Meyer, it is possible to reduce ASR expansion depending on the
cement and climatic conditions and the structure and thickness of the glass [28]. In addition,
because ASR swelling occurs only in the presence of moisture, measures to prevent the ingress
of moisture are expected to be effective in preventing ASR damage.
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The present study investigated the effects of substituting various amounts of CRT glass for fine
aggregates in concrete on the following physical, mechanical, and durability properties: unit
weight, workability, water absorption, compressive and flexural strength, ultrasonic pulse
velocity, static and dynamic elastic moduli, abrasion, and ASR expansion. The crushed sand
replacement by cathode ray tube glass sand (CRTS) constituted 5, 10, 15, and 20% by weight of
the total aggregate.

2. Materials and methods

2.1. Materials and mix design

The cement in this study was CEM I/42.5 R according to TS EN 197-1 [29]. Fly ash (FA) was
used to increase the resistance against ASR and supply utilization by recycling this waste
material. CRTS obtained by recycling computer screens was provided from Exitcom Corp. in
Turkey. The chemical and physical properties of the cement, FA, and CRTS used in this study
are provided in Table 1. A superplasticizer was also added to ensure concrete workability.

Four different types and sizes of aggregate were used: river sand (0–3 mm), crushed sand (0–
4 mm), coarse aggregate 1 (5–12 mm), and coarse aggregate 2 (12–20 mm). The coarse aggre-
gates consisted of crushed stone and their maximum size was 20 mm. Figure 1 shows river
sand, crushed sand, and CRTS. The gradation curves for CRTS and the other fine aggregates
are shown in Figure 2.

Five different mix designs were investigated, as shown in Table 2. These mix designs
contained CRTS in the amounts of 0, 5, 10, 15, and 20% by weight of total aggregate crushed
sand replacements. After the workability of fresh concrete was determined for each mix, five
cubes of size 150�150�150 mm, five beams of size 100�100�400 mm, five cylinders of 150 mm
in diameter and 300 mm in length, five cubes of size 71�71�71 mm, and five prisms of size
25�25�285 mm were cast to determine the compressive strength, flexural strength and pulse
velocity, elastic modulus, abrasion, and ASR, respectively.

2.2. Test methods

Workability. The slump of fresh concrete was measured using the standard slump test appa-
ratus according to ASTM C143 [30].

Densities and water absorption. Dry, saturated densities and water absorption of hardened
concrete were measured according to ASTM C642 [31].

Compressive strength. The compressive strength of the hardened concrete was determined
according to ASTM 39 [32] at the ages of 3, 7, 28, and 90 days for the cube specimens of
150�150�150 mm in size. These cubes were removed from the molds after 1 day and cured
in water at 21�C before testing.
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Flexural strength. The flexural strength of the hardened concrete was determined at the ages of
3, 7, 28, and 90 days for the beams of 100�100�400 mm in size. These beams were removed
from the molds after 1 day and cured in water at 21�C before testing. The flexural strength was

Chemical properties Physical and mechanical properties

Constituent (%) Cement Fly ash CRTS Properties Cement Fly ash CRTS

SiO2 20.5 50.2 50.9 Specific gravity (g/cm3) 3.12 2.04 2.70

Al2O3 4.65 12.7 2.62 Blaine (m2/kg) 360 212 —

Fe2O3 3.40 9.00 0.12 Mass stability (mm) 2.00 — —

CaO 62.7 12.53 1.54 Setting period start (min) 153 — —

Free CaO 1.09 — — Setting period stop (min) 188 — —

MgO 1.02 4.33 0.64 90 μ sieve (%) 0.20 — —

SO3 2.21 0.39 — 45 μ sieve (%) 12.8 — —

Na2O 0.18 2.75 3.60 2 day-strength (MPa) 30.2 — —

K2O 0.41 2.50 4.30 7-day strength (MPa) 51.1 — —

PbO — — 0.29 28-day strength (MPa) 62.2 — —

BaO — — 9.10

Sb2O3 — — 0.31

ZrO2 — — 0.91

SrO — — 5.97

TiO — — 0.39

CeO2 — — 0.25

Cl� 0.01 — —

Insoluble residue 0.60 — —

Ignition loss 2.15 0.54 —

Table 1. Chemical composition and physical properties of cement, fly ash and CRTS.

Figure 1. Photographs of CRTS, crushed sand, and river sand used in the study.
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The present study investigated the effects of substituting various amounts of CRT glass for fine
aggregates in concrete on the following physical, mechanical, and durability properties: unit
weight, workability, water absorption, compressive and flexural strength, ultrasonic pulse
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gates consisted of crushed stone and their maximum size was 20 mm. Figure 1 shows river
sand, crushed sand, and CRTS. The gradation curves for CRTS and the other fine aggregates
are shown in Figure 2.

Five different mix designs were investigated, as shown in Table 2. These mix designs
contained CRTS in the amounts of 0, 5, 10, 15, and 20% by weight of total aggregate crushed
sand replacements. After the workability of fresh concrete was determined for each mix, five
cubes of size 150�150�150 mm, five beams of size 100�100�400 mm, five cylinders of 150 mm
in diameter and 300 mm in length, five cubes of size 71�71�71 mm, and five prisms of size
25�25�285 mm were cast to determine the compressive strength, flexural strength and pulse
velocity, elastic modulus, abrasion, and ASR, respectively.

2.2. Test methods

Workability. The slump of fresh concrete was measured using the standard slump test appa-
ratus according to ASTM C143 [30].

Densities and water absorption. Dry, saturated densities and water absorption of hardened
concrete were measured according to ASTM C642 [31].

Compressive strength. The compressive strength of the hardened concrete was determined
according to ASTM 39 [32] at the ages of 3, 7, 28, and 90 days for the cube specimens of
150�150�150 mm in size. These cubes were removed from the molds after 1 day and cured
in water at 21�C before testing.
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3, 7, 28, and 90 days for the beams of 100�100�400 mm in size. These beams were removed
from the molds after 1 day and cured in water at 21�C before testing. The flexural strength was
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Al2O3 4.65 12.7 2.62 Blaine (m2/kg) 360 212 —

Fe2O3 3.40 9.00 0.12 Mass stability (mm) 2.00 — —
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Figure 2. Particle size distributions of fine aggregates.

Components CRTS content (%)

0 5 10 15 20

Cement (kg/m3) 300 300 300 300 300

Fly Ash (kg/m3) 60 60 60 60 60

Water (kg/m3) 155 155 155 155 155

Natural sand (kg/m3) 517 517 517 517 517

Crushed sand (kg/m3) 360 270 180 90 0

CRTS (kg/m3) 0 94 188 282 376

Coarse aggregate 1 (kg/m3) 470 470 470 470 470

Coarse aggregate 2 (kg/m3) 512 512 512 512 512

Admixture (%) 1.30 1.30 1.30 1.30 1.30

Water/(FA + C) 0.43 0.43 0.43 0.43 0.43

Slump (mm) 170 160 158 150 143

Unit weight (kg/m3) 2379 2383 2387 2391 2395

Table 2. Concrete mix designs.
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determined using three-point bending tests according to ASTM C78 [33] with an effective span
of 300 mm.

Ultrasonic pulse velocity. The ultrasonic pulse velocity of the hardened concrete was deter-
mined by selecting a measurement distance of 400 mm at the ages of 3, 7, 28, and 90 days on
the 100�100�400 mm beams. The measurements were performed according to ASTM C597
[34] before the flexural strength tests.

Static and dynamic elastic moduli. The static elastic modulus was determined on 150�300
mm cylinders at the age of 28 days in compression according to ASTM C469 [35]. The dynamic
elastic modulus was determined using the 28-day data that were obtained from the ultrasonic
pulse velocity of the beams according to ASTM C597, formula obtained from ASTM C597 was
used to calculate the dynamic elastic modulus. The formula of dynamic elastic modulus was
showed in Eq. (1).

V ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E 1� μð Þ
r 1þ μð Þ 1� 2μð Þ

s
(1)

Alkali-silica reaction. ASR was determined on the mortar bars of 25�25�285 mm according
to ASTM C1260 [36].

Abrasion. The amount of horizontal surface abrasion was determined on the cubes of
71�71�71 mm using the Bohme testing method according to BS EN 13892–3 [37] after 28 days.

3. Experimental studies and discussion

3.1. Workability

The workability was negatively affected with increasing CRTS content, as shown in Table 2.
The slump value slightly decreased when the CRTS content increased by 5%. However, the
slump decreased by only 2.75 cm when the CRTS content increased to 20%. According to Ling
and Poon, fine particle size glass increases water absorption [38]. Similar to these results,
Topcu and Canbaz reported that increasing glass content reduced the workability but the
reduction was insignificant [15]. Concrete with glass requires more water to achieve the same
workability [5, 21]. Ismail and Al-Hashmi, Kou and Xing, and Shayan and Xu, also reported
that glass added to concrete decreases the workability [2, 15, 16].

3.2. Unit weight and water absorption

Table 3 indicates that up to 15% CRTS content in concrete increases the density of hardened
concrete in comparison to plain concrete. However, glass content above 15% decreases the
density [23]. Changing the glass content from 15 to 20% produces the largest increase in water
absorption, which suggests that glass content above 15% leads to higher porosity than speci-
mens without CRTS. The study by Shayan and Xu also indicates that the density decreases
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determined using three-point bending tests according to ASTM C78 [33] with an effective span
of 300 mm.

Ultrasonic pulse velocity. The ultrasonic pulse velocity of the hardened concrete was deter-
mined by selecting a measurement distance of 400 mm at the ages of 3, 7, 28, and 90 days on
the 100�100�400 mm beams. The measurements were performed according to ASTM C597
[34] before the flexural strength tests.

Static and dynamic elastic moduli. The static elastic modulus was determined on 150�300
mm cylinders at the age of 28 days in compression according to ASTM C469 [35]. The dynamic
elastic modulus was determined using the 28-day data that were obtained from the ultrasonic
pulse velocity of the beams according to ASTM C597, formula obtained from ASTM C597 was
used to calculate the dynamic elastic modulus. The formula of dynamic elastic modulus was
showed in Eq. (1).

V ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E 1� μð Þ
r 1þ μð Þ 1� 2μð Þ

s
(1)

Alkali-silica reaction. ASR was determined on the mortar bars of 25�25�285 mm according
to ASTM C1260 [36].

Abrasion. The amount of horizontal surface abrasion was determined on the cubes of
71�71�71 mm using the Bohme testing method according to BS EN 13892–3 [37] after 28 days.

3. Experimental studies and discussion

3.1. Workability

The workability was negatively affected with increasing CRTS content, as shown in Table 2.
The slump value slightly decreased when the CRTS content increased by 5%. However, the
slump decreased by only 2.75 cm when the CRTS content increased to 20%. According to Ling
and Poon, fine particle size glass increases water absorption [38]. Similar to these results,
Topcu and Canbaz reported that increasing glass content reduced the workability but the
reduction was insignificant [15]. Concrete with glass requires more water to achieve the same
workability [5, 21]. Ismail and Al-Hashmi, Kou and Xing, and Shayan and Xu, also reported
that glass added to concrete decreases the workability [2, 15, 16].

3.2. Unit weight and water absorption

Table 3 indicates that up to 15% CRTS content in concrete increases the density of hardened
concrete in comparison to plain concrete. However, glass content above 15% decreases the
density [23]. Changing the glass content from 15 to 20% produces the largest increase in water
absorption, which suggests that glass content above 15% leads to higher porosity than speci-
mens without CRTS. The study by Shayan and Xu also indicates that the density decreases
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with glass addition above 15% as aggregate or glass powder [2]. The dry and saturated density
of the concrete exhibits identical trends. Table 4 shows that the water absorption decreases
from 6.46 to 6.05 when the CRTS composition reaches 10%. Water absorption increased when
CRTS content is higher than 10% in the concrete. This increase is remarkable when the fraction
is 20%.

3.3. Compressive strength

The use of 15 and 20% CRTS decreased the compressive strength in concrete over the first
28 days in Figure 3. The study by Maschio et al. (2013) presents a similar relationship [39].
After 28 days, the rate of increase of strength was faster than that of P and specimens with 5
and 10% glass aggregate and approached these values for 15 and 20% CRTS in concrete [8].
This result demonstrates that the glass contents of 15 and 20% have a pozzolanic effect that
becomes more obvious after 28 days [15]. The glass replacements of 5 and 10% do not signif-
icantly change either the early or the end strength values in comparison with P [6]. The
specimen with 5% CRTS exhibited a notably constant value throughout the period of 90 days,
which approached approximately 40 MPa after 90 days. An increase of compressive strength
was observed for 10, 15, and 20% CRTS from 28 to 90 days, which can be attributed to the
pozzolanic effect of CRTS [40]. Intervals of minimum and maximum compressive strengths for
all specimens were 13–24, 22–30, 32–39, and 37–41 MPa for 3, 7, 28, and 90 days, respectively.
After 90 days, the difference between the minimum and maximum values of the specimens
was relatively small [8]. It is remarkable that the interval decreased from 9 to 4 in 90 days.
However, the increase in glass content generally decreases the compressive strength [2]. Ling
and Poon explained that the compressive strength might be negatively affected by the bonding
between the glass particles and the cement paste [11].

SEM micrograph in Figure 4 displays the interface between concrete and CRTS exposed to
compression. This micrograph was obtained by enlarging the field under SEM 500 times. This
SEM micrograph was similar to those reported by Ling and Poon: a smooth surface of CRTS
can lead to a weaker interface that results in loss of bonding between CRTS and cement paste,

CRTS content (%) 0 5 10 15 20

Slump (cm) 17 16 15.75 15 14.25

Table 3. Effect of CRTS content on the workability.

CRTS content (%) Dry density (kg/m3) Saturated density (kg/m3) Water absorption (%)
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5 2219 2363 6.26

10 2289 2427 6.05

15 2274 2413 6.09

20 2198 2354 6.97

Table 4. Densities and water absorption of the specimens.
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and cracks originating from loading can spread faster [11, 41]. Therefore, the strength of the
concrete with glass aggregate decreases [2, 5, 14, 17, 41].

3.4. Flexural strength

The flexural strength-time graph is shown in Figure 5. The specimen with 5% CRTS replace-
ment is notably similar to the P sample throughout 90 days in terms of the compressive
strength. The flexural strengths for the 5% CRTS and P samples on the 28th and 90th days

Figure 4. SEM micrographs showing the bond between CRTS and cement paste in concrete after compression loading.

Figure 3. Improvement in compressive strength of the specimens over 90 days.
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were almost the same. The specimens with 10, 15, and 20% CRTS have similar trends each
other. The maximum difference in values of flexural strength on 90th day decreases to 0.7 MPa,
whereas it is 1 MPa after 28 days. The flexural strengths of P and 5% CRTS concrete are
approximately 5 MPa at 90 day, whereas the others approach approximately 4.5 MPa. The
increase in glass content in the mix generally decreases the flexural strength [2, 8, 14].

3.5. Ultrasonic pulse velocity

The pulse velocity graph in Figure 6 reveals that the specimen with 20% CRTS replacement
exhibits relatively low values for the first 28 days in comparison with the others. The speci-
mens with 5 and 10% CRTS replacement exhibit a relatively higher pulse velocity than P for
the first 28 days. Their values are almost identical to that of P at the end of 90 days. All
specimens have notably similar pulse velocity values at the end of 90 days, and there are also
differences between 28 and 90 days, as shown in the graphs of compressive and flexural
strengths in Figures 3 and 5. The ultrasound pulse velocity is approximately proportional to
the compressive and flexural strengths [2].

3.6. Static and dynamic elasticity moduli

Static and dynamic elasticity modulus values are very similar in Figure 7. The dynamic
elasticity modulus found using the ultrasonic pulse velocity is generally larger than the static

Figure 5. Improvement in flexural strength of the specimens over 90 days.
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Figure 6. Improvement in ultrasonic pulse velocity of the specimens over 90 days.

Figure 7. Static and dynamic elasticity moduli of the specimens at 28 days.
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elasticity modulus. The specimen with 5% CRTS replacement in concrete has the highest value,
and that with 10% glass replacement has a better value than the specimen without CRTS.
The specimens with 15 and 20% replacement have notably similar values, which are slightly
lower than that of the specimen without CRTS [2, 23]. The elasticity moduli of all specimens
are related to the compressive strength, flexural strength, and ultrasonic pulse velocity at
28 days [42].

3.7. Alkali-silica reaction

The 21-day expansion of the mortar bars is shown in Figures 8 and 9. In Figures 8 and 9, the
expansion can be observed to increase with increasing CRTS content and time. The bars with
fly ash in Figure 8 expand slightly less than the bars without fly ash (CRTS-F) in Figure 9
because of the pozzolanic effect of fly ash [43]. After 21 days, all specimens with CRTS have
similar values except for the specimens without CRTS. The highest expansion for the speci-
mens with 20% CRTS is less than 0.03% in Figures 8 and 9, which is below the upper limit of
0.1% according to ASTM C1260. The study of Zhao et al. (2013b) also showed the expansion
value of FA series mortar samples with glass sand are found to be below 0.1% [44]. The
importance of using fine glass was reported by Ismail and Al-Hashmi, who used aggregate
with a fineness modulus of 2.36, which decreased the ASR. In this study, the fineness
modulus of the CRTS is 2.95, which indicates that the aggregate is sufficiently fine for ASR
resistance.

Figure 8. Improvement in ASR of the specimens over 21 days.
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Figure 9. Improvement in ASR of the specimens without fly ash over 21 days.

Figure 10. Change in abrasion loss (%) of the specimens after 28 days as a function of CRT comparing with the research
by Turgut and Yahlizade.
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3.8. Abrasion resistance

Figure 10 shows the results of abrasion volume loss (%) found using the Bohme abrasion test
machine. It clearly appears that the abrasion volume loss (%) decreases with increasing [18–20,
45]. The research by Turgut and Yahlizade supports these results. They found that the use of
glass replacement with fine aggregate up to 20% by weight decreased the abrasion volume loss
(%). In this research, the decrease slows down between 5 and 15%; however, Turgut and
Yahlizade did not investigate these proportions. The difference of abrasion volume loss of
specimen with glass content of 20% compared to the specimen without CRTS is approximately
2.5% in this research; whereas it was 2% in the research by Turgut and Yahlizade. Their study
was based on concrete paving blocks and window glass.

4. Conclusions

Based on the results of the experimental studies carried out in the research, the results obtained
are presented below:

1. CRTS slightly affects the slump values; an increase in the glass content in concrete reduces
the slump value.

2. CRTS content up to 10% increases the density and decreases water absorption. However, a
CRTS content of 20% increases water absorption in the concrete. This shows that the CRTS up
to 10% in concrete increases the filling by entering the gaps and introduces voids above 10%.

3. Increasing the CRTS content decreases the compressive and flexural strengths, except
when the content is 5%. Although CRTS content of 15 and 20% reduces the strength, the
strength of these specimen increases more than that of the other specimens after 28 days,
which indicates a pozzolanic effect. This effect is less observed in specimens with 10%
CRTS.

4. CRTS content of 15 and 20% leads to the lowest pulse velocity values in comparison with
the other concrete. The specimens with CRTS content of 5 and 10% exhibit higher pulse
velocity compared to the specimens without CRTS until 28 days have passed. All values
are close to each other at 90 days.

5. Static and dynamic elasticity moduli exhibit similar trends to each other and also to the
compressive strength at 28 days. The concrete specimens with CRTS content of 5 and 10%
have larger moduli than P. The elasticity moduli decrease when the CRTS content reaches
15%. Specimens with 20% CRTS exhibit similar moduli to those with 15% CRTS.

6. An increase in CRTS content decreases the ASR resistance but not to a problematic level
because the level is below the 0.1% ASTM C1260. The specimens with fly ash have lower
values than those without fly ash. The use of fly ash in concrete with CRTS has a positive
effect against ASR, as expected.
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7. The abrasion volume loss (%) decreases with increasing CRTS content up to 20%. The
decrease is approximately 2.5%.

In conclusion, the concrete with CRTS aggregate exhibits a performance similar to that of the
concrete without CRTS. This result shows that the use of CRTS can contribute to the properties
of concrete. The mixture of CRTS in concrete can be adjusted according to the application and
desired specific properties. The performance of abrasion resistance of concrete with 20% CRTS
is especially notable. Research is needed on concrete with more than 20% CRTS. Furthermore,
the use of CRT funnels in concrete is also an important matter because of their lead content.
Lead is harmful to the environment. In this respect, recycling of CRT funnels is important, and
there is a need for research on this subject.

The study is notable in terms of the potential use of recycled CRTS because of the quantity of
waste CRTS used. Concrete properties can be improved with CRTS, resulting in the reduction
of piles of waste CRTs when they are used in concrete.
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Abstract

This work shows the technical feasibility of incorporating phase change materials 
(PCMs) into clay plastering mortars to improve the thermal properties of the building 
envelopes. Due to the absence of regulated and internationally agreed-upon norms for 
clay mortars containing thermoregulating microcapsules (MPCMs), two tests following 
UNE-EN-998-1:2010 and UNE-EN-1015, were designed to provide the greatest similar-
ity to its final application. Three different dosages 5, 10, and 15 wt% of MPCM relative 
to the dried mortar weight were used. Fresh mortars were physically characterized to 
determine its consistency, apparent density, period of workability and open time, and 
occluded air content. Physical and mechanical characteristics were determined for hard-
ened mortar. The thermal characteristics of the specimens were analysed by using a dif-
ferential scanning calorimetry, obtaining their apparent specific heat capacities and the 
enthalpy curves. Building simulation software is a fundamental tool for designing build-
ings with almost zero energy consumption. In this study, three identical architectural 
models were simulated. The reference building had inner coatings of clay-based mortar, 
mortar with 15% added material, and a conventional gypsum mortar. These buildings 
were subjected to the same exposure and radiation conditions, which allowed the result 
to be compared to evaluate the effect of incorporating the PCM.

Keywords: phase-change materials (PCMs), clay plaster, thermal energy storage (TES), 
energy demand

1. Introduction

One of the greatest problems facing society today is energy consumption and environmental 
pollution. One of the main consumers of energy is the domestic sector, which in the European 
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Union (EU), for example, represents 25% of the total energy [1]. In fact, given the direct (use 
of housing) and indirect (materials manufacturing, transport, construction, demolition, etc.) 
energy costs, it is estimated that the construction industry in developed countries consumes 
up to 40% of the total energy [2].

The residential sector accounts for 25% of the total energy consumption in the EU and 19% in 
Spain [3]. Construction, considered part of the industrial sector, accounted for approximately 
1 and 2% of the energy consumed in the EU and Spain, respectively, in 2014, according to data 
from the 2016 edition of Eurostat. The energy consumed in the residential sector combined 
with all other construction totals 40% of the energy consumed [4].

This is why the future of construction and building cannot be contemplated without design-
ing buildings that consume almost no power, that is, zero-energy buildings (ZEBs). In this 
regard, legislation related to energy savings in buildings is being implemented around the 
world. In the EU, [4] on energy efficiency in buildings (EPBD) was approved; its objective 
is buildings with almost zero-energy consumption in 2020, and more recently [5] on energy 
efficiency has emphasized the rehabilitation of the building stock of member states.

Some of the strategies to follow for achieving these objectives are reducing the energy 
demand of air-conditioning systems and searching for materials with smaller carbon foot-
prints through life cycle assessment and life cycle energy analysis [6]. Such strategies must 
be considered in a more relevant way in the areas of the planet with considerable daily varia-
tions in temperature that cause notable differences in energy consumption between day and 
night. Such variations lead to periods of maximum load and of less activity (with the latter 
generally between midnight and early morning). If heat or cold thermal energy could be 
stored at convenience and released into the indoor environment during the moments of great-
est demand, some or all of the load peaks could be displaced and other “passive” strategies 
could be exploited. In this way, energy is managed effectively, which provides economic and 
environmental benefits.

Indeed, passive conditioning in buildings that store thermal energy by means of phase 
changes (i.e., latent heat) is an increasingly common trend. It is not surprising, therefore, that 
during the last years, many studies have been published on the use of phase-change materials 
(PCMs) in buildings [7–9].

PCMs are substances that, through exothermic and endothermic processes derived from their 
change of state, are capable of storing large amounts of energy in the form of latent heat and 
exchanging it with the environment when thermal conditions require it. Among the various 
changes of state, the solid–liquid has the best characteristics for being used in building construc-
tion attending to the small volume change that occurs. According to their nature, PCMs are classi-
fied into three broad groups: inorganic, organic and eutectic mixtures; hydrated salts and paraffin 
are the most common compounds [10]. The main methods of incorporating PCMs are the direct, 
immersion and encapsulation methods. A detailed description of such systems can be reviewed 
in [11]. There are two types of encapsulation: macroencapsulation and microencapsulation. In 
the former, the PCM is packed in tubes, bags, spheres, panels or other containers and then incor-
porated into the building material. The latter method, microencapsulation, involves small PCM 
particles being enclosed in a thin film of a high-molecular-weight polymer that must be physical-
chemically compatible with both the PCM and the building materials.

Sustainable Buildings - Interaction Between a Holistic Conceptual Act and Materials Properties152

The first applications of PCMs to heating and cooling buildings described in the literature 
date back three decades [12]. In recent decades, a broad spectrum of work has focused on 
incorporating PCMs to store energy as latent heat into building materials such as plaster and 
cement walls, roofs, floors, sandwich panels, among others [7, 13]. However, as noted by 
[14], some difficulties remain in reliable applications, practical uses and validation through 
modeling processes [15, 16]. In this sense, some studies, such as the one by [17], have charac-
terized and studied the behavior of PCMs embedded in compacted earth elements. However, 
although these properties are valued, authors do not numerically model the construction ele-
ment within a complete architectural framework.

In that way, new trends are emerging that vindicate these construction systems, which have 
been developed by adapting to the climate of each region for years. Bioconstruction tries to 
relate the natural environment to the urban habitat by promoting the use of materials with 
practically no environmental impact and conceiving of architecture as a discipline that must 
be adapted to the environment and not the other way around. The use of new technologies 
and materials allows to recover the use of other traditional materials, such as earth (soil), 
which makes them more energy efficient and compliant with the requirements of the elements 
and current construction systems, thereby reducing the impact on the natural environment.

In this sense, clay presents itself as a material capable of satisfying these new needs. It is 
natural, recyclable and abundant in most regions of the world. Handling it does not require 
more resources than the ones used for extraction, and there is no need for transport or firing 
processes, which ensures that its environmental impact is much lower than that of other con-
struction materials [18].

Since there has been no literature referred to the use of clay plasters containing thermoregu-
lating microcapsules to passive buildings applications, the goal of this work is to study the 
technical feasibility of incorporating these materials into clay-plastering mortars to improve the 
thermal properties of the resulting building, contributing to its energy efficiency and habitabil-
ity. In that way, three different composites containing 5, 10 and 15 wt% of microencapsulated 
phase-change materials (MPCMs) were synthesized and characterized. Due to the absence of 
regulated and internationally agreed-upon norms for clay mortars containing thermoregulating 
microcapsules, two tests following European Normative [19–27], which refers to mortars for 
masonry, were designed to provide the greatest similarity to its final application. Finally, ener-
getic effects of incorporating PCMs into the coating mortar were simulated and a comparative 
analysis of the variation of the energy demand was made and based on an architectural model.

2. Materials and methods

The clay-based mortar lining used in this study consists of illite-kaolinite clays, siliceous 
sands at different granulometries and fiber (straw) without additional chemical additives. 
This commercial clay was supplied by the company Ecoclay®. The technical characteristics of 
the material are shown in Table 1.

Spherical microcapsules containing Rubitherm® RT27 with a shell from LDPE and EVA-mSD-
(LDPE·EVA-RT27) were obtained following the method described in the Patent EP2119498 in 
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Figure 1. Microcapsules from low-density polyethylene and ethylvinylacetate containing Rubitherm®RT27 by spray 
drying.

a pilot plant spray drying. These microcapsules have an average particle size of 30 μm and a 
latent heat of 98.14 J/g (Figure 1).

The thermal properties of the microcapsules and the clay-based mortars were characterized 
by differential scanning calorimetry (DSC). Analyses were performed in the range from 0 to 
40°C at a heating rate of 5°C/min. The PCM began to accumulate at a temperature of 5.33°C, 
ending at 32.71°C. In this temperature range, there was a total accumulation of 83.41 J/g, which 
is the heat storage capacity produced by the phase change of paraffin (i.e., its latent heat). The 
maximum accumulation point is 12.24 J/g·°C and occurs at 24.27°C (Table 2 and Figure 2).

Materials were tested by following the normative [19–27], which refers to mortars for 
masonry, attending to the absence of regulated and internationally agreed-upon norms for 
clay mortars.

Three different dosages were used: 5, 10 and 15 wt% MPCMs per dried weight of mortar. 
Composite clay mortars were produced by weighting first the desired masses of clay, water 
and MPCMs and following a mixing protocol according to [23] and the recommendations of 
Ecoclay. The components were placed together in a tray and mixed firstly for 1 min at an agi-
tation; the stirring was stopped and immediately activated again for other 30 s. Once this time 
of agitation was achieved, the agitation was stopped per 5 min, in order to reach the proper 

Ds (kg/m3) LL (%) LP (%) IP (%) Cf (%)

1543 23.8 14.7 9.4 1.52

Table 1. Physical characteristics of the Ecoclay-based-fiber clay mortar: density (Ds), liquid limit (LL), plastic limit (LP), 
plasticity index (IP), and fiber content (Cf).
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hydration of the mixture. Finally, the mixing procedure was completed after 1 additional 
minute of agitation.

Test pieces were cured under laboratory conditions (20°C and 60% RH) during 14 days for 
favoring the chemical reactions in the presence of water, allowing to achieve the proper 
strength. Further, they were demolded over at least 4 days later (Figure 3).

2.1. Physical, mechanical, and thermal characterization

The physical characterization of fresh mortars was performed to determine the consistency using 
a shaking Table [24], bulk density and occluded air content [25, 26, respectively] and period of 
workability and open time [27]. Besides, some regulations were adapted to find the density of 
the test specimens [28], the water vapor absorption [29] and the water vapor permeability [22].

The mechanical study included the flexural strength and compressive strength of the hardened 
mortar following the [20] and the adhesive strength of plaster mortar and hardened plaster 
applied to substrates according to the norm [21] and the Shore C hardness following the [28].

MCr (°C) SHc (kJ/kgK) HSc (kJ/kg) Ds (kg/m3) Dl (kg/m3) Hc (W/
(mK))

MT (K)

Rubitherm RT27 25–28 2.84 179 880 760 0.2 297.42

Table 2. Physical and thermal characteristics of Rubitherm RT27 (from http://www.rubitherm.com/) for encapsulation 
using spray-drying: melting/freezing range (MCr), specific heat capacity (SHc), solid density (Ds), liquid density 
(Dl), heat conductivity (Hc) and maximum operating temperature (MT). DSC was used to determine the SHc of the 
encapsulated paraffin (2.84 kJ/kg; the HSc was 83.41 kJ/kg for 46% microencapsulated paraffin).

Figure 2. DSC curve of microcapsules of Rubitherm RT27 (from http://www.rubitherm.com/) for encapsulation using 
spray drying.
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Finally, the thermal behavior of the specimens was tested using DSC with a TA Instruments 
Q100 calorimeter, from which the apparent heat capacity and the enthalpy curves were 
obtained. The thermal conductivities and the thermal energy storage (TES) capacities were 
calculated using homemade equipment described and proved in previous works [30, 31].

2.2. Thermal behavior modeling

Experimental results of the resulting construction material were parameterized and mod-
eled using EnergyPlus energy simulation software provided of its graphical interface, 
DesignBuilder®. This software has been used by [15] to evaluate the energy demand of a 
reference architectural model containing PCMs. For the proper whole building energy simu-
lation, the program requires the inputs of enthalpy curve of the material, the thermal conduc-
tivity and the apparent heat capacity.

The simulation was performed using the finite difference algorithm (CondFD). This algorithm 
divides the surfaces of walls, floors and ceilings into a system of nodes and uses the implicit 
method of finite differences to solve the heat transfer equation numerically [32].

2.2.1. Geometry and boundary conditions

The architectural model for the simulation was generated using SketchUp® and it had a sim-
ple geometry for ensuring a homogeneous internal airflow throughout the volume, avoiding 
the presence of preferential heat flows (Figure 4). There were no partitions and the internal air 
was in constant contact with the envelope of the building. This enclosure allowed the volume 
of indoor air to interact with the external conditions (without infiltrations or ventilation); in 
this sense, the enclosure was designed to have a high thermal transmittance without insulation 
except the bottom plate. The gaps were oriented to the west, south and east to ensure that solar 
radiation was collected throughout the day. Finally, heating, cooling and lighting systems 
were not incorporated. With these design criteria, it was possible to establish a volume of con-
trolled air that interacted with the environments in which they were located.

Figure 3. Specimens used for physical, thermal, and mechanical characterization.
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The building was located in a central Spanish city (Ciudad Real). This area has a semi-arid 
continental climate with hot summers (average monthly temperatures above 22°C) and cold 
winters (average monthly temperatures below 6°C). The annual temperature range can be 
ranged between 44.3 and −9.4°C, according to the Ciudad Real meteorological observatory. 
The daily temperature range is also considerable, with ranges of 5–10°C in winter and 15–20°C 
in summer. The climatic data used in the simulation were obtained from the American Society 
of Air Conditioning, Refrigeration and Heating (ASHRAE). The hypotheses used with the 
simulations were developed for summer conditions with simulation periods of 15 days and an 
integration time step less than 1 min. The selected period was summer, July15–31; each season 
lasted 408 h.

2.2.2. Construction parameters

The same building was simulated by using two different envelopes of a clay coating contain-
ing 15% of thermoregulating microcapsules and other free of PCMs. Results were also com-
pared with those obtained using gypsum as a conventional mortar coating. The thickness of 
the coating considered was 3 cm, following the manufacturer’s recommendations.

3. Results

3.1. Fresh mortar: physical properties

Because this material was applied as a layer of mortar on the inside of the wall, its rheologi-
cal properties were fundamental. The densities of the samples and the increase in the mixing 
water required to produce the same runoff of the standard mortar were 1823.34, 1550.07, 
1491.19 and 1406.12 kg/m3 and 0, 9, 18 and 30%, for microcapsules contents of 0, 5, 10 and 
15%, respectively. This result indicates that the higher the microcapsule content, the lower the 
density of the fresh mortar and lower the workability of the mortars.

Figure 4. Three-dimensional view of the model building. Total surface area: 112.52 m2. Latitude: 38.99°. Longitude: −3.9°. 
Elevation: 629 masl.
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Because this material was applied as a layer of mortar on the inside of the wall, its rheologi-
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water required to produce the same runoff of the standard mortar were 1823.34, 1550.07, 
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The open time of the fresh mortar showed that both the standard mortar and the mor-
tars containing different amounts of the MPCMs exceeded the strength determined by the 
 corresponding standard (0.5 N/mm2) within 6 days of being mixed. On the fourth day, the 
four samples were very similar in strength, with a significant increase with the presence of 
microcapsules. On the fifth day, the difference in strength between the different samples 
increased; the samples containing more of the PCM were stronger. By the sixth day, the 
trend had reversed, with the standard sample and the sample containing 5% PCM being 
the strongest.

The occluded air content of the mortar increased substantially when the PCM was incorpo-
rated. For the standard sample, it was calculated to be 7%, but with the first addition, this 
value increased to 14%. There was a downward trend as the dosage increased; the 10% sample 
contained 14% occluded air, and the 15% sample contained 12% occluded air.

3.2. Hardened mortar: physical properties

The results of the retraction calculation increased as the PCM was added (Table 3). These val-
ues were 3.22% for the standard sample, 4.71% for the 5% sample, 5.47% for the 10% sample 
and 6.71% for the 15% sample. As with the apparent density of the fresh mortar, the density 
of the hardened mortar was evidently influenced by the addition of the MPCMs to the clay 
mortar (Table 3). Logically, the density difference between the dry components (1543 kg/m3 
for the clay mortar and 866 kg/m3 for the PCM) means that adding the PCM to the mixture 
necessarily displaced the clay mortar, which caused the density to decrease.

The water vapor absorption capacity decreased as the number of microcapsules increased; 
however, the high hygroscopic capacity of the clay meant that all the samples, regardless of 
the PCM content, presented better results than other conventional mortars, such as gypsum 
or mortars of cement and lime (Figure 5). The permeability to water vapor followed the same 
trend as the absorption of water vapor, that is, both decreased as the PCM was added. This 
is due to the hydrophobic character of the PCM microcapsules. The standard sample had 
a permeability of 2.28 × 10−11 kg·m/m2·s·Pa. After the first addition, this value decreased to 
1.42 × 10−11 kg·m/m2·s·Pa. For the samples containing 10 and 15% by weight, the permeabilities 
were 1.04 × 10−11 and 0.95· × 10−11 kg·m/m2·s·Pa, respectively. These values represent decreases 
of 37.7, 54.4 and 58.3%.

Mortar R (%) Da (kg/m3) Wvp (kg·m/m2·s·Pa)

MS 3.22 1645.86 2.28 × 10−11

5% 4.71 1447.26 1.42 × 10−11

10% 5.47 1437.08 1.04 × 10−11

15% 6.71 1383.00 0.95 × 10−11

Table 3. Physical characteristics of the clay mortar samples containing microcapsules at 5, 10, and 15% contents: master 
sample (MS), retraction (R), apparent density (Da), and water vapor permeability (Wvp).
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3.3. Hardened mortar: Mechanical properties

The results of the mechanical compression and bending tests are shown in Table 4. The mechan-
ical strength of the mortars decreased in all cases with respect to the standard sample but it 
tended to be recovered with the amount of microcapsules. The reductions in compression and 
flexion for the sample containing 5% of MPCMs respect to the standard sample were 53 and 
45%, respectively, indicating that this material meets the minimum requirements to plaster. 
With respect to the compressive strength, the decrease in strength was 50% for the 10% sample 
and 46% for the 15% sample. The decrease in the flexural strength was similarly attenuated, by 
33% for the 10% sample and by 24% for the 15% sample, with respect to the standard sample.

Figure 5. Water vapor absorption curves after a 50–80% increase in the relative humidity for 5, 10, and 15% microcapsule 
contents, the standard sample (PP), a lime and cement mortar (CC), and gypsum mortars applied by a machine (Gap). 
The water content (Wh) is shown as a function of time.

Mortar CS (N/mm2) FS (N/mm2) AS (N/mm2) USC (units)

MS 1.76 0.69 0.10 61

5% 0.82 0.38 0.11 38

10% 0.88 0.46 0.10 32

15% 0.95 0.52 0.12 24

Table 4. Mechanical characteristics of the clay mortar samples containing microcapsules at 5, 10, and 15% contents: 
master sample (MS), compressive strength (CS), flexural strength (FS), adhesion strength (AS) and Shore C hardness 
(USC).
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In the same way, the adhesion test results showed that the perpendicular tensile strength was 
stable regardless of the amount of the PCM added, even with respect to the standard sample. 
As for the Shore C surface hardness, a significant decrease in the hardness occurred as the 
PCM content increased.

3.4. Hardened mortar: Thermal properties

The total latent heat (Ql) and the influence of the melting temperature range of the PCM 
on the thermal behavior of the mortars were determined by using DSC. Figure 6 shows the 
apparent heat capacity (Figure 6a) and the enthalpy (Figure 6b) of the mortars as a function 
of the temperature. The apparent heat capacity of the standard sample was completely linear, 
whereas all the mortars containing MPCMs present a peak that increases with the MPCM 
content and in the same melting temperature range of the pure PCM. These results indicated 
that the higher the thermoregulating material used to produce the mortar, the higher the TES 
capacity of the developed composite.

From this information, the enthalpy curves were determined (Figure 6b). Excluding the 
temperature range in which latent heat accumulates, DSC showed that a certain amount of 
energy was required to increase the sample’s temperature; we call this the specific heat (Cp). 
The average specific heat (Cpm) of the standard sample (clay mortar) was 1.0 J/g, which is 
similar to results obtained for crude earth, whereas that of paraffin is approximately 3.5 J/g. 
This is why an increase in the Cpm of more than 0.3 J/g is seen as the amount of the PCM 
is increased. The catalog of construction elements in the Spanish Technical Building Code 
[33] (i.e., CAT-ECv6.3 MARCH10.doc) lists a heat capacity of 1 J/g°C for several types of 
mortars, which is in agreement with the data obtained in this study. In the same way, Ql 
increased as the MPCM content of the mortar increased. For the 5% sample in the influence 
temperature range of the PCM, it was 2.8 J/g; it was 5.5 J/g for the 10% sample and 10.5 J/g 
for the 15% sample.

The thermal conductivity remained stable across the different samples; no trend was 
observed as a function of the amount of the PCM incorporated. Its average value was 0.3 W/
m°C (Table 5). The TES parameter (kWh/m3), which evaluates the storage capacity per unit 
volume, progressively increased with the amount of the PCM incorporated. With the first 
incorporation of 5% PCM by weight with respect to the standard mortar, an increase of 9% 
was seen; however, for the higher dosages, the TES capacity increased significantly, by 42% 
for the 10% PCM sample and by 65% for the 15% sample (Table 5).

3.5. Simulation results

The results of the simulations performed for summer conditions are shown in Figure 7. It 
can be seen that the clay mortar with added MPCMs attenuated the temperature peaks in 
 comparison with the reference material building without PCM.

HVAC equipment simulation system has been used to evaluate architectural design strate-
gies in the initial stages of projects, to optimize the environmental and energy-related aspects 

Sustainable Buildings - Interaction Between a Holistic Conceptual Act and Materials Properties160

of buildings and to check the performance of HVAC equipment before modeling the system 
in detail.

To this end, the model constantly regulates the interior temperature of the building by means 
of a cooling system when it exceeds the set temperature range. In our case, this range cor-
responded to conditions for thermal comfort, that is, a maximum of 24°C and a minimum 
of 21°C. The attenuation and reduction of the temperature peaks by the incorporated PCM 
meant that less energy was needed to reach the established comfortable conditions (Table 6). 
Under summer conditions (for a study period of 408 h), the simulations show an energy 
savings between 2 and 4% in the building with the coating containing 15% PCM by weight 
in comparison with the building with the coating of Ecoclay based-fiber mortar. Relative to 
 gypsum plaster, a savings of almost 10% was produced by adding the PCM to the clay mortar.

Figure 6. Apparent heat capacity (A) and enthalpy (B) of the mortars containing 0, 5, 10, and 15% of MPCMs.
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Figure 7. Simulated building temperatures for different types of plaster: clay mortar with a 15% of MPCMs, the standard 
sample (ecoclay) and a gypsum (Yeso). Summer conditions (July 15–31).

Mortar TEsite (kWh) TEsource (kWh) ETBAsite (kWh/m2) ETBAsource (kWh/m2)

B. MSheating 593.58 626.63 5.28 5.57

B.15%heating 584.73 617.28 5.20 5.49

B. Gapheating 646.01 681.97 5.72 6.04

Table 6. Summary of results obtained by simulating the energy demand using the HVAC (heating/ventilation/air 
conditioning) option for the different plaster types: clay mortar with a 15% microcapsule content, the master sample 
(MS), and gypsum mortars applied by a machine (Gap). Summer conditions (July 15–31); 15-day simulation periods, 
and a step size of less than a minute. Total simulation time: 408 h. Total energy at the site (TEsite), total energy from 
the source (TEsource), energy for the total building area at the site (ETBAsite), and energy per total building area at the 
source (ETBAsource).

Mortar Ti (°C) Tf (°C) Tma (°C) Map (J/g°C) Qlt (J/g) Cpm (J/g°C) TES (kWh/m3)

MS — — — — 1.01 5.22

5% 15.63 31.26 23.57 1.77 2.87 1.28 5.71

10% 14.03 30.55 24.35 2.26 5.53 1.48 7.45

15% 11.10 30.65 24.39 3.07 10.59 1.53 8.62

Table 5. Summary of the results obtained using DSC and the equipment prepared for the thermal characterization of the 
samples of clay mortar containing microcapsules at 5, 10, and 15% contents: master sample (MS), initial accumulation 
temperature (Ti), final accumulation temperature (Tf), maximum accumulation temperature (Tma), maximum 
accumulation point (Map), total latent heat (Qlt), average specific heat (Cpm) and thermal energy storage (TES).
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4. Summary and conclusions

Despite the absence of regulated and agreed-upon rules for the characterization of clay-based 
mortars, it has been possible to propose a test methodology capable of establishing the techni-
cal feasibility of this construction material. Considering the nature of materials derived from 
crude earth and the descriptions in [19–27], the standard series used for mixing, molding and 
curing of clay mortars allows the comparative analysis of the results of different dosages.

The results of the fresh mortar tests have been used to evaluate the influence of incorporating 
a PCM on mixing and workability. One of the conclusions drawn is that the addition of a PCM 
requires the amount of mixing water to be increased to reach the established runoff values. 
These data show how the addition of a PCM supposes a decrease in the mortar’s workability. 
Regarding the air content occluded in the mortar, it is observed that the microcapsules are 
deposited between the clay sheets, which increases the distance between them and increases 
the number of voids.

In the hardened state, the specimens show that the effects of retraction start to be considerable 
when the amount of the PCM reaches 10%. However, the response to this increase in retrac-
tion should be not to increase the amount of the PCM but to increase the amount of mixing 
water. This aspect should be analyzed using different clay mortar granulometries to improve 
workability by adding a PCM, thereby avoiding the increase in the amount of mixing water.

Clay-based products tend to perform well in terms of absorption capacity and water vapor 
permeability. The water vapor absorption capacity decreases as the number of microcap-
sules increases; however, the high hygroscopic capacity of clay means that all the samples, 
 regardless of the amount of the PCM added, present better results than other conventional 
mortars, such as gypsum or cement and lime mortars. The permeability to water vapor fol-
lows the same trend as the absorption of water vapor, that is, it decreases as a PCM is added. 
This is due to the hydrophobic character of PCM microcapsules.

The results of the flexion-compression tests show a decrease in strength in both cases; this is 
more significant in compression (53.5% with respect to the standard dosage) than in flexion 
(45%) for the sample containing 5% PCM. The decrease in strength experienced with the first 
addition of the PCM is justified by the loss of density of the material due to the incorpora-
tion of the PCM and the increase in occluded air that it generates in the mortar, as previ-
ously mentioned. This argument might explain the increase in resistance between the samples 
containing 5, 10 and 15% PCM. The voids generated by the first addition of microcapsules 
are supplemented by increasing numbers of microcapsules as the content increases. This 
decreases the number of pores, which results in a stronger material. These types of mortars 
are not designed to withstand mechanical stresses but do maintain their compressive strength 
within the acceptable range indicated by the regulations [1].

The results of the adhesion test show that the perpendicular tensile strength is stable 
 regardless of the dosage used, even with respect to the standard dosage. As for the Shore C 
surface  hardness, a significant decrease occurs as the PCM dosage increases. This is due to 
the increase in the amount of occluded air and because increasing the dosage increases the 
 probability that the measurement is performed on an agglomeration of microcapsules.
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Using DSC and thermal characterization tests, it was possible to verify that incorporating 
paraffin microcapsules into the clay mortar is effective. The latent heat increases as the PCM 
content increases, as expected when the addition is performed correctly. It is 2.87 J/g for the 
5% sample in the influence temperature range of the PCM, 5.53 J/g for the 10% sample and 
10.59 J/g for the 15% sample.

Currently, building simulation software is a fundamental tool for designing buildings with 
almost zero-energy consumption. In this study, three identical architectural models were 
simulated. The reference building had inner coatings of clay-based mortar, mortar with 15% 
added material and a conventional gypsum mortar. These buildings were subjected to the 
same exposure and radiation conditions, which allowed the result to be compared to evaluate 
the effect of incorporating the PCM.

Simulations were performed under summer conditions. The results showed that the incorpo-
ration of PCM microcapsules into the clay mortar resulted in a decrease of up to 0.5 kWh/m2 
(in the simulation period), that is, 10% in the energy required for cooling compared to gyp-
sum mortar. In environmental terms, assuming an emission factor of 0.385 kg of CO2 eq/kWh 
[34], it would mean a savings of about 25 kg of CO2 equivalent in 15 days. Finally, we affirm 
that clay mortar allows the incorporation of a PCM without reducing other characteristics that 
prevent such use. The use of such mortar is more advantageous in summer in climates such as 
the one at the center of the Iberian Peninsula. This solution will be of great interest for projects 
involving rehabilitation and improvement in terms of energy efficiency when it is difficult to 
work on the whole envelope and for small-scale interventions involving interior conditioning.
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