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PREFACE 
This graduation thesis is the result of a research into the design and engineering of a 

sustainable house as a part of the final project within the Individual Master Program at 

the Faculty of the Built Environment at Eindhoven University of Technology. This topic 

is born out of a profound interest for the built environment. Apart from its beauty, the 

built environment also knows its downsides. The building industry contributes for in-

stance to some of the world’s greatest challenges as resource depletion, land degrada-

tion, biodiversity loss, water scarcity, climate change, acidification, ozone aerosol load-

ing, and air, water and soil pollution. This given, however, provides an opportunity for 

next generation housing concepts to reach further and go beyond the level of sustaina-

bility of the present housing supply. This opportunity has been described inspiringly by 

a fellow student, Anna Vanderveen, MSc, speaking out the belief that “ninety percent of 

world’s problems can be solved by the built environment.” 

ABOUT THE AUTHOR 
The abovementioned interest for the build environment arose already in my childhood. 

One of the reasons for this is undoubtedly the dedication and enthusiasm with which 

my parents do their jobs at our family company in the contracting industry. My father is 

at the head of the company founded in 1902, and my mother works at the department of 

staff and organization. This is also how I became acquainted with the building sector: at 

the building site, among the people – always being pointed out both architectural, and 

constructional highlights. 

At September 2011 I attended a bachelor in Architecture, Building and Planning at 

Eindhoven University of Technology. Already in the propedeuse year an interest for 

construction technology and building technology in particular grew. In the further 

course of the bachelor I followed the technical profile in combination with a minor on 

construction technology, since this would be the proper preparation for attending a 

master in Architecture, Building and Planning with a specialization on both construction 

technology and building technology. The abolition of the master track Building Technol-

ogy by the Faculty of the Built Environment at Eindhoven University of Technology in 

September 2012 forced me to outline another path towards the knowledge and exper-

tise belonging to the former master track Building Technology. 

At September 2014 I attended the only little explored path of an Individual Master Pro-

gram. Thanks to advice from study association SUPport I chose for a self-designed cur-

riculum including as much of the contents belonging to the former master track. By this 

I was able to obtain the Certificate Construction Technology, the Certificate Building De-

sign and Technology and the Certificate Technology Management and Entrepreneurship. 

A combination of different courses and projects was the inspiration for the topic of this 

graduation thesis: The design and engineering of a sustainable house. 
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The past years I have been strongly motivated to develop myself on both an educational, 

as well as on a personal level and I have seen most courses and projects as parts of this 

development. A special place in this is taken in by study association SUPport, which was 

not only of great importance in my choice for an Individual Master Program, but by 

which I was able to evolve by an active role as a member of the education committee for 

several years and as a board member as commissioner of public relations. The regular 

contact with parties from the industry was of important added value to the master pro-

gram. 

After graduation I hope to further develop myself by attending another master program 

or by bringing my acquired knowledge into practice in an established construction 

company. Also, I am attracted by the entrepreneurial aspects of my completed courses 

and projects and I sincerely feel exited by the idea of setting up a business for sustaina-

ble housing with this graduation thesis as a starting point. 

WORD OF TRIBUTE 
It would not be possible to attend the Individual Master Program and graduate on the 

topic of the design and engineering of a sustainable house, without the supervision of 

the graduation committee. Therefore, I am very pleased to express my gratitude to 

prof.dr.ir T.A.M. Salet, prof.dr.ir. J.J.N. Lichtenberg and prof.dr.ir. M. Mohammadi.  

My tribute to prof.dr.ir. Theo Salet for making it possible for me to attend an Individual 

Master Program. To find time on the very Friday evening before Christmas break to dis-

cuss the application for an Individual Master Program was of great valuable to me. With 

an honest and objective view on the matter, Theo was of significant importance for giv-

ing direction to the content of my master program. 

My tribute to prof.dr.ir. Jos Lichtenberg for the inspiration in choosing my graduation 

topic and for the content relevant, but also very personal and involved guidance. In the 

course 7T770 – Building Product and Process Design Jos was an inspiration for contriving 

the graduation topic by an assignment on expressing the value of wood as a building 

material. Afterwards during 7TS25 – Master Project 2 Building Technology he had given 

me the chance to work in a small group on the design of a soccer training pavilion in Qa-

tar and to experience a very pleasant guidance. As a professor in Product Development, 

chairman of the Slimbouwen foundation and initiator of the House of Tomorrow Today, 

Jos was of great added value for my graduation thesis in particular and for my master 

program in general. 

My tribute to prof.dr.ir. Masi Mohammadi for the very appreciated criticism in revising 

my graduation thesis. Masi and her energetic personality became acquainted to me dur-

ing the course 7T647 – Research Methodology for Building Technology, where she taught 

about properly conducting research, about falling and rising, falling and rising again, 

and falling and rising all over again, in order to give the best of yourself. Masi had given 
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me the chance to work with her as a student assistant from November 2015 onwards 

for supporting her in the organisation of the renewed certificate program Building De-

sign and Technology. With her adequate commentary she raised the scientific value of 

my graduation thesis and effectuated a critical attitude towards my own performance. 

Less prominent present in the writing of this graduation thesis, but ever-so important in 

my personal development are the people who made me to the person I am today. There-

fore, I would like to gratefully thank my family, comprising my parents Tini and José, my 

brother Martijn, and my girlfriend Sophie; my close friends De Heeren van het Goede Le-

ven; and my friends from the 38th board of study association SUPport and several other 

committees and activities. 

I hope reading this graduation thesis will be both pleasant, and educational to you. 

Martin Drijvers, 

December 9th 2016 
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1. INTRODUCTION 

1.1. Entree 

Together with British songwriter Tom Rice, Sir Elton Hercules John composed the song 

Circle of Life in 1994 for the Disney movie The Lion King. The song is played during the 

prologue as animals gather around Pride Rock to see the presentation of Simba, the son 

of Mufasa and Sarabi, who is to succeed his father as the king of the Pride Lands. A re-

prise of the song is heard at the end of the film as animals gather around Pride Rock 

once more to see the presentation of Simba and Nala's new-born cub. Circle of Life is as 

much about the birth of a new lion king, as it is about the inconceivable wealth of the 

earth, about prosperity and about equality among living creatures, despite the differ-

ences among them. In this light, the song is undeniably about a sustainable community. 

In the past is said and written much about sustainability, which contributed to a greater 

understanding of a sustainable development. This bulk of information, however, has al-

so brought indistinctness into the conversation about sustainability. Circle of life offers a 

powerful insight and a straightforward definition of sustainability to everybody suffer-

ing from this vagueness and willing to contribute to a more sustainable world, by pro-

posing that: 

 “You should never take more than you give, in the circle of life.” 

A more substantiated definition will be given and discussed thoroughly in this thesis. 

Though, Elton John’s definition is notable and worth mentioning in this entree, because 

of all various definitions of sustainability, this one is understandable to everybody; from 

layman to expert, and the shortest manual for living your life in a sustainable manner. 

1.2. Topic 

This thesis concerns the design and engineering of a sustainable house. The starting 

point for achieving so, is an extensive research into sustainability. Starting from the 

concept of sustainability in general at a highly abstract level, and slowly moving to-

wards sustainability in the construction sector, making the subject more tangible, the 

resources needed in order to create and operate the built environment are introduced. 

The requisite resources in order to create and operate the built environment concern 

energy, materials, water, land and ecosystems (Kibert, 1994). The current use of these 

resources is predominantly focussed on economic efficiency and human well-being. On-

ly little attention is paid to a sustainable use of these resources, averting future genera-

tions to meet their own needs. Meanwhile, endeavours that intend to treat these re-

sources in a sustainable manner focus solely on a fraction of them. As for example ener-

gy efficiency concepts focus on the energy consumption of a building, but leave its mate-

rial use, water consumption, land occupation and preservation of environmental quality 

out of the equation, while sustainability explicitly should be a comprehensive approach. 
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Energy consumption and the related greenhouse gas emissions are important social and 

political issues. Different national and international measures have been taken to re-

duce the energy consumption (Kern & Smith, 2008). This has resulted in the industry 

being very well able to construct zero-energy houses, which are houses that no longer 

make use of fossil energy and meet their energy demand by generating the required en-

ergy by itself. Less attention is paid to reducing the energy embodied in upstream pro-

cesses of material processing and manufacturing, transportation, construction, opera-

tion, maintenance, replacement, demolition and disposal. Also the resources of materi-

als, water, land and ecosystems lack attention (Foxon & Pearson, 2008), considering 

their necessity to use them in a more sensible manner. 

This graduation thesis will address these deficiencies and will focus on the entire spec-

trum of resources needed in order to create and operate the built environment. The gap 

in the knowledge and application of a comprehensive approach in the sustainable build-

ing industry, considering the full scope of resources needed in order to create and oper-

ate the built environment, constitutes the motivation for conduction a research into the 

resources of energy, materials, water, land and ecosystems, for the purpose of designing 

a sustainable house. 

1.3. Research goal 

The research is conducted with the intention of contributing to a more sustainable 

building industry. Observation of the currently available supply of new houses in The 

Netherlands might make one wonder if this offer meets the sustainability requirements, 

which legitimately can -and assuredly should- be demanded to be met nowadays. There-

fore, this research has been given the following main goal: 

To design a sustainable house, according to a by a literature review derived strategy for 

sustainable resource use. 

In case a single sustainable house is the goal of the described research, than it is neces-

sary to indicate what intentions this goal bears, since conducting a research for the 

sheer goal of designing a single house seems neither meaningful, nor worthwhile. 

Therefore, this research bears the following underlying goal: 

To provide an understanding of sustainability in the building industry, by focussing on 

the resources needed in order to create and operate the built environment during its 

entire lifecycle. 

Hereby, the research becomes useful for scientists in obtaining a more complete over-

view of sustainability in the building sector, for building professionals willing to incor-

porate sustainable principles in building projects, and for consumers in adopting a criti-

cal attitude towards an industry, which is often considered rather conservative, also 

with regard to contributing to a sustainable development. 
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1.4. Research framework 

The research is conducted within the context of sustainable development. Thence the 

philosophy of sustainability is applied to the construction industry. Hereby the needs of 

the building industry, being the resources needed in order to create and operate the 

built environment, as described by the Conseil International du Bâtiment (Kibert, 1994), 

are revealed. Thereafter each of these resources is discussed thoroughly. These discus-

sions take place within the context of the building industry in the Netherlands and 

hereby primarily focus on the housing sector, and new buildings in particular, notwith-

standing that the knowledge gained during the research might also be applicable in a 

broader perspective as well. 

Especially the conception of using the resources needed in order to create a product or 

to perform a service as a starting point for achieving a sustainable future, could be ap-

plied in a much broader sense. The reason for focussing on the building industry is no 

more than simply a compassion for the built environment. 

1.5. Research approach 

Following a literature review on sustainable development, this research continues in 

two directions simultaneously. While conducting a literature review, practical imple-

mentation is considered, since an important subsequent step is the design and engineer-

ing of a sustainable house, with this literature review as the breeding ground, and with a 

well thought-out design as the bearing fruit. Practical implementation is considered in 

consultation with relevant experts from the industry, in order to verify the literature 

findings, regarding their practical implementation. 

The advantage is that it can create a continuous feedback from practical situations to 

theory development and that a critical view towards the practical applicability of the 

findings of the literature review can be developed. The disadvantage is that the research 

is in danger of getting a divergent character, because if starting from a highly abstract 

level, scaling down to a certain sector, further scaling down towards multiple resources, 

discussing them each in detail in order to utilize this knowledge for a practical applica-

tion; there is the risk of getting lost in too much information. Therefore will be decided 

not to deepen the research any further, at that point that it is at a level usable for the 

subsequent step of the design and engineering of a sustainable house. Hereby notwith-

standing that any further research will not be of added value to the design. Though, the 

earlier referred to breeding ground will certainly be present. 

1.6. Content 

This thesis will provide a broad understanding of sustainability in general and sustaina-

bility in the construction industry in particular and will hereby focus on the resources 

needed in order to create and maintain a living environment. 
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Chapter 2 is an explanation of the concept of sustainability in general; this is paragraph 

1, and sustainability in the construction sector in particular; this is paragraph 2. The re-

sources needed in order to create and maintain a living environment are hereby intro-

duced; this is paragraph 3. 

Chapters 3 to 7 consider clarifications of each of the resources requested in order to 

create and operate the built environment and are constructed in a similar manner. After 

a short introduction of the subject, each chapter starts by providing an answer to the 

question why the current use of a particular resource is of concern to current and future 

generations; this is paragraph 1. When this concern is made clear, a chapter continues 

by providing an answer to the question how the current use of a particular resource is 

determined; this is paragraph 2. After explaining the determination, a chapter logically 

continues by describing the extent of the earlier described concern and hereby provides 

an answer to the question what the significance of the earlier described concern is; this 

is paragraph 3. From this point on, a chapter prolongs by providing an answer to the 

most crucial question of how to use a particular resource in a sustainable manner; this 

is paragraph 4. A chapter ends with an important consideration by providing an answer 

to the question what barriers are currently preventing a sustainable use of a particular 

resource; this is paragraph 5. Each paragraph might contain different subsections. 

Chapter 8 is a summarizing chapter in which is recapitulated why for this thesis is cho-

sen to start at the resources needed in order to create and maintain a living environ-

ment, and is made a distinction between two different natures of the various resources; 

this is paragraph 1. For these two categories of resources, two different strategies are 

developed, according to the earlier studied literature; this is paragraph 2. This chapter 

ends with setting preconditions for sustainable construction and the development of a 

sustainable design strategy; this is paragraph 3. 

Chapter 9 concerns the design of the actual sustainable house. It considers the architec-

tural design; this is paragraph 1, and the application of the derived sustainable design 

strategies onto the architectural design; this is paragraph 2. The architectural design 

with the application of the sustainable design strategies is translated into a technical 

design; this is paragraph 3. 

Chapter 10 is the concluding chapter in which concluding remarks on the research are 

formulated, and the achievement of the research goals will be validated; this is para-

graph 1. Furthermore, the research will be discussed from different points of view. It 

presents pro and contra perceptions on the research; this is paragraph 2. The chapter 

ends with recommendations for further research and possible applications for the find-

ings of the research; this is paragraph 3. 
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2. SUSTAINABLE DEVELOPMENT 
The concept of sustainability is defined for the first time by the World Commission on 

Environment and Development (WCED) in Our Common Future, also known as the 

Brundtland Report, published by Oxford University Press in 1987. This report has been 

placed in the centre of several studies and practices, as well as it will be in this review. 

The WCED (1987) defined sustainable development in the report as follows. 

 “Sustainable development is development that meets the needs of the pre-

sent without compromising the ability of future generations to meet their 

own needs.” 

This definition contains two crucial elements. First, it accepts the element of basic needs 

of the world’s people to allow a reasonable life standard. Second, it accepts the element 

of limitations on the environment’s ability to meet present and future needs (WCED, 

1987). It advocates an equilibrium between these elements. Sustainable development 

has been defined in more ways and the conceptualization of the term is an oxymoron 

and widely disputed (Hopwood, Mellor, & O’Brien, 2005; Rassafi, Poorzahedy, & Vaziri, 

2006; Redclift, 2005; Springett, 2005; Williams & Dair, 2007; Yanarella & Bartilow, 

2000). In fact, all the definitions aim at the same purpose: the survival of the earth. 

According to Pearce (2003, 2006), the starting point of all definitions must indicate the 

needs of the individuals to generate their personal well-being. The capability to gener-

ate this well-being relies on their wealth, which is owned both personally, and publicly. 

Houses, machines, clothing and electrical goods are personally owned or rented assets, 

while roads, public buildings and airports are publicly owned assets. Therefore, both 

personal ownership and public ownership are crucial for sustainable development. In 

parallel with Pearce, Dobson (2007) suggests that each gain for the common good will 

also be a gain for each and every individual member of the society. Hereby, it is clear 

that the leading sectors that are contributing to the development of nations, such as 

transportation, agriculture and -not in the last place- construction, have great potentials 

to contribute to a sustainable future. 

Elkington (1994) adopts the Brundtland definition and in addition thereto introduces a 

more integrated system for the multidimensionality of sustainability. 

2.1. The multidimensionality of sustainability 

Elkington (1994) felt that the social and economic dimensions of the agenda, which had 

been flagged in the Brundtland Report (WCED, 1987), would have to be addressed in a 

more integrated way if real environmental progress was to be made. Therefore he 

coined the term Triple Bottom Line. From this perspective, sustainability has three main 

dimensions: environmental, economic, and societal. Parameters of sustainability are 

considered: environmental protection, economic prosperity, and social equity. 
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The term was used in public for the first time in the California Management Review To-

wards the Sustainable Corporation: Win-win-win Business Strategies for Sustainable De-

velopment (Elkington, 1994), in SustainAbility’s report Engaging Stakeholders 

(Elkington, 1996) and in the book Cannibals with Forks: The Triple Bottom Line of 21st 

Century Business (Elkington, 1997). In 1995, the Triple Bottom Line was developed into 

the commonly known 3P formulation: ‘People, planet and profits’. This formulation was 

later adopted by Shell for its first Shell Report and now widely used in The Netherlands 

as the Triple P, or 3P’s. 

Different authors have adopted this multidimensional view on sustainability in some 

way, among which, for example, Osso et al. (1996), stating that sustainability aims to 

also be able to exist generations in the next century by protecting natural and built envi-

ronment and taking care of continuity of human beings and natural resources. Oktay 

(2005) states that sustainability is a multidimensional system which aims increase in 

life quality of all people through healing the conditions of people with disadvantages, 

making valuable bonds among people by giving importance to cooperation and social 

benefit, and doing reform in economics fed from these natural resources. The three di-

mensions of sustainability will be briefly discussed below in subsections 2.1.1 to 2.1.3. 

2.1.1. Environmental sustainability 

Environmental sustainability means protecting ecological balance and natural systems 

from destruction and thus, giving the world to future generation no worse than taken. It 

is a necessity to take into consideration ecological balance and saving in consumption of 

unrenewable resources. Sustainability of a resource is dependent on ability of renewal 

itself at the same time (Sev, 2009). For example, main thing in water cycle is rise of wa-

ter via evaporation and falling again on the earth after condensation as precipitation. 

One prior condition for continuity of this cycle is to keep the water and the air clear. 

Thus, pollution of water because of waste water, agricultural pesticides and so on, and 

air pollution because of carbon emission negatively affect a sustainable cycle of water. 

Therefore, environmental sustainability also means handing of natural resources to fu-

ture generations without destruction. For this reason, when determining usage level of 

natural resources, it must be taken into consideration not exceeding rates of renewal of 

these resources and rates of these resources for clearance of contaminants (Patel & 

Chugan, 2013). According to Hui (2002), environmental sustainability requires being 

sensitive in the subjects of: 

∙ Being saving in using unrenewable resources,  

∙ Sustainable usage of renewable resources,  

∙ Conservation of life-supports systems,  

∙ Protection of aliveness and diversity on the earth,  

∙ Minimizing harm to the environment and living things, and  

∙ Protection of cultural and historical environments. 
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2.1.2. Economic sustainability 

In current modern economic development model, it is assumed that economic activity 

in the market will increase by increased buying power of individuals. In other words, 

increase in Gross National Product will contribute to individuals. Therefore economic 

progression is a necessity to sustain an economy. As can be understood from its defini-

tion, this development model depends on limitless production and consumption. When 

it is taken into consideration from ecological respect, aforementioned model requires 

using existing resources as if they are limitless. Nevertheless, it is a fact that resources 

currently used to meet the basic needs of people are limited and are decreased every 

day without renewal themselves as result of excessive usage. Besides, environmental 

problems occur because of wastes from this consumptive behaviour (Vehbi & Hoşkara, 

2007). 

In economic process, because production consumption balance must be set by consider-

ing ecological susceptibilities and social fair matters, economic sustainability is one of 

the subjects of sustainability that requires substantial behaviour change. According to 

Hui (2002) sustainable economic development requires: 

∙ Creation of new markets and merchandising opportunities,  

∙ Decrease in cost via providing efficiency by, for example, decreasing energy and 

resource input in production, and  

∙ Provision added value. 

Economic sustainability is provision of a steady public and private investment flow with 

efficient usage and management of resources, and assessment of economic efficiency 

with social criteria, in addition to organization profitableness (Vehbi & Hoşkara, 2007). 

2.1.3. Social sustainability 

Social sustainability is determined by social fairness and focuses on some basic right 

and freedom related to being a human. There is an obligation to ensure the fair distribu-

tion of resources among present people, so that the life prospects of all people are ad-

dressed. This obligation is referred to as distributional equity and refers to the right of 

all people to an equal share of resources, such as materials, land, energy, water, and 

high environmental quality. As the Brundtland definition implies, the principle of distri-

butional equity can be extended to relationships between generations, because a given 

generation has a moral responsibility for providing for their offspring, which is referred 

to as intergenerational equity (Kibert, 2008). Social sustainability requires (Hui, 2002): 

∙ Provision of basic requirements such as work, house, health conditions, educa-

tion and cultural activities for each individual as long-term (strategically),  

∙ Increase of life quality,  

∙ Reintegration of disabled groups into society, and at the same time  

∙ Protection of the right to life of future generation. 
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2.2. Sustainability in the construction industry 

The relationship between sustainable development and the construction industry has 

become clear, since construction, which is important to quality of life in terms of hous-

ing, workspace, utilities and transport infrastructure, is of high economic significance 

and has serious environmental and social consequences (Burgan & Sansom, 2006). 

2.2.1. Current status of sustainability in the construction industry 

The current construction industry, along with its support industries, is one of the largest 

exploiters of natural resources, both renewable and non-renewable, that is adversely 

altering the environment of the earth (Curwell & Cooper, 1998; Holtzhausen, 2007; 

Horvath, 2004; Palit & Green Buildings, 2004; Spence & Mulligant, 1995; Uher, 1999). It 

depletes two-fifths of global raw stone, gravel and sand, and one-fourth of virgin wood, 

and consumes 40% of total energy and 16% of water annually (Ding, 2004; Horvath, 

2004; Langston & Langston, 2008; Urge-Vorsatz & Novikova, 2006). 

The anticipated growth in global population from 6,5 billion in 2005 to approximately 

9,0 billion in 2035 (Fernández-Solís, 2007) indicates the grave situation of material and 

energy consumption as a result of the anticipated increase in construction activities. 

Urge-Vorsatz and Novikova (2006) assert that, during 2004, buildings alone depleted 

nearly 37% of the world’s energy and this figure is anticipated to reach 42% by 2030. 

Construction activities not only consume energy, but also cause environmental pollu-

tion and emission of greenhouse gases, which lead to climate change. Therefore, it is ur-

gent to review, as well as modify, current construction practices, such as design and en-

gineering methods, construction techniques and manufacturing technology to tame en-

ergy, material and water consumption, land and ecosystem degradation. 

Elkington (2001) states that developing a comprehensive approach to sustainable de-

velopment and environmental protection will be a central governance challenge – and, 

even more critically, a market challenge – in the 21st century. 

2.2.2. Sustainable construction 

Application of sustainable development principles to a building life cycle from planning 

the construction, development, design, mining raw material to production and construc-

tion, usage and maintenance, repair, renovation, destruction and management of wastes 

is considered sustainable construction. It is a holistic process to the design and opera-

tion of buildings, which aims to sustain harmony between the nature and constructed 

environment, and improve the quality of the built environment by creating settlements 

which suit human and support economic equality. It considers economy and efficiency 

of resources, life cycle design and human well-being (Sev, 2009; Yılmaz & Bakış, 2015). 

Note that this definition again refers to the multidimensionality of sustainability as de-

scribed by Elkington’s (1994) Triple Bottom Line. 
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Central to sustainable construction is the issue of resource-conscious design, which ul-

timately aims to minimize natural resource consumption and the resulting impact on 

ecological systems. Sustainable construction considers the role and potential interface 

with ecosystems to provide services in a synergistic fashion (Kibert, 2008). 

Intensive usage of natural resources because of activities of construction industry, solid 

and liquid wastes and gas emissions at the end of construction and destruction activities 

have a significant negative impact on the environment. These negative impacts can be 

summarized as consumption of unrenewable resources, decrease in biological diversity, 

destruction of forest areas, loss of agricultural areas, air, water and soil pollution, de-

struction of natural green areas and global warming. Therefore, sustainable architecture 

and sustainable construction concepts, which serve a systematic approach by determin-

ing principles, strategies, and methods, become prominent for finding solution to envi-

ronmental problems caused by buildings (Yılmaz & Bakış, 2015). 

2.2.3. Green building 

The term green building, or equally often used sustainable building, refers to the quality 

and characteristics of the actual structure created using the principles and methodolo-

gies of sustainable construction. Kibert (2008) defines green buildings as healthy facili-

ties designed and built in a resource-efficient manner, using ecologically based princi-

ples. Similarly, ecological design, ecologically sustainable design, and green design are 

terms that describe the application of sustainability principles to building design. De-

spite the prevalent use of these terms, truly sustainable green commercial buildings 

with renewable energy systems, closed materials loops, and full integration into the 

landscape are rare to non-existent. Most existing green buildings feature incremental 

improvement over, rather than radical departure from, traditional construction meth-

ods. Nonetheless, this process of trial and error, along with the gradual incorporation of 

sustainability principles, continues to advance the industry’s evolution toward the ulti-

mate goal of achieving complete sustainability throughout all phases of the built envi-

ronment’s lifecycle. 

As part of the green building delivery system, manufactured products are evaluated for 

their life-cycle impacts, to include energy consumption and emissions during resource 

extraction, transportation, product manufacturing, and installation during construction, 

operational impacts and the effects of disposal (Kibert, 2008). 

Green buildings are achieving rapid penetration in the US construction market, which 

could indicate a potential for green buildings to penetrate the European market as well. 

Kibert (2008) describes three reasons for green buildings to penetrate the market: 

∙ Sustainable construction provides an ethical and practical response to issues of 

environmental impact and resource consumption. Sustainability assumptions 

encompass the entire life cycle of the building and its constituent components, 
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from resource extraction through disposal at the end of the materials’ useful life. 

Conditions and processes in factories are considered, along with the actual per-

formance of their manufactured products in the completed building. 

∙ Green buildings make economic sense on a life-cycle costing basis, although the 

initial costs are higher. Sophisticated energy-conserving lighting and air-

conditioning systems with an exceptional response to interior and exterior cli-

mates will cost more than their conventional, code-compliant counterparts. 

However, most key green building systems will recoup their original investment 

within a relatively short time (Kats, Alevantis, Berman, Mills, & Perlman, 2003). 

∙ Sustainable design acknowledges the potential effect of the building, including its 

operation, on the health of its human occupants. A 2012 report from the Global 

Indoor Health Network suggests that, globally, about 50% of all illnesses are 

caused by indoor air pollution (McMahon et al., 2012). Conventional construction 

methods have paid little attention to sick building syndrome, building-related 

illness, and multiple chemical sensitivity until prompted by lawsuits. In contrast, 

green buildings are designed to promote occupant health in several ways. 

2.3. The resources for building 

The terms high performance, green and sustainable construction are often used inter-

changeably. However, the term sustainable construction most comprehensively ad-

dresses the ecological, social, and economic issues of a building in the context of its 

community. In 1994, the Conseil International du Bâtiment (CIB), an international con-

struction research networking organization, nowadays known as International Council 

for Research and Innovation in Building and Construction, defined sustainable construc-

tion as “...creating and operating a healthy built environment based on resource effi-

ciency and ecological design.” (Kibert, 1994). 

The CIB articulated seven Principles of Sustainable Construction, which would ideally 

inform decision making during each phase of the design and construction process, con-

tinuing throughout the building’s entire life cycle. Table 2-1 shows the seven Principles 

of Sustainable Construction. 

Principles of sustainable construction 

1. Reduce resource consumption (reduce). 

2. Reuse resources (reuse). 

3. Use recyclable resources (recycle). 

4. Protect nature (protect). 

5. Eliminate toxics (toxics). 

6. Apply life cycle costing (economics). 

7. Focus on quality (quality). 

Table 2-1: Principles of sustainable construction (Kibert, 1994). 
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The Principles of Sustainable Construction apply across the entire life cycle of construc-

tion, from planning to deconstruction. Furthermore, the principles apply to the re-

sources needed to create and operate the built environment during its entire life cycle: 

land, materials, water, energy, and ecosystems. These five resources will be the focus of 

this research and will be briefly discussed below in subsections 2.3.1 to 2.3.5 and thor-

oughly in chapters 3 Energy, 4 Material, 5 Water, 6 Land and 7 Ecosystem. 

Figure 2-1 illustrates the intersection of principles, stages, and resources, as modelled 

by Kibert (1994). 

 

 

 

 

 

 

 

 

 

 

 

 

Sustainable construction is present at intersection of principles, stages, and resources. 

On the basis of this model, it can be said that conscious design is placed at the centre of 

sustainable construction, and is aimed at the decrease in effects of consumption of natu-

ral resources and the revision of ecological systems. 

2.3.1. Energy consumption 

Since 40% of domestic primary energy is consumed by buildings (Urge-Vorsatz & 

Novikova, 2006) and the relationship between the energy use in buildings and green-

house gas emissions (Black, Ooteghem, & Boake, 2010), increased energy efficiency of 

buildings and a shift to renewable energy sources can appreciably reduce carbon diox-

ide emissions and mitigate climate change. 

Figure 2-1: Framework for sustainable construction developed in 1994 by CIBTask Group 1 (Sustainable 
Construction) for the purpose of articulating the potential contribution of the built environment to the 
attainment of sustainable development (Kibert, 1994). 

Sustainable 
Construction 
Process 

Process 

Sources 

Principles 

Energy        Material        Water        Land        Ecosystem 

1. Reduce consumption of resources 

2. Reuse building components and materials 

3. Use materials that can be renewed and recycled 

4. Preserve natural environment 

5. Reduce toxic materials 

6. Use life cycle analysis 

7. Quality 

Planning 
Development 

Design 

Construction 
Use and maintenance 

Repair 

Renovation 

Deconstruction 
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Energy conservation is best addressed through effective building design. Methods to in-

crease the efficiency of energy usage are described as low-energy urban development, 

passive heating and cooling through orientation for maximizing the use of renewable 

sources from the site, such as solar energy and wind power, using alternative energy 

sources, selection of materials with low embodied energy, avoidance of heat gain and 

loss through insulation and additional devices and utilization of energy efficient equip-

ment (Sev, 2009). 

2.3.2. Material extraction 

Concurrent with the depletion of fossil fuels and water is the rapid depletion of other 

material resources. In addition to what is stated in subsection 2.2.1 Current status of sus-

tainability in the construction industry, at least 3 billion tonnes of materials are used in 

buildings each year, which is equivalent to about 40% of total global material flows for 

building construction and civil works. Furthermore, building material waste is estimat-

ed to be about 2 billion tonnes per year (Kim and Rigdon, 1998a). Therefore, the reduc-

tion in the amounts of resources that are used to construct the buildings is a necessity. 

Methods to achieve material efficiency are adoption of existing buildings to new uses, 

incorporation of recycled or reclaimed materials, reduction of material use by properly 

sizing the building, selection of durable materials to extend the life of existing buildings 

as well as reducing material consumption, selection of materials that are recyclable and 

reduction of waste material by prefabrication and modular coordination techniques in 

order to prevent cutting and dimensioning activities on site (Sev, 2009). 

2.3.3. Water consumption 

Water is an increasingly precious and scarce source all over the world. The availability 

of potable water is the limiting factor for development and construction in many areas. 

Climate alterations and erratic weather patterns precipitated by global warming threat-

en to further limit the availability of this most precious resource. Since only a small por-

tion of the earth’s hydrologic cycle yields potable water, protection of existing ground-

water and surface water supplies is increasingly critical. Once water is contaminated, it 

is extremely difficult to reverse the damage (Kibert, 2008). 

Methods for improving water efficiency focus on reducing the output as well as the in-

put. A reduction in use also decreases the amount of waste water. Water conservation 

techniques include reduction of potable water, replacement of potable water by non-

potable water for various uses, recycling water as sullage (or greywater) and sewage 

(blackwater), design for low-demand landscaping and collection of rainwater for in-

stance for irrigation or household applications. Innovative approaches to wastewater 

processing and rainwater management are also necessary to address the full scope of 

the building hydrologic cycle (Kibert, 2008; Sev, 2009). 
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2.3.4. Land occupation 

Land is one of the limited resources on our earth and is, in many places, more damaged 

than previously believed. Soil erosion, groundwater contamination, acid rain and other 

industrial pollutants are damaging the health of plant communities, thereby intensifying 

the challenge and necessity to restore habitats. Sustainable design must develop a re-

spect for the landscape and expend more effort understanding the interrelationships of 

soils, water, plant communities and associations, and habitats, as well as the impacts of 

human uses on them. 

Sustainable land use is based on the principle that land, particularly undeveloped, natu-

ral, or agricultural land (greenfields), is a precious finite resource, and its development 

should be minimized. Effective planning is essential to creating efficient urban forms 

and minimizing urban sprawl, which leads to overdependence on automobiles for 

transportation, excessive fossil fuel consumption, and higher pollution levels. Like other 

resources, land is recyclable and should be restored to productive use whenever possi-

ble. Recycling disturbed land such as former industrial zones (brownfields) and blighted 

urban areas (grayfields) back to productive use facilitates land conservation and pro-

motes economic and social revitalization in distressed areas (Kibert, 2008; Sev, 2009). 

Methods for accomplishing efficient land use are considered usage of existing built envi-

ronment, respecting the natural landscape and preventing the expansion of the build 

environment (Sev, 2009). 

2.3.5. Ecosystems: the forgotten resource 

Kibert (1994) explicates five resources needed to create and operate the built environ-

ment. In his book Sustainable construction: green building design and delivery (Kibert, 

2008) he explicitly pays attention to the resource of the ecosystem by naming it: the 

forgotten resource. He explains that sustainable construction considers the role and po-

tential interface of ecosystems in providing services in a synergistic fashion. Integration 

of ecosystems with the built environment can play an important role in resource-

conscious design. Such integration can supplant conventional manufactured systems 

and complex technologies in controlling external building loads, processing waste, ab-

sorbing storm water, growing food, and providing natural beauty, sometimes referred 

to as environmental amenity. 

Kibert (2008) uses the example of the Lewis Center for Environmental Studies at Ober-

lin College in Oberlin, Ohio, which uses a built-in natural system, referred to as a “Living 

Machine” to break down waste from the building’s occupants. The effluent of the system 

afterwards flows into a reconstructed wetland, which also functions as a storm water 

retention system, allowing pulses of storm water to be stored and thereby reducing the 

burden on storm water infrastructure. The restored wetland also provides environmen-

tal amenity in the form of native Ohio plants and wildlife. 
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In previous subsections has been given a brief introduction to the problem statements 

of the resources energy, material, water, land and ecosystem, as well as indications on 

methods to increase the sustainability of current resource use. By this, the contents of 

the following part of this thesis are introduced. It has become clear that the current use 

of these resources for creating and operating the built environment during its entire 

lifecycle, cannot be considered sustainable for various reasons discussed.  

In part II, the literature study, the above explicated resources will be researched in or-

der to provide an understanding of sustainability in the building industry. Answers will 

be provided to the questions: why the current use of a particular resource is of concern 

to current and future generations; how the current use of a particular resource is de-

termined; what the significance of the earlier described concern is; how to use a particu-

lar resource in a sustainable manner; and what barriers are currently preventing a sus-

tainable use of a particular resource. Hereby, it will furthermore contribute to the goal 

of designing a sustainable house, which is in accordance with the research goals expli-

cated in section 1.3 Research goal. 
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3. ENERGY 

 

3.1. Concern of operational and embodied energy 

The building sector consumes 40% of global energy annually during building’s life cycle 

stages of material processing and manufacturing, transportation, construction, opera-

tion, maintenance, replacement, demolition and disposal (Crowther, 1999; Ding, 2004). 

The building’s total life cycle energy consists of total operational and embodied energy 

(Crowther, 1999; Hegner, 2007). 

3.1.1. Operational energy 

Energy expended in maintaining the building’s inside environment through processes 

such as heating and cooling, lighting and ventilation and operating building appliances 

is known as operational energy. 

3.1.2. Embodied energy 

Energy sequestered in buildings and building materials during all processes of produc-

tion, onsite construction, and final demolition and disposal is known as embodied ener-

gy (Crowther, 1999; Ding, 2004). Overall, embodied energy in a building consists of two 

primary components: direct energy and indirect energy, which are defined as follows by 

Dixit et al. (2010). Direct energy is the energy consumed in onsite and offsite opera-

tions, such as construction, prefabrication, assembly, transportation and administration.  

Indirect energy is the energy consumed in manufacturing the building materials, in ren-

ovation, refurbishment and demolition processes of the buildings. This includes initial 

In this chapter the resource energy will be discussed thoroughly. In order to do so, a 

brief introduction of energy usage and its relation with a sustainable development 

will be given. 

In section 3.1 Concern of operational and embodied energy, the current energy use 

will be discussed and will be given a division of embodied and operational energy, 

and any further subdivisions. In section 3.2 Determination of operational and embod-

ied energy, will be explained how the current energy use is determined. Therefore a 

closer look will be given to current calculation methods and system boundary defini-

tion. In section 3.3 Significance of operational and embodied energy, the extent of the 

earlier described concern, and hereby the shares of operational and embodied ener-

gy in total energy consumption will be addressed. In section 3.4 Strategies for sus-

tainable energy consumption, strategies for a reduction of both operational, and em-

bodied energy use will be introduced. In section 3.5 Embodied energy of commonly 

used building materials, a brief overview of frequently used building materials and 

their embodied energy will be given. These material groups concern bricks and tiles, 

insulation materials, cement and concrete, wood, and other common products. 
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embodied energy, recurrent embodied energy and demolition energy. Initial embodied 

energy is consumed during the production of materials and components and includes 

raw material procurement, building material manufacturing and finished product deliv-

ery (transportation) to the construction site. Recurrent embodied energy is used in var-

ious maintenance and refurbishment processes during the useful life of a building. 

Demolition energy is expended in the processes of a building’s deconstruction and dis-

posal of building materials. 

Figure 3-1 illustrates the life cycle energy of a building as presented by Dixit et al. 

(2010). 

 

3.2. Determination of operational and embodied energy 

It is relatively easy to configure operating energy of buildings, however, embodied en-

ergy determination is more time consuming and complex (Langston & Langston, 2008). 

Literature suggests that determination of embodied energy is difficult and no standard 

methodology is available to estimate the energy level of building materials (Crowther, 

1999). Nevertheless, global comparability and reliability are vital data qualities (J. 

Fernandez, 2006; Johnston, Gogstad, & Woolcock, 2008; Pears, 1996; Pullen, 1996; 

Raynolds, Fraser, & Checkel, 2000) for embodied energy research, in part because of the 

increasing significance of embodied energy in the total life cycle of a building. 

Figure 3-1: Life cycle energy modeling (Manish Kumar Dixit et al., 2010). 
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3.2.1. Current embodied energy calculation methods 

Current embodied energy data and databases exhibit inaccuracy and variability because 

of inconsistent methodologies that are used to determine the embodied energy of build-

ing materials (Manish Kumar Dixit et al., 2010). Although several methods exist to com-

pute the energy embedded in a building or building material (Crowther, 1999; Lawson, 

1996) these methods produce differing results. Most current databases of embodied en-

ergy include data that are derived using guidelines set forth by the International Stand-

ardization Organization (ISO) for Life Cycle Assessment (LCA). The problem of varying 

results is due to parameters that vary and is related to various stages of embodied ener-

gy analysis (Manish Kumar Dixit et al., 2010). 

Literature suggests that development of a set of standards or protocol could minimize 

problems of variation in energy data and could introduce accuracy and completeness to 

the embodied energy figures. ISO LCA standards do not provide complete guidance to 

the process of LCA. Moreover, some issues, such as system boundary definition and data 

quality, remain unresolved (Reap, Roman, Duncan, & Bras, 2008; Zamagni et al., 2008). 

Nonetheless, Dixit et al. (2012a) state that LCA is an effective tool for measuring embod-

ied energy in buildings, although it is data intensive and requires robust data (Sharrard, 

2010).  

It is not the scope of this thesis to develop a set of standards or a protocol. Therefore, 

these will not be further discussed in this report. Nevertheless, it is important to take 

note of the flaws in the current calculation methods and therefore were discussed here. 

3.2.2. System boundary definition 

The system boundary demarcates a system of various products and processes related to 

the manufacturing of a product under study. A system boundary also determines the 

number and type of energy and material inputs and waste and emission outputs that are 

included in the embodied energy calculation of a particular product (Peuportier, 2001). 

According to Dixit et al. (2013) system boundaries in studies differ in three ways. First, 

studies often include only one or few life cycle stages of a building in the embodied en-

ergy analysis (Ding, 2004; Edwards, Stuart, Eilenberg, & Anton, 1994). The transporta-

tion and transformation processes between two consecutive life cycle stages are seldom 

considered in the calculation. Second, how far in the upstream and downstream of each 

life cycle stage a study should go is unclear (Heijungs, Huppes, & Guinee, 2009; Horvath, 

2004; Weidema, Thrane, Christensen, Schmidt, & Løkke, 2008). Finally, not all studies 

consider the whole building in the embodied energy calculation and cover one or few 

building components such as building structure, envelope, finishes, services or site fea-

tures (Ding, 2004; Edwards et al., 1994; Optis & Wild, 2010). 

Figure 3-2 illustrates these three dimensions of a system boundary for a building. 
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Furthermore, Dixit et al. (2012a) state that assessment of total energy in buildings 

should be performed keeping a life cycle perspective, which may include energy and 

material inputs during all life cycle stages (Khasreen, Banfill, & Menzies, 2009; Plank, 

2008; Sharrard, 2010; Ting, 2006). Stages, such as raw material extraction in distant up-

stream, and demolition and disposal in farthest downstream, should be included in the 

system boundaries. This is in line with the Sustainable Construction Model proposed by 

Kibert (1994). 

Figure 3-3 illustrates the referred to system boundaries. 

Figure 3-2: The three dimensions of a system boundary for embodied energy calcu-

lations (Manish K Dixit et al., 2013). 
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3.3. Significance of operational and embodied energy 

Compared to embodied energy, operational energy constitutes a relatively larger pro-

portion of a building’s total life cycle energy (Hegner, 2007). Therefore, until recently, 

only operating energy was considered, owing to its larger share in the total life cycle en-

ergy. However, recent research has acknowledged the significance of embodied energy 

and has indicated that with the growing emergence of more energy efficient buildings 

the relative proportion of embodied energy may increase (N. P. Fernandez, 2008; Frey, 

2008; Plank, 2008). As a result, the current emphasis has shifted to include embodied 

energy in building materials (Crowther, 1999; Ding, 2004; Keoleian, Blanchard, & 

Reppe, 2000; Nassen, Holmberg, Wadeskog, & Nyman, 2007; Sartori & Hestnes, 2007). 

Sartori and Hestnes (2007) concluded that for a conventional building the embodied 

energy accounts for 2-38% of the total life cycle energy and for a low energy building, 

this ranges from 9 to 46%. Thormark (2007) determined that the embodied energy of a 

low energy house equals to 40 to 60% of the total life cycle energy. Black et al. (2010) 

have pointed out a relationship between the energy use in buildings and greenhouse gas 

emissions, thus underscoring the environmental significance of embodied energy. 

Figure 3-3: System boundaries and life cycle stages of a building (Manish K Dixit, Fernández-
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Ding (2004) suggests that the production of building components off-site accounts for 

75% of the total energy embedded in buildings (Spence & Mulligant, 1995) and this 

share of energy is gradually increasing as a result of the increased use of high energy 

intensive materials (Langston & Langston, 2008; Sartori & Hestnes, 2007). Thus, there is 

a genuine demand to calibrate the performance of buildings in terms of both embodied 

and operating energy in order to reduce energy consumption (Langston & Langston, 

2008; Treloar, Fay, Ilozor, & Love, 2001). 

3.4. Strategies for sustainable energy consumption 

As mentioned earlier, until recently, major endeavours for energy conservation as-

sumed the operating energy of a building to be much higher than the embodied energy 

of a building. However, current research has disproven this assumption and found that 

embodied energy accounts for a significant proportion of total life cycle energy 

(Crawford & Treloar, 2003; Crowther, 1999; Pullen, Holloway, Randolph, & Troy, 2006). 

Therefore it is of significant importance to reduce not only the operating energy, but al-

so the embodied energy of a building. 

Summary, literature shows that operating energy represents the largest part of energy 

demand in a building during its life cycle. Hence, low-energy buildings result in being 

more energy efficient than conventional ones, even though their embodied energy is 

somewhat higher. Consequently, reducing the demand for operating energy appears to 

be the most important aspect for the design of buildings that are energy efficient 

throughout their life cycle. Embodied energy should then be addressed in second in-

stance (Sartori & Hestnes, 2007). Different strategies to reduce operational energy, as 

well as strategies to reduce embodied energy exist and will be addressed hereafter. 

3.4.1. Strategy for reducing operational energy consumption 

Operational energy conservation may be accomplished with readily available energy 

efficient appliances, advanced insulating materials and the equipment of building per-

formance optimization (Ding, 2004; Plank, 2008; Sartori & Hestnes, 2007). Embodied 

energy, however, can only be reduced if low energy intensive materials and products 

are selected at the initial stages of building design (Manish K Dixit et al., 2012a). 

The target of reducing operational energy is addressed by the design of low energy 

buildings. This is done by means of both passive and active technologies. Passive tech-

nologies include, for example, increased insulation, better performing windows, reduc-

tion of infiltration losses and heat recovery from ventilation air and/or waste water. Ac-

tive technologies include, for example, heat pumps coupled with air or ground/water 

heat sources, solar thermal collectors, solar photovoltaic panels and biomass burners. 

There has been, and there is, a variety of approaches to designing low-energy building 

(Sartori & Hestnes, 2007). 
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However, a common aspect is that a reduced demand for operating energy is achieved 

by increased use of materials, and especially of energy intensive materials, both in the 

building envelope and in the technical installations. It has even been argued for a substi-

tution effect (Winther & Hestnes, 1999), for which the benefit of reducing operating en-

ergy is, to a large extent or completely, counterbalanced by similar increases in the em-

bodied energy. 

3.4.2. Strategy for reducing embodied energy consumption 

Generally, the materials used for the structure of buildings represent more than 50% of 

the embodied energy in the building (Asif, Muneer, & Kelley, 2007). In this sense, the 

use of alternative materials, such as hollow concrete blocks, stabilized soil blocks or fly-

ashes, instead of materials with a high embodied energy such as reinforced concrete 

could save 20% of the cumulative energy over a 50-year life cycle (Huberman & 

Pearlmutter, 2008). In addition, recycling building materials (Blengini, 2009; Thormark, 

2002) is essential to reduce the embodied energy in the building. For instance, the use 

of recycled steel and aluminium confers savings of more than 50% in embodied energy 

(Chen, Burnett, & Chau, 2001). 

As regards to this subject, part of the literature surveyed suggests that there is a poten-

tial for reducing embodied energy requirements through recycling (Adalberth, Almgren, 

& Petersen, 2001; Adalberth, 1999; Thormark, 2002; Winther, 1998). In the major part 

of literature the life cycle of a building is defined from construction to demolition. To 

widen the boundaries of analysis, as suggested in subsection 3.2.2 System boundary def-

inition, in order to include the recycling phase would offer a means to include that po-

tential (Sartori & Hestnes, 2007). 

Besides minimizing embodied energy, it is equally important to produce buildings with 

a high recycling potential in order to reduce the use of energy and resources over an ex-

tended length of time. It is not enough to conclude that a material is recyclable; indeed, 

one also has to consider the forms for recycling as well as how to provide for disassem-

bly. The most important measure today in facilitating future recycling efforts is to use 

recyclable materials, to avoid materials that contaminate each other, and to avoid con-

struction designs that are difficult to disassemble (Thormark, 2006). 

In a study of recycling nationally produced building waste, the potential energy saving 

through recycling was about 50% of the embodied energy. In this, the embodied energy 

for the waste was calculated as if the waste would have been new building materials 

produced today. In a study of new buildings, the recycling potential was about 50% of 

the embodied energy. When reused materials were used in a one-family building, the 

embodied energy decreased about 45%. About 37 to 42% of the embodied energy can 

be recovered through recycling. The recycling potential is about 15% of the total energy 

use during an assumed lifetime of 50 years (Thormark, 2001, 2002). 
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Furthermore, Thormark (2006) states that the importance of maintenance should not 

be neglected and that its importance will increase with increased service life of a build-

ing. Prolonging the lifetime of components and/or choosing materials with less embod-

ied energy can reduce the part of maintenance. The embodied energy in those materi-

als/components which are assumed to have a rather short maintenance interval, as well 

as their recycling potential, is found to be important. In her study of the housing of a to-

tal of 20 apartments was found that maintenance accounts for about 12% of the total 

embodied energy. 

3.5. Embodied energy of commonly used building materials 

The goal of this research is not to find a proper method to determinate the embodied 

energy of building materials, nor to obtain exact embodied energy data. However, 

providing a brief knowledge about most commonly used building materials contributes 

to a framework from which architectural and engineering design decisions can be sub-

stantially made. Therefore groups of most commonly used building materials and their 

embodied energy will be discussed below, as presented by Bribián et al. (2011). The da-

ta should be considered as an approximation to real environmental impacts of assessed 

building materials. 

3.5.1. Bricks and tiles 

Within the group of bricks and tiles, ceramic floor tiles are those that have the greatest 

primary energy demand, mainly due to the high consumption of natural gas in their 

manufacture stage. The firing stage in the kiln can account for up to 80% of the total 

consumption. In addition, the demand for water in the ceramic floor tiles, mainly evapo-

rated in cooling processes, is 7,5 times greater than that of ceramic roof tiles and bricks. 

Regarding bricks, the use of light clay bricks (85% clay and 15% straw) or silico-

calcareous (90% lime and 10% sand) bricks clearly reduces the impact. Although in 

light clay bricks the primary energy demand is relatively high, it is important to note 

that 45% of this energy originates from biomass, due to the straw content. In addition, 

light clay bricks have a practically neutral CO2 balance, so their use instead of conven-

tional bricks prevents the emission of 0,27 kg of CO2 per kg. 

It is important to note the potential for reducing existing impacts in ceramic products 

associated with technological improvements in their manufacture, like for example, the 

replacement of old intermittent kilns with tunnel kilns with an increased energy effi-

ciency of 20%, the use of high speed burners and the recovery of the heat from the kiln 

smoke to preheat/dry the product to be fired, thus achieving a reduction in the con-

sumption of the kiln of 5% and 8% respectively, and the installation of cogeneration 

systems with a reduction of 10% in the primary power. 
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3.5.2. Insulation materials 

Considering insulation materials, it is important to underline that the impact of conven-

tional insulation with a high level of industrial processing, such as EPS, is clearly higher 

than the impact of natural materials such as cork, wood fibre and sheep’s wool, or recy-

cled ones such as cellulose fibre. This is confirmed by Lawrence (2013), stating that bio-

based insulation materials have lower embodied energy than conventional non-

renewable alternatives. 

Currently, there is a certain inertia in the use of conventional insulation, as there is a 

widespread commercial network that, therefore, generally leads to a lower price, linked 

to ignorance and, sometimes, scepticism among designers towards other more envi-

ronmentally respectful solutions. To change this situation various administrations must 

encourage the use of natural and recycled insulation materials, which provide a similar 

or higher level of insulation and thermal comfort in buildings, promoting the creation of 

a powerful commercial network for ecological insulation capable of competing in the 

same conditions with traditional insulation. 

3.5.3. Cement and concrete 

The impact of cement (clinker, gypsum and limestone), mainly conditioned for the 

manufacture of clinker, is greater than that of cement mortar (cement and sand) and 

that of concrete (cement, gravel and water), as mixing cement with lower-impact mate-

rials such as gravel, sand or water helps reduce the impact. It is important to point out 

that, even if the impact expressed per kilogram is not excessively high, when the func-

tional unit is changed to express the impact per cubic meter of material, due to the high 

density of all these products, the impact is high. In addition we must consider that these 

products typically make up 40 to 60% of the total weight of a conventional building, 

which greatly affects their environmental impact. 

3.5.4. Wood products 

In general, all construction materials based on wood have a lower-impact, especially 

specific products that require less industrial processing. The primary energy demand in 

all these products is basically from biomass, representing 69 to 83% of the total prima-

ry energy demand. The balance in equivalent carbon dioxide emissions is almost neu-

tral, due to the low level of industrial processing and would be negative (net absorption 

of emissions) if product is recycled or reused instead of incinerated at the end of its life. 

It should be considered that every cubic meter of laminated wood (not incinerated at 

the end of its useful life) absorbs 582 kg of CO2, while reinforced concrete emits 458 kg 

CO2/m3 and steel 12.087 kg CO2/m3. 

Despite the low impact of these products, there is room for improvement, in particular 

related to the replacement of conventional urea-formaldehyde and melamine-

formaldehyde resins with natural resins with the same specifications in the final prod-

uct. With this, and depending on the quantity of resin used in each product, the equiva-
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lent emissions of CO2 would be further reduced. On average, this reduction is estimated 

at 16% for laminated wood and 46% for fibreboard. 

3.5.5. Other common products 

A good number of materials currently used in the construction of buildings, such as 

steel, aluminium, copper, PVC and glass entail significant environmental loads, due to 

their high consumption of energy and raw materials in the numerous production pro-

cesses that make up their life cycle. In addition, they are all products made in fully glob-

alized industries, which multiplies the impact related to the transport. Of all of these, 

aluminium is notable as its productive process has a high energy demand, especially 

electricity, which considerably raises its impact on primary energy demand and poten-

tial for global warming. Similarly, it is important to note the significant water footprint 

associated with the evaporation of water in the different cooling processes necessary 

for the production of PVC. 

The reduction in the impact of the metals analysed occurs due to the increase in produc-

tion of the secondary industry of steel, aluminium and copper to the detriment of the 

primary industry. This industry contributes to the depletion of reserves of iron, bauxite 

and copper and to the gradual increase in the energy costs of extraction, including high 

impact processes, such as electrolysis and pyro-metallurgy. 

 

The building industry is a major contributor to global energy use with its share of 

40% in total energy consumption. Considering the relationship between the energy 

use in buildings and greenhouse gas emissions, the building industry bears great po-

tential for contributing to a sustainable development. Increased energy efficiency 

and a shift to renewable energy sources can appreciably reduce carbon dioxide 

emissions and mitigate climate change. 

Since operational energy constitutes a relatively larger proportion of a building’s 

total life cycle energy, the most effective strategy is to initially reduce the operation-

al energy consumption by energy efficient appliances, advanced insulating materials 

and the equipment of building performance optimization. However, with the grow-

ing emergence of more energy efficient buildings the relative proportion of embod-

ied energy increases and becomes significant. Therefore an effective strategy should 

also comprise the selection of low energy intensive materials and products at the 

initial stages of building design. Furthermore, recycling and maintenance are im-

portant aspects to consider in the design phase, as well. 

In conclusion can be stated that a sustainable design strategy should dictate an en-

ergy usage comprising (1) the use of renewable energy sources, (2) the reduction of 

both the operational, and the embodied energy consumption by means of the above 

described measures, and (3) the reuse of energy. 
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4. MATERIAL 

 

Building materials play a crucial role in increasing the sustainability of buildings and 

contributing to economic prosperity. The usage of building materials has a considerable 

impact on the environment, mainly because of the quantity of non-renewable resources, 

which bear the potential for depriving future generations of their use (John, Clements-

Croome, & Jeronimidis, 2005; Ofori, 2002). While the sustainability imperative is gain-

ing importance, literature suggest there are still major reasons averting this new style 

engineering practice becoming the norm (Akadiri, 2015). On global scale, building con-

struction and civil works consume 60% of raw materials extracted from the lithosphere. 

From this volume, buildings represent 40%; in other words 24% of whole global extrac-

tions. In Europe, the mineral extractions per capita intended for building amount to 4,8 

tonnes per inhabitant per year (Wadel Raina, 2009). 

Building construction practitioners fulfil an important role in contributing to the reduc-

tion of the impact by the built environment on the environment and hence advancing 

the sustainability agenda across Elkington’s (1994) three bottom lines of sustainability. 

With regard to the significant influence of the building industry, the selection of sustain-

able materials has been identified as the easiest way for building professionals to begin 

incorporating sustainable principles in building projects (Akadiri & Olomolaiye, 2012). 

According to Alibaba & Özdeniz (2004) and Nassar et al. (2003), the selection of build-

ing materials is one of several factors that impact the sustainability of a building project. 

It was reaffirmed by Treloar et al. (2001) and Zhou et al. (2009), that an appropriate 

choice of materials plays an important role during the life cycle of a building. 

In this chapter the resource material will be discussed thoroughly. In order to do so, 

a brief introduction of material usage and its relation with a sustainable develop-

ment will be given. 

In section 4.1 Concern of material usage, the current material use will be discussed 

and will be explained why the current material use is of concern to current and fu-

ture generations. In section 4.2 Determination of material scarcity, will be explained 

how the current material use is determined. Therefore the concepts of resource 

base, resources and reserves will be introduced and the range of many elements, 

among which elements frequently used by the building industry will be revealed. In 

section 4.3 Significance of material usage, the extent of the earlier described concern, 

and hereby the various negative effects of resource depletion will be described. In 

section 4.4 Strategies for sustainable material usage, strategies for a sustainable ma-

terial use will be introduced. These strategies concern use of renewable materials 

and efficient use of unrenewable materials. In section 4.5 Barriers on selecting sus-

tainable building materials, an important consideration will be made and barriers 

currently preventing a sustainable material use will be revealed. 
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4.1. Concern of material usage 

Today’s global society is economically, socially and culturally dependent on minerals 

and metals. The consumption of mineral resources drives production patterns, and con-

tinues to rise in middle- to high-income countries, and is reaching unprecedented levels 

in low-income countries. Their demand for the world’s minerals reflects their rapid de-

velopment (UNEP, 2011). This jeopardizes our future ability to access mineral resources 

and puts focus on the economic, social and environmental costs of doing so. 

Resource depletion is of concern to both present and future generations in terms of ac-

cess to resources, in other words material availability. An important aspect of sustaina-

ble development is the conservation of natural resources for societal needs. This is par-

ticularly important for fossil fuel resources, since once consumed, they cannot be re-

used or recycled. Therefore accelerated extraction will hasten their adoption, leading to 

scarcity (Rimos, Hoadley, & Brennan, 2013). The same is applicable for re-usable or re-

cyclable (building) materials from finite resources. Despite the recycling of materials 

the increased material usage of materials with a limited resource availability will una-

voidable lead to resource depletion (Tukker, 2016). 

Consequences may include a decline in the accessibility, quality or purity of a resource, 

an escalation in selling price, and ultimately disruption to services and product manu-

facturing. Disruption to services or products affects all processes which rely on the re-

source in order to function and may lead to the need for the resource to be substituted 

with an alternative. Exploiting less accessible or lower quality reserves, or substituting 

the resource with an alternative resource, may cause a range of undesirable environ-

mental, economic and social impacts (Rimos et al., 2013). 

Fossil fuels are examples of resources where scarcity occurs, as illustrated by the deple-

tion of reserves in different parts of the world. Natural gas is an example where scarcity 

has occurred recently in both the U.S. and Britain. The United States experienced a per-

ceived natural gas shortage before shale gas development gained prominence (Hirsch, 

Bezdek, & Wendling, 2005). These periods of peak production are symptomatic of pre-

dictions using the ‘peak oil’ theory, where oil, and by association gas, as a finite resource 

eventually reaches a peak in discovery and production, thus giving rise to discussions of 

far-reaching social, economic and political consequences (Campbell, 2012; Owen, 

Inderwildi, & King, 2010). Other resources have been reported to exhibit a similar trend 

in peaking, for example ‘peak water’ by Gleick & Palaniappan (2010). 

To illustrate the issue of scarcity among reusable or recyclable materials, Tukker (2016) 

uses the example of the construction industry of China. Particularly in the non-Western 

world countries are (heavily) expanding their infrastructure, which can only be done by 

extracting raw materials from the lithosphere. Only in a steady state construction waste 

of demolished buildings can be reused or recycled for new buildings. Once extra build-

ings will be build, extra raw material resources will need to be extracted. This phenom-
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enon was well visible in China over the past few years. Because of the enormous expan-

sion of their infrastructure, the country produced and consumed as much as half of the 

steel and cement in the world (United States Geological Survey, 2015). This, while China 

only covers around 19% of the world's population and over 15% of the global economy 

(“No Title,” n.d.). It will take over 50 years for much of the infrastructure to reach a 

steady state (Hu et al., 2010, 2016). 

Moreover, Tukker (2016) states that even in a steady state, completely reusing or recy-

cling construction waste to build new constructions is impossible. Components, parts 

and materials that have been used in the economy cannot just be converted into con-

structions again. There is always a fraction that is no longer usable. 

4.2. Determination of material scarcity 

Material scarcity is controlled by two factors: the supply of a material and its demand. 

The supply is considered the raw material made available to the industry. Typically this 

is done through mining activities. An alternative supply stream is recycling of raw mate-

rials. The demand for a material is determined by the end users together with the effec-

tiveness of the supply chain (Wouters & Bol, 2009). 

4.2.1. Material supply and demand 

Different ways to define the availability of materials exist. In order to make a meaning-

ful judgement, it is necessary to set a few definitions relevant to this subject. Figure 4-1 

shows three different ways to look at the amount of available material. 

 

 

 

 

 

 

 

 

 

The resource base is defined as materials that are too low grade or for other reasons are 

not considered potentially economic. Resources are a concentration or naturally occur-

ring solid, liquid, or gaseous material in or on the earth's crust in such form and amount 

Figure 4-1: Reserves, resources, and the resource base (Tilton & 

Lagos, 2007). Note: Figure 4-1 is not drawn to scale. 
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that economic extraction of a commodity from the concentration is currently or poten-

tially feasible. The boundary between resource base and resources is obviously uncer-

tain, but limits may be specified in terms of grade, quality, thickness, depth, percent ex-

tractable, or other economic-feasibility variables (Geological Survey, 2012). The re-

serves form that subset of resources that at this moment are indeed proven (Frondel et 

al., 2007). 

Reserves are more an economical than a geological quantity, and they largely depend on 

the costs associated with the extraction of the mineral from the earth. These costs have 

come down dramatically over the last decades, which have increased the reserves. Also 

the resources from Figure 4-1 are not a static quantity. The resources for a number of 

elements have grown over the years as large quantities of ore have been proven due to 

more and improved surveying activities. 

In generic terms, it can be stated that the three categories of supply are correlated with 

the short-, medium- and long-term potential supply of mineral commodities. The actual 

supply of a certain mineral is of course more volatile as it is determined by factors like 

market dynamics, political decisions, political stability etcetera. This is especially rele-

vant when a certain mineral is only found in certain countries, such as for example rare 

earth metals in China. The demand of materials is even more volatile than the reserves 

and resources. The demand roughly depends on the present use of materials, the 

growth of the global population, the growth of the prosperity of people, the replacement 

of materials and the development of new products and emerging technologies. 

The consumption of commodity materials with many applications, such as iron, steel, 

copper and chrome, is dominated by world economic growth. The consumption of spe-

cialities, like gallium, neodymium, indium, germanium and scandium, is driven by tech-

nological development. Both drivers appear to be dominant for platinum metals, tanta-

lum, silver, titanium and cobalt (Wouters & Bol, 2009). 

4.2.2. The range of materials 

The ratio of reserves or resources to the annual extraction is called the range, or static 

duration period (Halada, 2008). This quantity is used to estimate the number of years 

that a certain raw material will still be present. The smaller the range, the more urgently 

is the necessity for investments into the raw material exploration (Essen et al., 2007). 

It was shown before that both supply and demand are rather dynamic parameters. Nev-

ertheless, there are models that can be used in limited resource production-domains to 

be able to predict the future supply of a certain element. A well-known model is the 

Hubbert peak theory (Hubbert, 1956). Hubbert created and first used the models be-

hind peak oil in 1956 to accurately predict that the oil production of the United States 

would peak between 1965 and 1970. Scientists also applied the Hubbert peak theory to 

minerals (Bardi & Pagani, 2007; Diederen, 2009). 
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Several authors estimated the ranges for a number of materials. Table 3-1 in the Appen-

dix contains an overview of the findings of the following authors:  

∙ Diederen (2009), 

∙ Kesler (2007), 

∙ Cohen (2007), 

∙ Frondel et al. (2007) 

All authors mentioned above assume that both reserves or resources and extraction 

rates are constant or change gradually. That is to say, their estimates are based on unal-

tered policies and take no account for technological changes. 

∙ Diederen assumed the production of materials to increase by 2% per year. 

∙ Kesler calculated the ratios of global reserves to annual global production or 

consumption, for most mineral and energy commodities for the year 1992. 

∙ Cohen considered two cases: the global population continues to consume at pre-

sent rate, and the global population starts to consume at half the rate of the USA. 

∙ Frondel et al. assumed the global production to continue at present rate. 

4.3. Significance of material usage 

The consumption of non-renewable natural resources that are important for human ac-

tivities and development of our civilization, has rapidly expanded in the last decade. The 

observed depletion of non-renewable resources is dangerous for world economic stabil-

ity (Boryczko, Adam, & Zygmunt, 2014). Since the early 1970’s the availability of non-

renewable natural resources over a long term -the period spanning two centuries- has 

intrigued our society. Tilton (2003) states that without adequate supplies of oil, natural 

gas and coal, it is difficult to imagine modern civilization as we know it. Many people 

consider resources availability as one of the major challenges facing humanity among 

nuclear war, population growth and environmental preservation. Similar opinions have 

been expressed by others (Lior, 2008; Valero, Valero, & Martı, 2010). 

Next to the occurring scarcity as a consequence of the depletion of natural resources, 

other effects occur. An important factor in the extraction of ores and the extraction of 

metals from ores is the energy required for these activities. Once the ore has been 

mined, the actual minerals need to be extracted from it. This is normally referred to as 

extractive metallurgy. It addresses mineral processing that enables the separation and 

the actual production of the minerals from the ore. Since most metals are present in 

ores as oxides or sulphides, the metal needs to be reduced to its metallic form. This can 

be accomplished through chemical means such as smelting or through electrolytic re-

duction, as in the case of aluminium. Essential for all these processes is energy; as such 

reduction reactions are typically strongly endothermic (Wouters & Bol, 2009). This en-

ergy sequestered in building materials during production is known as embodied energy 

and is discussed in chapter 3 Energy. 
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In case of unlimited energy supply, material resources are only limited by the amount of 

mineral resources available in the earth’s crust (Diederen, 2009). As energy is as much a 

scarce resource as materials are, the extraction of materials is limited. Allwood et al. 

(2011) state that for most materials used to provide buildings, infrastructure, equip-

ment and products, global stocks are still sufficient to meet anticipated demand, but the 

environmental impacts of materials production and processing, particularly those relat-

ed to energy, are rapidly becoming critical. In addition to material scarcity and energy 

consumption, materials production and processing have dramatic impacts on the envi-

ronment, including land use patterns, the use of water, undesirable emissions to air, wa-

ter and land, and the consumption of other important environmental resources. 

Furthermore, Allwood et al. (2011) state that it seems unlikely that there will be a 

shortage of ores to supply the main engineering materials in the near future. However, 

the supply of some key minerals may be constrained for political reasons, when they are 

concentrated in a few countries. 

4.4. Strategies for sustainable material usage 

Strategies to reduce the depletion of resources have been briefly discussed in subsec-

tion 2.3.2 Material extraction, such as reduction of material use by properly sizing the 

building, selection of durable materials to extend the life of existing of existing buildings 

and selection of materials that are recyclable. In line with Sev (2009), Allwood et al. 

(2011) summarize these measures into two principles: extension of material or product 

life-span and decrease or elimination of material usage to provide the same service by 

clever design. Another strategy includes using renewable materials instead of unrenew-

able materials, as Lawrence (2013) proposes. Since renewable materials can replenish 

with the passage of time, that resource can also be considered to be sustainable, provid-

ed that the rate of consumption of the resource does not exceed its renewal rate. 

Natural resources can be classified as renewable and non-renewable. Renewable re-

sources are defined as resources that are regenerated on a human time scale. Examples 

of renewable resources are water, biomass or the energy from the sun. Non-renewable 

resources can be considered as a stock that has a regeneration rate of zero over a rela-

tively long period. That is the case for minerals (Lujala, 2003). The degree of knowledge 

about resources and technological development has improved notably since the eight-

ies, resulting in better estimations of the available resources on earth and more accu-

rate strategies for reducing natural resource depletion (Valero et al., 2010). 

4.4.1. Potential use of renewable materials 

Unrenewable materials, as for example metals and minerals, come from finite (if large) 

resources. Once extracted and converted, the raw material is gone forever, and with low 

historic levels of recycling, much of this material is lost to future generations who will 

have to rely on increasingly depleted resources. 



45 

 

One of the key characteristics of regrowable materials is the fact that they are by nature 

renewable resources. A renewable resource is a natural resource which can replenish 

with the passage of time. Provided that the rate of consumption of the resource does not 

exceed its renewal rate, then that resource can also be considered to be sustainable. 

Regrowable materials have lower embodied energy than conventional non-renewable 

alternatives. These materials are all biodegradable, so that at end of life they cause less 

pollution. Unlike glass fibre and mineral wool, these materials are non-irritant, which 

makes them more user friendly. Thermal conductivity of insulation materials such as 

sheep’s wool, flax and hemp fibre is around 0,037-0,042 W∙m-1∙K-1, which is comparable 

with rock wool values of 0,033-0,046 W∙m-1∙K-1 (Cripps, 2004). 

Plant based materials have specific heat capacities of around 2,0 kJ∙kg-1∙K-1, compared 

with only 1,0 kJ∙kg-1∙K-1 for mineral based materials. This means that regrowable mate-

rials can store twice as much thermal energy as mineral based materials for comparable 

densities and thicknesses. The more heat a material can store, the slower it will respond 

to thermal changes. This thermal damping effect results in more stable internal room 

environments. 

4.4.2. Efficient use of unrenewable materials 

A way to plot the degree of availability and the probability of supply disturbance of dif-

ferent elements is shown in Figure 4-2, in which the probability of a supply disturbance 

is plotted against the period of availability. In this graph three groups are distinguished: 

∙ Critical elements 

∙ Frugal elements 

∙ Elements of hope 

Some metal minerals appear to be more critical than indicated by their ratio of reserves 

against primary production. The study by Diederen (2009) showed that several metal 

minerals suffers from relatively low absolute amounts of reserves and associated low 

extraction rates, effectively making them non-viable large-scale substitutes for other 

metals which will be in short supply. For example, it is up for debate whether lithium is 

a viable large-scale substitute for nickel in accumulators for electric energy. Other metal 

minerals, like for example manganese, have no acceptable substitutes for their major 

applications. This is of special interest for those metals which will run out relatively fast 

at the present course. 

Even metals with a high ratio of reserves to primary annual production combined with 

large absolute amounts of reserves and associated extraction rates, can be susceptible 

to future supply constraints, because they are located in just a few geographic locations. 

An example is chromium, which is mainly located in Kazakhstan and southern Africa. 
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Summarising these considerations a large number of elements is split into the three de-

scribed categories. 

∙ Table 0-2 in the Appendix shows that there are over 30 elements that are consid-

ered critical elements. It shows the expected time period of their availability. 

Many of these (Zn, Li) are also likely to score high on the impact axis from Figure 

4-2 as they are used in societal critical applications like automotive and battery 

technology. For these elements it would be advisable to develop some sort of 

mechanism that ensures that they are used sparsely and only for those applica-

tions where they cannot be substituted by other elements. 

∙ Table 0-3 in the Appendix shows the types of elements, which are still less scarce 

than critical elements, but which should be used in a frugal (restrained, austere) 

manner. It gives an overview of the main applications of the frugal elements. As 

with the critical elements, they should only be applied in mass for applications in 

which their unique properties are essential. In this way their remaining reserves 

will last longer (most notably copper and manganese). 

∙ Table 0-4 in the Appendix shows the most abundant elements available to man-

kind and can be extracted from the earth’s crust, from the oceans and from the 

atmosphere. They constitute both metal and non-metal elements and are consid-

ered elements of hope. 

4.5. Barriers on selecting sustainable building materials 

Extra attention should be paid to barriers affecting the selection of sustainable materi-

als in building projects. More than on the aspect of reducing energy consumption, atten-

Figure 4-2: Three types of chemical elements 
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tion should be paid to sustainable material selection, because there is already a larger 

awareness and a greater understanding among building professionals that the energy 

consumption should be decreased, contrary to the need of a better selection of sustain-

able building materials. 

The top three critical barriers encountered in practice are perception of extra cost being 

incurred, lack of sustainable material information and lack of comprehensive tools and 

data to compare material alternatives. Barriers exist in the whole building life cycle pro-

cess, including plan and design, construction and operation and management stages 

(Akadiri, 2015). Kibert (2008) view sustainable material selection as one of the most 

difficult tasks to undertake in a building project. In part, this is because: so many differ-

ent products and materials need to be evaluated, both individually and as assembled 

building components; assessment parameters are not consistent across product catego-

ries or different countries of origin; manufacturing processes lack transparency; prod-

ucts and materials evaluation has no universally agreed approach. 

Several authors provide guidelines for selecting sustainable building materials; these 

include Akadiri & Olomolaiye (2012), Baharetha et al. (2012) and Florez & Castro-

Lacouture (2013). Baharetha et al. (2012) note that in selecting sustainable materials, 

designers should aim to maximize durability, energy efficiency, recyclability, maintaina-

bility, and use of local materials to reduce the environmental impact of construction. 

Akadiri and Olomolaiye (2012) describe a strategy for the selection of sustainable build-

ing materials: design building to be efficient and to utilize as few resources as possible, 

specify the use of renewable and recycled sources in order to close the life-cycle loop of 

materials and select materials with the least environmental impact in the entire lifetime. 

 

Building materials play a crucial role in increasing the sustainability of buildings, 

considering the share of 24% of total raw material extraction by buildings alone. 

The selection of sustainable materials is the easiest way for building professionals 

incorporate sustainable principles in building projects. The current material use 

threatens future material availability and requires significant energy consumption. 

Strategies to reduce resource depletion and embodied energy consumption consider 

the use of renewable building materials, decrease or elimination of material usage to 

provide the same service, and extension of material or product life-span. However, 

there are barriers preventing sustainable material selection. Barriers encountered 

in practice are perception of extra cost being incurred, lack of sustainable material 

information, and lack of comprehensive tools and data to compare alternatives. 

In conclusion can be stated that a sustainable design strategy should dictate a mate-

rial usage comprising (1) the use of renewable, in specific regrowable material 

sources, (2) the reduction of material consumption by means of the above described 

measures, and (3) the reuse and recycling of building materials and components. 
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5. WATER 

 

A wide range of ecological and human crises result from inadequate access to, and the 

inappropriate management of freshwater resources. These include destruction of aquat-

ic ecosystems and extinction of species, millions of deaths from water-related illnesses, 

and a growing risk of regional and international conflicts over scarce, shared water 

supplies. As human populations continue to grow, these problems are likely to become 

more frequent and serious. New approaches to long-term water planning and manage-

ment that incorporate principles of sustainability and equity are required and are being 

explored by national and international water experts and organizations (Gleick, 1998). 

5.1. Concern of water use 

The primary goals of water development policy used to be to support increasing levels 

of economic development and to invent ways of increasing the availability of fresh wa-

ter to meet anticipated demands. This development policy was driven by an ethic of 

growth powered by continued expansion of water supply infrastructure. While there 

have been efforts to extend this traditional development policy to many other parts of 

the world, a growing understanding of the adverse ecological implications of such pro-

jects, scarce economic and social capital, and the increasingly effective voices of local 

and international nongovernmental organizations have begun to slow massive water 

projects in developing countries as well. 

Gleick (1998) explains that the goal of relying on new supply projects to meet unlimited 

growth in demand has produced decidedly mixed results. Much of the massive water 

In this chapter the resource water will be discussed thoroughly. In order to do so, a 

brief introduction of water consumption and its relation with a sustainable devel-

opment will be given. 

In section 5.1 Concern of water use, the current water use will be discussed and will 

be explained why the current water use is of concern to current and future genera-

tions. In section 5.2 Determination of water use, will be explained how the current 

water use is determined. Therefore three broad uses will be explicated, among 

which domestic water use, which will be further examined in relationship to the 

Dutch household. In section 5.3 Significance of water use, the extent of the earlier de-

scribed concern, and hereby the various negative effects of current water use will be 

described. Hereby the Dutch water chain will be explored. In section 5.4 Strategies 

for sustainable water use, strategies for a sustainable water use will be introduced. 

These strategies concern use of renewable water sources, in-house water savings 

and on-site water reuse. In section 5.5 Barriers preventing sustainable water use, an 

important consideration will be made and barriers currently preventing a sustaina-

ble water use will be revealed. 
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infrastructure developed over the past 100 years has been enormously effective at per-

mitting great expansions of irrigated land and crop production necessary to feed rapidly 

growing populations. Massive urban population growth in most regions has been ena-

bled by moving huge amounts of water from distant sources to cities. Devastating floods 

in many countries have been captured, curtailed and tamed by flood control projects. 

The severe impacts of deep droughts are often mitigated by large storage systems that 

permit multiyear carry-over of water. 

Against these benefits must be weighed the full economic, social and environmental 

costs of such projects and the apparent failure to provide for the basic water needs for 

billions of people. The best sites for large dams have, for the most part, been developed 

in the industrialized world and are increasingly controversial everywhere. Millions of 

people die every year from water-related diseases. Water-scarce regions are increasing-

ly looking at water resources as a strategic resource worth fighting over. A focus on wa-

ter supply led to the neglect of attention to water use, leading in turn to many inefficient 

technologies and applications and to inequitable allocations of limited water supplies. 

Perhaps most importantly, traditional approaches to water planning neglected the eco-

logical and environmental impacts of projects, both singular and cumulative. As a result, 

a wide range of unanticipated or ignored ecological impacts have occurred, with some-

times devastating consequences. Among the kinds of ecological problems encountered 

are acidification of waters, unsustainable fisheries management, the wide spread of 

non-native species, and a cascade of biological effects from inter-basin transfers and 

dam, reservoir, and aqueduct construction 

Furthermore Gleick (1998) stresses that new definitions and concepts, particularly the 

concepts of sustainability and equity, are needed. Incorporating characteristics of sus-

tainability and equity in water planning and policy goals has become a policy priority, 

and requires placing a high value on maintaining the integrity of water resources and 

the flora, fauna, and human societies that have developed around them. It means that 

the costs and benefits of water resource management and development are to be decid-

ed and distributed in a fair and prudent manner. Together, these goals represent a 

commitment to nature and the diverse social groups of present and future generations. 

5.2. Determination of water use 

Humans require fresh water for three broad uses, namely (1) domestic use, which in-

cludes drinking, washing, food preparation and general hygiene, (2) agricultural use in 

order to produce food, and (3) industrial use for non-agricultural commercial activities. 

It is important to distinguish quantities of water required for domestic purposes, and 

quantities of water required for other purposes. Since this research is conducted in the 

context of the housing sector, the focus will be on the domestic water use. Overall, the 

requirements for domestic supply typically constitute a minor component of total water 

withdrawals (Gleick, 1993, 1996). 
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5.2.1. Types of domestic water use 

Domestic water supplies are one of the fundamental requirements for human life. In its 

Guidelines for Drinking-water Quality, the World Health Organisation (WHO) (2008) de-

fines domestic water as water used for all usual domestic purposes including consump-

tion, bathing and food preparation. This definition implies that the requirements with 

regard to the adequacy of water apply across all these uses and not solely in relation to 

consumption of water. This will prove to be important in determining the domestic wa-

ter use. Although this broad definition provides an overall framework for domestic wa-

ter use in the context of quality requirements, it is less useful when considering quanti-

ties required for domestic supply. Therefore subdividing the domestic water use is use-

ful. 

Sub-dividing uses of domestic water is useful in understanding minimum quantities of 

domestic water required and to inform management options. In the Drawers of Water 

study on water use patterns in East Africa, White et al. (1972) suggested that three 

types of use could be defined in relation to normal domestic supply: 

∙ Consumption (drinking and cooking) 

∙ Hygiene (including basic needs for personal and domestic cleanliness) 

∙ Amenity use (for instance car washing, lawn watering). 

In updating the Drawers of Water study, Thompson et al. (2001) suggest a fourth cate-

gory to be included of ‘productive use’ which was of particular relevance to poor house-

holds in developing countries, but could be relevant for households in developed coun-

tries as well. Productive use of water includes uses such as brewing, animal watering, 

construction and small-scale horticulture. 

5.2.2. Domestic water use in the Netherlands 

The importance of adequate water quantity for human health has been recognised for 

many years and there has been an extensive debate about the relative importance of 

water quantity, water quality, sanitation and hygiene in protecting and improving 

health, which mainly took place in the context of developing countries (Cairncross, 

1990; Steve A Esrey, Feachem, & Hughes, 1985; Steven A Esrey, Potash, Roberts, & Shiff, 

1991). Despite this debate, international guidelines or norms for minimum water quan-

tities that domestic water supplies should provide remain largely lacking. 

According to Chenoweth (2008), existing estimates of basic human water requirements, 

which are based on specific quantities of water required for basic domestic functions, 

are much lower than those based upon water quantities actually used by a modern soci-

ety using its water resources relatively prudently. Chenoweth furthermore states that 

these estimates are at least an order of magnitude lower than water requirements for 

satisfying domestic, industrial and agricultural needs. Hereby, a country can avoid the 

use of virtual water and achieve food self-security based upon irrigated agriculture. The 
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lower estimates of minimum water requirements give a clear indication of the absolute 

minimum water requirements to support adequate human health and hygiene, but do 

not show the minimum amount of water required domestically to allow a high quality of 

life. 

Estimating the water required to sustain a high level of development is problematic as it 

requires value judgements about the desired level of economic development. Norms for 

quantities of water to be supplied have been proposed for certain specific conditions by 

different authors. For now will be focussed on the domestic water use to allow a high 

quality of life. For instance, Gleick (1996) suggested that the international community 

adopt a figure of 50 litres per capita per day as a basic water requirement for domestic 

water supply. Chenoweth (2008) suggests that a country could meet its domestic water 

requirements together with its water requirements for maintaining a water efficient 

non-agricultural economy capable of sustaining a high level of human development with 

as little as 120 l/c/d. Water distribution losses of approximately 10% suggest that an-

other 10–15 l/c/d of water would be required. Therefore, a minimum of 135 l/c/d is 

required for social and economic development that would permit the achievement of 

high human development. 

According to the Vereniging van Waterbedrijven in Nederland (VEWIN) water con-

sumption in the Netherlands in 2010 was 120,1 l/c/d. Average household water-use in 

the Netherlands breaks down to 56,4 l/c/d for bathing, 33,7 l/c/d for toilet flushing, 

15,4 l/c/d for clothes washing, 7,5 l/c/d for food preparation and dish washing, 1,8 

l/c/d for drinking, and 5,3 l/c/d for other uses (VEWIN, 2012). This breakdown sug-

gests that even lower per capita water consumption is achievable, which will be dis-

cussed in subsection 5.4.2 In-house water savings. 

5.3. Significance of water use 

Plentiful water is beneficial for national development and it is imperative that global per 

capita freshwater resources remain adequate to support human health, agricultural 

production, economic activity as well as critical ecosystem functions. However, on a na-

tional basis water resource scarcity alone need not hinder development given that all 

countries either have significantly more water resources available to them than are re-

quired to satisfy minimum water requirements for social and economic development, or 

their existing level of economic development means desalination can affordably meet 

such requirements. The problem is not water scarcity per se, rather it is effective human 

organisation which is critical in ensuring sufficient water availability for domestic needs 

and for maintaining human health, agricultural production, economic activity as well as 

critical ecosystem functions (Chenoweth, 2008). 

Having a closer look at the water chain is helpful in revealing these flaws in in the hu-

man organisation around the current water management. 



52 

 

5.3.1. Water collection and purification 

By the term water chain is referred to operations in sourcing, preparation, distribution, 

and use of water (water supply), as well as wastewater discharge, collection, and treat-

ment (sanitation). 

The Dutch water chain generally covers the following steps. First, water for human con-

sumption is abstracted from groundwater or surface water. The mayor part of the water 

collection is surface water. Surface water can be either freshwater from precipitation or 

from rivers, as the Rijn, the Schelde, the Maas and the Eems, or saltwater. Where river 

water is used, preparation usually requires activated carbon and additional chemical 

treatments with ozone, or cheaper chlorine, coagulation, sedimentation or flocculation, 

and sand filtration. Natural treatment of surface water through dune infiltration into a 

managed aquifer is sometimes applied. The remaining part concerns ground water. 

Groundwater is sourced from aquifers. This groundwater is prepared through aeration, 

mineral sedimentation, sand filtration and sometimes softening through reducing salts. 

It is also denitrified where nitrates from the land and water surface infiltrate aquifers. 

Table 5-1 shows the absolute and relative quantities of water collected from each re-

source in the Netherlands in 2010. 

Surface water [x 106 m3] Ground water 

[x 106 m3] 

Total  

[x 106 m3] Freshwater Saltwater Total 

9.598 3.702 13.300 967 14.267 

67,3% 25,9% 93,2% 6,8% 100% 

Table 5-1: Water collection in the Netherlands (VEWIN, 2012). 

5.3.2. Water distribution 

Then the water for human consumption is prepared for use and transported over some-

times great distances to customers. Table 5-2 shows the composition and length of the 

pipeline network for potable water supply in the Netherlands in 2010. 

Composition Length [km] 

asbestos cement 32.489 
cast iron 9.797 
ductile iron 3.216 
steel 2.576 
concrete 755 
PVC 60.148 
polyethylene (PE) 7.424 

glass fibre reinforced plastic (GFRP) 56 
other 1.122 
total 117.585 
Table 5-2: The length and composition of the pipeline network for potable water supply in the Nether-

lands (VEWIN, 2012). 
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5.3.3. Sewerage and sewage treatment 

After use, wastewater is discharged and treated, and possibly reused in semiarid areas 

for irrigation (Friedler, 2001), whereas the contaminated sediments from the treatment 

(sludge) are digested and disposed of as landfill or incinerated. Sewage piping used for 

discharging wastewater represents 129.650 kilometres, which consist for 72% of con-

crete, 25% of plastic and 3% of other materials (VEWIN, 2012). 

The first stage of wastewater treatment involves the mechanical removal of the sus-

pended solids. Almost 90% of organic matter is removed in the biologically activated 

sludge and more than 95% of all nitrogen is biologically removed through a nitrifica-

tion-denitrification process in the second stage. The most advanced plants remove more 

than 95% of nitrates and phosphates chemically through precipitation in the third stage 

of wastewater treatment (Friedler, 2001). The removed sludge is dried, digested for bi-

ogas winning and disposed on landfills or incinerated. This system supplies drinking 

water and removes many pollutants effectively, but, as has become clear, it needs long 

transport components, which require a substantial amount of materials (Wilderer and 

Schreff, 2000;Al-Jayyousi, 2003;Inman and Jeffrey, 2006). 

5.4. Strategies for sustainable water use 

Emerging alternatives to the existing treatment of the water supply are characterized by 

the separation of streams that can include utilization of renewable water sources such 

as rainwater harvesting, in-house saving and on-site reuse. The arguments in favour of 

this approach are reduced fresh water use, less material and energy use, or maybe even 

a net energy production. These alternatives can even be cost-effective in many situa-

tions (Berndtsson & Hyvönen, 2002; Keating & Howarth, 2003; Krozer, Hophmayer-

tokich, Meerendonk, Tijsma, & Vos, 2010; Otterpohl, Grottker, & Lange, 1997). 

Krozer et al. (2010) classify the traditional system as ‘elongation’ and the alternative as 

‘separation’. Separation systems cover in-house water saving and water reuse, including 

a mixed approach with external reuse. The separation can be considered as a substitute 

to the prevailing elongation. The substitution occurs because the growth of the separa-

tion, for example water saving and in-house reuse, usually results in a lower required 

capacity in the remaining elements of the elongation. Mixed systems are also found, 

which may include centralized wastewater treatment and external reuse, such as for 

toilet flushing (Asano, Maeda, & Takaki, 1996), or decentralized district wastewater 

treatment to supplement the central system (Crites & Tchobanoglous, 1998). The sys-

tems embrace several operations with a few technologies in each operation. The new 

technologies can reduce costs (efficiency-oriented) or improve the treatment quality 

(effect-oriented). 
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5.4.1. Use of renewable water sources 

Water demonstrates characteristics of both renewable and non-renewable resources. 

Water is largely a renewable resource with rapid flows from one stock and form to an-

other, and the human use of water typically has no effect on natural recharge rates. 

However, there are also fixed or isolated stocks of local water resources that are being 

consumed at rates far faster than natural rates of renewal. Most of these non-renewable 

resources are groundwater aquifers, which are often called fossil aquifers, because of 

their slow-recharge rates (Gleick & Palaniappan, 2010). Tiwari et al. (2009) calculated 

that a substantial fraction of water used in India comes from non-renewable groundwa-

ter withdrawals, and that water ends up in the oceans, incrementally raising sea levels, 

but substantially depleting groundwater stocks. Also in the Netherlands a fraction of the 

water collection has its origin as groundwater. Some surface water storage in the form 

of lakes or glaciers can also be used in a non-renewable way where consumption rates 

exceed natural renewal, a problem that may be worsened by climate change. 

Rainwater, by contrast, is a renewable water resource. Interest in domestic rainwater 

harvesting is reviving due to growing inadequacies in supplies based on aquifers or res-

ervoirs, to a rising desire for water autonomy, whether for water security, economy or 

out of ideology, and to improvements in the technology of water harvesting itself. Mod-

ern technologies are used to harvest rain from building roofs with sensors to control 

water levels, pumps, and diverters for water regulation, filters for disinfection to re-

move contamination and storage on roofs or underground. Rainwater is used directly 

for non-potable functions such as toilet flushing, air conditioners and gardening (Krozer 

et al., 2010). In Europe, one finds only trials, as in a supermarket in London, England 

where water in collected for toilet flushing (Chilton, Maidment, Marriott, Francis, & 

Tobias, 2000). In the Netherlands, there are only a few small-scale household examples. 

5.4.2. In-house water savings 

The main component of domestic water use is bathing, including showering and wash-

ing. Efficient showerheads and taps with aerators or flow restrictors have been shown 

to reduce water use in showers and kitchens. Experiments in the United States show a 

17% saving in bathing water in households that use such devices. Further reductions in 

water use can be achieved through efficient dishwashers and washing machines, with 

respectively 47% and 38% lower water use possible for dish washing and for clothes 

washing (Deoreo, Dietemann, Skeel, & Mayer, 2001). 

The second largest component of domestic water use is toilet flushing. This usage can be 

drastically reduced with available technologies. A toilet flush in the Netherlands takes 

about 5 litres of water, compared to 9 litres in the United Kingdom and 12 litres in the 

United States. A well-known technology is the dual-flush toilet giving the user the option 

of a 3 or a 6 litre flush. Demonstrations with the dual-flush toilets show positive results, 

for example a 27% flushing water reduction in Southern England (Keating & Howarth, 
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2003) and almost 60% in Seattle in the United States (Deoreo et al., 2001). Flush-saving 

devices have been developed such as delayed action floats, siphons containing air, and 

drop-valve mechanisms connected to infra-red sensors. The vacuum toilet used in 

trains, ships, airplanes and a few experimental households, using air pressure for ex-

crement transport, has reduced a flush to 1 litre of water (Otterpohl et al., 1997; 

Zeeman et al., 2008). Another option is composting toilets which use almost no water 

because the waste is decomposed in a container below the toilet. Many composting toi-

let types have been developed, from compact one-unit toilets to multi-tank options for 

public facilities with devices to enhance decomposition, such as solar units, computer-

ized monitoring, and combinations with kitchen waste (Riggle, 1990, 1996). 

5.4.3. On-site water reuse 

Innovative in-house wastewater reuse can be accomplished through the separation of 

sullage, or greywater, which is the wastewater collected separately from sewage flow 

from clothes washers, bathtubs, showers and sinks, but does not include wastewater 

from kitchen sinks, dishwashers, or toilets (Al-Jayyousi, 2003). The reuse of sullage for 

toilet flushing is an example of on-site water reuse and was demonstrated in Japan 

(Asano et al., 1996), as well as in arid areas in the US and Australia (Al-Jayyousi, 2003; 

Dixon, Butler, & Fewkes, 1999). In Lubeck, Germany about 100 households are 

equipped with toilets that separate feces from urine for reuse as biogas through anaer-

obic digestion (Otterpohl, Braun, & Oldenburg, 2002). 

Another in-house wastewater reuse consists of the separation of sewage, or blackwater, 

which is the wastewater from streams containing human waste. This includes 

wastewater from kitchen sinks, dishwashers or toilets. In Sneek, The Netherlands a sim-

ilar system operates in 32 new houses: kitchen waste is treated together with the water 

from toilets and leads to the production of biogas which is used as an energy source, 

phosphorous recovery for gardening fertilizer and 90 litres per day of reusable water 

(Zeeman et al., 2008). 

5.5. Barriers preventing sustainable water use 

The dissemination of new water technologies in the Netherlands is generally slow. In a 

separation system the technologies can be cost-effective, but the technical, economic, 

legal and behavioural barriers impede innovations. As a result, the technologies rarely 

move beyond the demonstration phase (Krozer et al., 2010). The new technologies are 

mainly efficiency-oriented, because good water quality can be achieved through the cur-

rently available technologies. 

The sand filtration of groundwater is almost unchanged over the last century. Surface 

water use, presently representing about 39% of all potable water, has hardly increased 

its share over the last fifty years despite voluminous rivers (VEWIN, 2012) and new 

technologies hardly disseminate, because there is no sense of urgency to reduce 
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groundwater abstraction even though its increased usage threatens groundwater re-

sources. A tax on groundwater use that was imposed and increased several times in the 

1990s did not change this pattern. 

Water saving devices often offer a net financial saving to Dutch households. Dissemina-

tion however, is slow: the use of water has hardly decreased in recent decades and the 

decrease is largely due to changes in habits such as showering being preferred to a bath. 

The long lifetimes of installed equipment, a lack of awareness of the options, as well as 

the image of inconvenience because of incorrect operation and maintenance are gener-

ally the causes of the low dissemination of water saving devices (Berndtsson & 

Hyvönen, 2002; Cordova & Knuth, 2005). 

Regarding the utilization of on-site water reuse, the small number of trials in Europe is 

indicative of innovation barriers. There are technical barriers, such as the need for large 

storage tanks to balance production and use (Jefferson, Laine, Parsons, Stephenson, & 

Judd, 2000), as well as the need for modifications to plumbing and sanitary services, all 

of which entail additional investment. Legal barriers reflect health concerns (Dixon et 

al., 1999; Thomas, 1998). For example, in the UK people do not seem to be worried 

about reusing water within their own households as long as it does not involve health 

risks, but using water from other households has a low acceptance. There is no sense of 

necessity and it is argued that there is sufficient rainfall to prevent water scarcity ever 

occurring (Chenoweth, 2008; Jeffrey & Jefferson, 2003). 

 

A wide range of ecological and human crises result from inadequate access to, and 

the inappropriate management of freshwater resources. New definitions and con-

cepts, particularly the concepts of sustainability and equity, are needed. Fresh water 

is required for three broad uses, namely domestic use, agricultural use and industri-

al use. Domestic water use is needed for consumption, hygiene and amenity use. In 

the Netherlands the average water consumption in 2010 was 120,1 l/c/d used for 

various purposes, such as bathing, toilet flushing, clothes washing, food preparation, 

dish washing and drinking, In order to foresee plentiful water, water collection and 

purification, water distribution, and sewerage and sewage treatment are necessary. 

Strategies for a sustainable water use consider the use of renewable water sources, 

in-house water savings and on-site water reuse. The traditional system is classified 

as ‘elongation’, while the alternative is classified as ‘separation’. The dissemination 

of new water technologies is the Netherlands is generally slow and these new tech-

nologies are mainly efficiency-oriented. 

In conclusion can be stated that a sustainable design strategy should dictate a water 

usage comprising (1) the use of renewable water sources, (2) the reduction of water 

consumption by means of the above described measures, and (3) the reuse of water. 
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6. LAND 

 

Land use has generally been considered a local environmental issue, but it is becoming a 

force of global importance. Worldwide changes to forests, farmlands, waterways and air 

are being driven by the need to provide food, fibre, water and shelter to more than six 

billion people. Global croplands, pastures, plantations and urban areas have expanded 

in recent decades, accompanied by large increases in energy, material and water con-

sumption, along with considerable losses of biodiversity. These changes in land use 

have enabled humans to appropriate an increasing share of the planet’s resources, but 

they also potentially undermine the capacity of ecosystems to sustain food production, 

maintain freshwater and forest resources, regulate climate and air quality, and amelio-

rate infectious diseases. Global population faces the challenge of managing trade-offs 

between immediate human needs and maintaining the capacity of the biosphere to pro-

vide goods and services in the long term (Foley et al., 2005). 

6.1. Concern of land use 

Land-use activities for converting natural landscapes for human use, and for changing 

management practices on human-dominated lands have transformed a large proportion 

of the planet’s land surface. Among clearing tropical forests, practicing subsistence agri-

culture, and intensifying farmland production, expanding urban centres is changing the 

world’s landscapes in pervasive ways (DeFries, Asner, & Houghton, 2004; DeFries, 

Foley, & Asner, 2004). Although land-use practices vary greatly across the world, their 

ultimate outcome is largely the same: the acquisition of natural resources for immediate 

human needs, often at the expense of degrading environmental conditions. The envi-

ronmental impacts of land use throughout the globe range from changes in atmospheric 

composition to the extensive modification of earth’s ecosystems (Matson, Parton, 

In this chapter the resource land will be discussed thoroughly. In order to do so, a 

brief introduction of land use and its relation with a sustainable development will be 

given. 

In section 6.1 Concern of land use, the current land use will be discussed and will be 

explained why the current land use is of concern to current and future generations. 

In section 6.2 Determination of land use, will be explained how the current land use 

is determined. Therefore different perspectives on land use will be presented. In 

section 6.3 Significance of land usage, the extent of the earlier described concern, 

and hereby the various negative effects of current land use will be described. Hereby 

urbanisation will be revealed as one of the major threatening land uses related to 

the built environment. In section 6.4 Strategies for sustainable land usage, strategies 

for a sustainable water use will be introduced. The most promising strategy is the 

strategy of mixed land use. 



58 

 

Power, & Swift, 1997; Tilman et al., 2009; Vitousek, Vitousek, Mooney, Lubchenco, & 

Melillo, 2013; Wackernagel et al., 2002). 

Together with the degradation of ecological conditions by the building industry’s collec-

tive land-use practices across the globe, humanity has become dependent on an ever-

increasing share of the biosphere’s resources. Human demand exceeds nature’s total 

supply from the 1980’s onwards, overshooting it by already 20% in 1999 (Wackernagel 

et al., 2002), and as development and population pressures continue to mount, so could 

the pressures on the biosphere. As a result, the scientific community is increasingly con-

cerned about the condition of global ecosystems and ecosystem services (Daily, 1997; 

Millennium Ecosystem Assessment, 2003). 

Many land-use practices are absolutely essential for humanity, because they provide 

critical natural resources and ecosystem services, such as food, fibre, shelter and fresh-

water. On the other hand, some forms of land use are degrading the ecosystems and 

services upon which we depend. Land-use activities are degrading the global environ-

ment in ways that may ultimately undermine ecosystem services, human welfare, and 

the long-term sustainability of human societies. 

6.2. Determination of land use 

In contrast to energy consumption, material use and water consumption, land is not a 

physical flow extracted and incorporated in economic goods. It rather stays within bio-

geochemical cycles. 

Land use can be perceived as the land area used for different purposes, such as agricul-

ture, forestry, built-up infrastructure, and the built environment, with a specific produc-

tivity or with the capacity to absorb emissions, which strongly links to ecosystem ser-

vices. The functionality of land is strongly linked to land cover (Verburg, Van De Steeg, 

Veldkamp, & Willemen, 2009), but also to the soil and soil quality which adds another 

perspective on land. The intensity of land use as a management option accompanied by 

increased socio-economic inputs and outputs is crucial in the discussion of land as a po-

tential resource (Li, 2014). Another function of land is the area provided for socio-

economic infrastructures. 

6.3. Significance of land usage 

Current trends in land use allow humans to appropriate an ever-larger fraction of the 

biosphere’s goods and services while simultaneously diminishing the capacity of global 

ecosystems to sustain food production, maintain freshwater and forest resources, regu-

late climate and air quality, and mediate infectious diseases (Foley et al., 2005). 

Land use can disrupt the surface water balance and the partitioning of precipitation into 

evapotranspiration, runoff, and groundwater flow. Water demands associated with 

land-use practices, especially irrigation, directly affect freshwater supplies through wa-
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ter withdrawals and diversions. Water quality is often degraded by land use. Intensive 

agriculture increases erosion and sediment load, and leaches nutrients and agricultural 

chemicals to groundwater, streams, and rivers. In fact, agriculture has become the larg-

est source of excess nitrogen and phosphorus to waterways and coastal zones (Bennett, 

Carpenter, & Caraco, 2001; Carpenter et al., 1998). 

Land-use practices (e.g., fuel-wood collection, forest grazing, and road expansion) can 

also degrade forest ecosystem conditions in terms of productivity, biomass, stand struc-

ture, and species composition even without changing forest area. Land use can also de-

grade forest conditions indirectly by introducing pests and pathogens, changing fire-fuel 

loads, changing patterns and frequency of ignition sources, and changing local meteoro-

logical conditions (Nepstad et al., 1999). 

Land conversion can alter regional climates through its effects on net radiation, the divi-

sion of energy into sensible and latent heat, and the partitioning of precipitation into 

soil water, evapotranspiration, and runoff. Modelling studies demonstrate that land-

cover changes in the tropics affect climate largely through water-balance changes, but 

changes in temperate and boreal vegetation influence climate primarily through chang-

es in the surface radiation balance (Snyder, Delire, & Foley, 2004). 

The combined effects of land use and extreme climatic events can also have serious im-

pacts, both on direct health outcomes (e.g., heat mortality, injury, fatalities) and on eco-

logically mediated diseases. The conclusion is clear: Modern land-use practices, while 

increasing the short-term supplies of material goods, may undermine many ecosystem 

services in the long run, even on regional and global scales. 

6.3.1. Urbanisation 

Urban heat islands are an extreme case of how land use modifies regional climate. The 

reduced vegetation cover, impervious surface area, and morphology of buildings in city-

scapes combine to lower evaporative cooling, store heat, and warm the surface air 

(Bonan, 2002). The effects of land use on local meteorological conditions, primarily in 

urban heat islands, also change air quality. Land-use practices often determine dust 

sources, biomass burning, vehicle emission patterns, and other air pollution sources and 

thereby alter emissions and change the atmospheric conditions that affect reaction 

rates, transport, and deposition; higher urban temperatures generally cause O3 to in-

crease (Sillman & Samson, 1995). 

Habitat modification, road and dam construction, irrigation, increased proximity of 

people and livestock, and the concentration or expansion of urban environments all 

modify the transmission of infectious disease and can lead to outbreaks and emergence 

episodes. Disturbing wildlife habitat is also of particular concern, because approximate-

ly 75% of human diseases have links to wildlife or domestic animals (Patz et al., 2004). 
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Urbanization also substantially degrades water quality, especially in underdeveloped 

countries, where wastewater treatment is absent. The resulting degradation of inland 

and coastal waters impairs water supplies, causes oxygen depletion and fish kills, in-

creases blooms of cyanobacteria (including toxic varieties), and contributes to water-

borne disease (Bennett et al., 2001; Townsend et al., 2003). 

6.4. Strategies for sustainable land usage 

Encountering the global environmental challenges of land use will require assessing and 

managing inherent trade-offs between meeting immediate human needs and maintain-

ing the capacity of ecosystems to provide goods and services in the future (DeFries, 

Foley, et al., 2004; Millennium Ecosystem Assessment, 2003). Assessments of trade-offs 

must recognize that land use provides crucial social and economic benefits, even while 

leading to possible long-term declines in human welfare through altered ecosystem 

functioning (DeFries, Foley, et al., 2004). Sustainable land-use policies must also assess 

and enhance the resilience of different land-use practices. Managed ecosystems, and the 

services they provide, are often vulnerable to diseases, climatic extremes, invasive spe-

cies, toxic releases and the like (Ii et al., 2003; Pimentel & Rapport, 2000; Scheffer, 

Carpenter, Foley, Folke, & Walker, 2001). 

The need for decision-making and policy actions across multiple geographic scales and 

multiple ecological dimensions is increasing. The reason for this is that land use occurs 

in local places, with real-world social and economic benefits, while potentially causing 

ecological degradation across local, regional, and global scales. Society faces the chal-

lenge of developing strategies that reduce the negative environmental impacts of land 

use across multiple services and scales while maintaining social and economic benefits. 

A strategy that can enhance the adverse effects of land use is the strategy of mixed land 

use. Since this research is conducted in the context of the housing sector, the focus will 

be on the possibilities for mixed land use within the building plot. 

6.4.1. Mixed land use 

Land-management strategies with environmental, social, and economic benefits include 

usage of existing built environment, respecting the natural landscape and preventing 

the expansion of the build environment (Sev, 2009), but also comprise increasing green 

space in urban areas, thereby reducing runoff and heat island effects, employing agro-

forestry practices that provide food and fibre yet maintain habitats for threatened spe-

cies, and maintaining local biodiversity and associated ecosystem services such as polli-

nation and pest control (Foley et al., 2005). Many of these strategies involve manage-

ment of landscape structure through the strategic placement of managed and natural 

ecosystems, so the services of natural ecosystems, such as pest control by natural pred-

ators, pollination by wild bees, reduced erosion with hedgerows, or filtration of runoff 

by buffer strips, are available across the landscape mosaic. Local-scale case studies, 
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Figure 6-1: Conceptual framework for comparing land use and trade-offs of ecosystem services. (Foley et 

al., 2005) 

drawn from a set of worldwide examples, illustrate how land-use practices can offer en-

vironmental, social, and economic benefits. 

Reflective roofing, green space, and increased shade reduce the effect of urban heat is-

lands, with associated reductions in smog, heat-related mortality, and electricity de-

mands from air conditioning. Developing and implementing regional land-use strategies 

that recognize both short and long-term needs, balance a full portfolio of ecosystem ser-

vices, and increase the resilience of managed landscapes will require much more cross-

disciplinary research on human-dominated ecosystems (Millennium Ecosystem 

Assessment, 2003). However, it will also benefit from closer collaboration between sci-

entists and practitioners, by, for example, linking ecologists and land-use planners, hy-

drologists and farmers, climatologists and architects, and entomologists and physicians. 

A wide array of skills will be needed to better manage our planet’s landscapes and bal-

ance human needs, the integrity of ecological infrastructure, the continued flow of eco-

system services, and the long-term health of people and the biosphere. 

Foley et al. (2005) constructed a conceptual framework for comparing land use and tra-

de-offs of ecosystem services. Figure 6-1 illustrates this framework. 

In this framework, the provisioning of multiple ecosystem services under different land-

use regimes can be illustrated with these simple flower diagrams, in which the condi-

tion of each ecosystem service is indicated along each axis. In their work, they compare 

three hypothetical landscapes: a natural ecosystem (left), an intensively managed 

cropland (middle), and a cropland with restored ecosystem services (right). The natural 

ecosystems are able to support many ecosystem services at high levels, but not food 
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production. The intensively managed cropland, however, is able to produce food in 

abundance, at least in the short run, at the cost of diminishing other ecosystem services. 

However, a middle ground, a cropland that is explicitly managed to maintain other eco-

system services, may be able to support a broader portfolio of services. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Land use has generally been considered a local environmental issue, but it is becom-

ing a force of global importance. Worldwide changes to forests, farmlands, water-

ways and air are being driven by the need to provide food, fibre, water and shelter 

to global population. These changes in land use have enabled humans to appropriate 

an increasing share of the planet’s resources, but they also potentially undermine 

the capacity of ecosystems to sustain food production, maintain freshwater and for-

est resources, regulate climate and air quality, and ameliorate infectious diseases. 

Global population faces the challenge of managing trade-offs between immediate 

human needs and maintaining the capacity of the biosphere to provide goods and 

services in the long term. In contrast to energy consumption, material use and water 

consumption, land is not a physical flow extracted and incorporated in economic 

goods. It rather stays within bio-geochemical cycles. 

Encountering the global environmental challenges of land use will require assessing 

and managing inherent trade-offs between meeting immediate human needs and 

maintaining the capacity of ecosystems to provide goods and services in the future. 

Land-management strategies with environmental, social, and economic benefits in-

clude usage of existing built environment, respecting the natural landscape and pre-

venting the expansion of the build environment. 
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7. ECOSYSTEM 

 

Ecosystems are of inconceivable importance to the global population. Ecosystems, and 

biodiversity as a component thereof, ensure for example the production of oxygen, the 

decomposition of dead animals and plants, the pollination of florae, purification of wa-

ter and control of pests. Ecosystem functioning provides food, raw materials for cloth-

ing, and medicine. Likewise, it provides energy resources, and building materials, such 

as metals, minerals and biotic materials. Furthermore ecosystems shape the natural 

landscape, in which humans interact. The Millennium Ecosystem Assessment (MEA) 

(2005) clarifies the many kinds of benefit that humans derive from ecosystems.  

Kibert (1994, 2008) explains that sustainable construction considers the role and po-

tential interface of ecosystems in providing services in a synergistic fashion and that the 

integration of ecosystems with the built environment can play an important role in re-

source-conscious design. Therefore, ecosystems are considered as a fundamental source 

for sustainable construction. Alarmingly, the MEA (2005) documented that at a global 

level over 60% of ecosystem services are deteriorating or already overused. 

7.1. Concern of ecosystem destruction 

The extinction of species is part of a natural process that has taken place throughout 

evolution. Usually other plants and animals can take over habitats and ecological func-

tions of extinct species. Nowadays however, not only species, but also entire habitats 

disappear. Thereby newcomers to the vacant places do not easily integrate, and their 

In this chapter the resource ecosystem will be discussed thoroughly. In order to do 

so, a brief introduction of ecosystem functioning and its relation with a sustainable 

development will be given. 

In section 7.1 Concern of ecosystem destruction, the currently disrupted functioning 

of ecosystems will be discussed and will be explained why this disruption is of con-

cern to current and future generations. In section 7.2 Determination of ecosystem 

functioning, the functioning of ecosystems will be explained and hereby four types of 

ecosystem services will be explicated. Also the unique national ecosystem of the 

Netherlands will be given a closer look. In section 7.3 Significance of ecosystem ser-

vices, the urge to protect and extend ecosystems, despite the poor understanding of 

ecosystem functioning, is advocated. In section 7.4 Strategies for preservation of eco-

systems, strategies for preservation of ecosystems will be introduced. These strate-

gies concern preservation of existing, and restoration of degraded ecosystems, and 

the indisputably necessary strategy of expansion of ecosystems by the application of 

living roofs and walls. In section 7.5 Barriers preventing preservation of ecosystems, 

an important consideration will be made and barriers currently preventing the 

preservation of ecosystems will be revealed. 
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functions, such as pollination deteriorate. In some cases a chain reaction of extinction 

emerges, whereby an entire ecosystem is pushed out of balance. Therefore, parasites, 

mites, butterflies, beetles and worms that depend on vanished species are in danger of 

extinction as well. Examples are plants on which certain butterfly species depend. 

The destruction of habitats is often caused by human actions, such as deforestation, ur-

banization, unsustainable agriculture and pollution, many of which the building indus-

try contributes to, to a significant extent, as described in subsection 2.2.1. By this, hu-

man society has caused a natural disaster of yet unforeseeable size. With the protection 

of natural areas, the maintenance of a large number of plant and animal species can be 

guaranteed. For some species, additional measures are needed in those natural areas 

and sometimes beyond. The built environment has the potential to play a major role in 

the preservation of ecosystems, considering its extensive share in landfill. 

7.2. Determination of ecosystem functioning 

The functioning of an ecosystem is a different process as compared to the consumption 

of material, energy or water. The MEA (2005) defines an ecosystem as a dynamic com-

plex of plant, animal and microorganism communities and their non-living environment 

interacting as a functional unit. Ecosystem functioning can be assessed by the services it 

delivers, referred to as ecosystem services. Ecosystem services are defined as the direct 

and indirect contribution of ecosystems to human well-being (Haines-Young & Potschin, 

2013) and are the conditions and processes through which natural ecosystems, and the 

species that make them up, sustain and fulfil human life. 

Mace et al. (2012) further unravel the ecosystem services and propose a multi-layered 

relationship, in which final ecosystem services are the outcomes from ecosystem pro-

cesses that directly lead to goods, which have value to people. The full value is not only 

from the ecosystem, but depends on the addition of inputs from society and the value is 

often context dependent. The final value of the goods is therefore attributable to both 

the ecosystem and human inputs. Furthermore she argues that biodiversity fulfils vari-

ous roles in the delivery of ecosystem services, namely as: (1) a regulator of ecosystem 

processes, such as a bee pollinator, (2) a final ecosystem service, such as cultivated ap-

ples, or (3) a good that has value of its own, for example the Mauritius kestrel. 

Figure 7-1 illustrates the multi-layered relationship of ecosystems, as presented by 

Mace et al. (2012). 

The harvest and trade of the ecosystem goods, such as seafood, forage, timber, biomass 

fuels, natural fibre and many pharmaceuticals, industrial products and their precursors 

represent an important and familiar part of the human economy. In addition to the pro-

duction of goods, ecosystem services are the actual life support functions, such as 

cleansing, recycling, and renewal, and they confer many intangible aesthetic and cultur-

al benefits as well (Daily, 1997). 
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7.2.1. Types of ecosystem services 

The MEA (2005) distinguishes four types of ecosystem services, being: provisioning, 

regulating, cultural and supporting services. These ecosystem services are defined as 

follows: 

∙ Provisioning services are all the resources extracted from the natural system, 

which are used in socio-economic processing. They are the abiotic resources, 

such as metals, minerals and fossil energy carriers provided mainly by the litho-

sphere, and the biotic resources, such as fish stock, freshwater body and biomass 

stock provided by ecosystems (Eisenmenger et al., 2016). 

∙ Regulating services are considered the benefits that people derive from the regu-

lation of ecosystem processes, as for example the absorption of societal outputs, 

such as wastes and emissions by natural cycles (Cardinale et al., 2012). 

∙ Cultural services describe all nonmaterial uses of society that can produce socio-

economic value (in a monetary as well as a non-monetary sense). For example, 

landscape available for recreational purposes and tourism, the aesthetic appreci-

ation, inspirational and educational purposes (Duraiappah et al., 2005). 

Figure 7-1: The multi-layered relationship of ecosystems, containing ecosystem processes, final ecosys-

tem services, goods and values, as presented by Mace et al. (2012). 
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∙ Supporting services refer to the basic functioning of ecosystems, such as net 

primary production or soil formation. Supporting services can be seen as the es-

sential basis enabling for all other ecosystem services provided to societies; for 

this reason, some do not consider them as services, but rather a function of eco-

systems (Mace et al., 2012). 

Trade-offs occur between the various categories of ecosystem services due to transfor-

mation of ecosystems. For example, increasing fishing is achieved at the cost of changes 

in the food web structure and the regulation of trophic cascades (Pereira et al., 2010). 

The capacity of an ecosystem to provide ecosystem services in the long term, in a sus-

tainable way, is called ecosystem service capacity. Ecosystem service capacity can 

change over time due to management decisions (Schröter, Barton, Remme, & Hein, 

2014; Villamagna, Angermeier, & Bennett, 2013). If the flow of ecosystem services is 

higher than capacity then there is an unsustainable use of ecosystem services. The un-

sustainable use of an ecosystem service over time will damage the ecosystem service 

capacity and reduce the available stocks of ecosystem services. 

7.2.2. Ecosystems in the Netherlands 

The Netherlands possess a unique ecosystem with unusual, and sometimes rare plants 

and animals. On a relatively small area many different types of nature are present: dune 

areas, forests, polders, hills, river and sea landscapes. Also unique natural wetlands, 

such as de Waddenzee, which are rare in Europe and elsewhere in the world, are pre-

sent. At the same time, the Netherlands are a densely populated delta region with many 

transport activities, intensive agriculture and urban expansion. This creates tension be-

tween economic interests and the natural interest (de Pater & Westerouen van 

Meeteren, 2012). 

The decline in biodiversity is a global problem that does not stop at national borders; 

ecosystems in the Netherlands are inextricably part of a larger whole. The Netherlands 

for example, are a hub of migration routes, making our natural areas an essential and 

indispensable link in the global protection of birds. The Netherlands are internationally 

especially responsible for conservation, restoration and development of nature and 

landscape that characterize the Netherlands. 

The Dutch government has made agreements in recent years at European and global 

level. These agreements are translated into national policy. The objective is to ensure 

that by 2020 there are sustainable conditions for the survival of all species and popula-

tions that naturally occurred in the Netherlands in 1982. To achieve international 

agreements on biodiversity conservation in the Netherlands, the government has devel-

oped a national nature policy, het Natuurbeleidsplan. This policy, dating from 1990, con-

tains a plan for the establishment of the National Ecological Network, de Ecologische 

Hoofdstructuur. Figure 7-2 shows the National Ecological Network. 
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The National Ecological Network is a network of natural areas, agricultural areas with 

potential for agricultural nature, and large bodies of water, such as het IJsselmeer, de 

Waddenzee and the coastal zone of the North Sea, in which nature has priority and is 

protected. This prevents natural areas from being isolated, causing extinction of animals 

and plants, resulting in wildlife losing its value. The National Ecological Network should 

be ready in 2021. About 60% of the land needed for the National Ecological Network is 

purchased, of which more than half has been developed. The size of the structure is 

6.300.000 hectares of great waters, and the Dutch part of the North Sea, and approxi-

mately 620.000 hectares of land. 

As mentioned before, ecosystems in the Netherlands are part of a larger whole; Natura 

2000 is a European network of natural areas that contain important flora and fauna. The 

aim is to protect and, where necessary, to recover the flora and fauna. Protection areas 

are designated in each EU Member State. The Dutch parts of this European network lie 

almost entirely within the National Ecological Network. Netherlands has pointed out 

162 areas which will be part of the Dutch share of the European Natura 2000 network. 

Meanwhile four areas in the North Sea are added hereto. These areas in the Netherlands 

Figure 7-2: The National Ecological Network, de Ecologische Hoofdstructuur, as part of the Dutch national 

nature policy, het Natuurbeleidsplan. 
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together have an area of over 1.1 million hectares. About 69% water, the remaining part 

is land. Both the Natura 2000 areas and the National Ecological Network areas are open 

for people to walk and to cycle, people can even live and work in those areas. 

7.3. Significance of ecosystem services 

Ecosystems are complexes where biotic and abiotic components interact (Currie, 2011). 

Those interactions, including the biodiversity components, determine the quantity, 

quality and reliability of ecosystem services. As the physical, chemical and biological 

features and components of ecosystems change, so will the processes and, consequent-

ly, the services. The complexity in these interactions is poorly understood even in sim-

ple cases and it is not yet possible to predict how these processes and interactions will 

change under complex and global stressors, such as climate change (Mace et al., 2012). 

Despite the poor understanding of the physical and biological processes underpinning 

ecosystem services, they cannot be ignored in ecosystem management because the pro-

cesses themselves –and not just the services for which ecosystems are managed– are 

vulnerable to change, and have their own characteristic rates and thresholds. Given that 

biotic-abiotic interactions largely occur at the level of ecosystem processes, rather than 

in the delivery of ecosystem services, the impacts of environmental change on ecosys-

tem services might often be nonlinear, hard to predict and irreversible (Carpenter et al., 

2009). 

7.4. Strategies for preservation of ecosystems 

Preservation of ecosystems currently largely focuses on non-use of land, which consists 

of areas set aside for preservation from development or direct use, and the restoration 

or rehabilitation of degraded ecosystems (Andelman & Willig, 2003). Rosenzweig 

(2003a, 2003b) demonstrates that the global land area available for preservation and 

restoration, by itself, is insufficient to prevent the forthcoming extinction of species (see 

also Dodds & Dodds, 2009). 

Alongside reserves and restoration Rosenzweig (2003a, 2003b) proposed a third possi-

ble solution for conservation termed ‘reconciliation ecology’. This is the modification 

and diversification of anthropogenic habitats to support a greater range of species, 

without compromising the land use. These habitats may also be improved using ecolog-

ical engineering techniques, of which living roofs and walls are key examples. Living 

roofs and walls have demonstrated varied environmental benefits, including the sup-

port of a range of species (Dunnett, Nagase, & Hallam, 2008; Grant, 2006; Kadas, 2006; 

Köhler, 2008). 

The planning and management of urban greenways, public parks, recreational spaces 

and the planting of vegetation along urban infrastructure is possible only by the coop-

eration of politicians, urban planners, ecologists and landscape engineers. Other recon-

ciliation techniques however, rely much more on localised and coordinated efforts of a 
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large number of people and organisations with high levels of spatial, social and econom-

ic diversity (Francis & Lorimer, 2011). Key examples for this are the installation of liv-

ing roofs and walls, which are therefore more appropriate to be incorporated into the 

design of a single house. 

7.4.1. Expansion of existing, and creation of novel ecosystems 

Much of the scientific assessment of living roofs and walls has focused on the benefits 

they provide to the urban microclimate, including storm water management, cooling of 

buildings and their surroundings, and removing pollutants from water and air (e.g. 

(Köhler, 2008; Oberndorfer et al., 2007), though they can be designed to support partic-

ular species of conservation concern (Grant, 2006), and to provide habitat for biodiver-

sity in general (Getter & Rowe, 2006; Oberndorfer et al., 2007). When living roofs and 

walls essentially create habitat on land that is being directly used by humans as living 

space, they are a good example of the practice of reconciliation ecology. 

Most living roof design is based on the Forschungsgesellschaft Landschaftsentwicklung 

Landschaftsbau (FLL) guidelines (2002), the Guidelines for the Planning, Execution and 

Upkeep of Green Roof Sites, which advises on substrate type, depth and planting re-

gimes, among other aspects of design. 

Living roofs usually consist of: (1) a root resistant membrane that runs over the surface 

of the roof material to prevent root damage; (2) a drainage layer, which may or may not 

also act as a water reservoir for plant use; (3) a filter membrane, which prevents fine 

sediments from infiltrating into the drainage layer and being removed from the sub-

strate; (4) a sediment layer varying in material and depth, composed of inorganic mate-

rial with some (usually<20%) organic matter; and (5) a surface vegetation layer that 

can be seeded, planted, turfed, left to colonise naturally, or any combination of these op-

tions (FLL, 2002). Vegetation is often selected to cope with the particular roof environ-

ment, e.g. stress-tolerating species that can cope with dry, nutrient-poor substrate 

(Emilsson, 2008). Much of the environmental and ecological variation found in living 

roofs depends on the type of substrate used, along with type of planting, roof age and 

roof size (Schrader & Böning, 2006), and a wide range of options exists that can be tai-

lored to specific habitat requirements (Dunnett et al., 2008). 

Living roofs are well documented for their support of spiders, beetles, wasps, ants and 

bees, and several studies note that rare invertebrate taxa from the above groups can be 

found on roofs, including some with very specialised niches (Grant, 2006; Kadas, 2006). 

Engineering roofs to support a specific threatened or declining species or suite of spe-

cies can be achieved, but may require very specific use of substrate, depth, planting re-

gimes and management. One high-profile use of living roofs has been to provide habitat 

for bird species that are rare in the urban environment (Grant, 2006). 
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7.5. Barriers preventing preservation of ecosystems 

Alongside the structural considerations, potential socio-economic barriers to the utilisa-

tion of living roofs and walls for reconciliation ecology exist. Living roofs require a mon-

etary investment, usually around £60 (≈ €70) to £100 (≈ €115) per m2 for retrofitting of 

extensive living roofs (The Green Roof Centre, 2010). These extra costs require the roof 

owners to value the potential roof benefits enough to make this initial outlay, which 

may frequently not be driven by biodiversity concerns, but rather the potential benefits 

to roof materials by, for example, protecting the waterproofing membrane from weath-

er and ultra-violet radiation. Living walls may have higher costs, usually around £260 (≈ 

€300) per m2 and potentially require more maintenance, which may be a reason why 

they are less common than living roofs. 

Cultural perceptions of urban nature have also proved challenging to the construction of 

both living roofs, and walls. For example, although many people may be supportive of 

living roofs on buildings, the initial terminology of green roofs is now being downplayed 

as people were responding negatively to the reality of such roofs. In their extensive (and 

often more biodiverse) forms these roofs often do not have a lush green appearance, but 

are in fact similar to brownfield sites (Dunnett & Kingsbury, 2008). There is a danger 

that visible and accessible living roofs and walls get ‘green-washed’ in order to comply 

with public expectations of urban nature (Lorimer, 2008). If living roofs and walls are 

well constructed and maintained however, they may enhance the perception and use of 

the host building by people, by providing contact with non-humans that may be psycho-

logically beneficial (Weinmaster, 2009). 

Furthermore, living roofs are frequently inhabited by obscure and uncharismatic spe-

cies and conservationists must devise creative strategies to identify flagship species for 

their conservation. Here some success has been achieved by linking living roofs to the 

habitats of rare birds such as northern lapwings (Vanellus vanellus) and black redstarts 

(Phoenicurus ochruros) (Baumann, 2006; Grant, 2006). A particular challenge for rec-

onciliation ecology is in gaining support for the notion that the character and value of 

biodiversity cannot always be readily discerned or demonstrated, and may be counter-

intuitive; and that unpleasant, untidy or ‘annoying’ biodiversity may result from recon-

ciliation. Increased education and public awareness of this is likely to be crucial in facili-

tating reconciliation efforts, but this issue needs more detailed investigation. 



71 

 

 

Ecosystems are of inconceivable importance to the global population. Sustainable 

construction considers the role and potential interface of ecosystems in providing 

services in a synergistic fashion. At a global level, however over 60% of ecosystem 

services are deteriorating or already overused. The built environment has the po-

tential to play a major role in the preservation of ecosystems, considering its exten-

sive share in landfill. 

The functioning of an ecosystem is a different process as compared to the consump-

tion of material, energy or water. Ecosystems are complexes where biotic and abiot-

ic components interact and deliver four ecosystem services: provisioning, regulat-

ing, cultural and supporting services. Biodiversity fulfils various roles in the delivery 

of these ecosystem services. Despite the poor understanding of the processes un-

derpinning ecosystem services, they cannot be ignored in ecosystem management, 

because the processes themselves are vulnerable to change, and have their own 

characteristic rates and thresholds. 

Strategies for preservation of ecosystems consider reconciliation techniques of 

which living roofs and walls are most promising. Barriers impeding preservation of 

ecosystems are structural and financial considerations. Furthermore, the mispercep-

tion of green roofs being overwhelming “green” and the presence of undesired spe-

cies may hinder the application of living roofs and walls 
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8. COMPREHENSIVE STRATEGY FOR SUSTAINABLE CONSTRUCTION 
The definition of sustainable development, as proposed by the World Commission on 

Environment and Development (WCED) (1987), formed the starting point for an exten-

sive literature review into sustainability in general, and sustainability in the construc-

tion industry in particular. The Brundtland definition states that sustainable develop-

ment meets the needs of individuals to generate their personal well-being, which, ac-

cording to Pearce (2003, 2006), must always be the starting point for sustainable devel-

opment; without compromising the ability of future generations to meet their own 

needs, which is the exciting challenge for sustainable construction. 

Various resources have different natures, and will be divided thereto, furthermore pre-

conditions will be set in order to design a sustainable house. 

8.1. Starting from the resources 

The needs of the present are met by extracting resources from the natural system, or by 

changing the natural system in such a manner that it becomes more useful for societal 

needs. These society-nature interactions can be understood as metabolic or managing 

activities (Ayres & Simonis, 1994; Fischer-Kowalski & Haberl, 1998; Pauliuk & 

Hertwich, 2015). Metabolic activities refer to the flows of raw materials, energy carriers 

and water entering the socio-economic system in order to maintain, built up or run so-

cio-economic stocks and leave it later again as wastes and emissions emitted to the nat-

ural system. Societies also interfere with the natural system by managing activities, 

which refer to deliberate interventions of a society in natural systems in order to make 

them more useful for socio-economic purposes. Management activities include changes 

and interference into land and biomass cycles, such as ploughing of land, cultivating ac-

tivities, and water resources and water sheds (river regulation and dams). These man-

agement activities are also termed land use (or water use, in some specific cases). Meta-

bolic and colonizing activities directly take place at the society-nature interface and rep-

resent most interventions of societies onto nature. Thus, these activities are directly 

linked to socio-economic activities. 

Following from the findings of the literature review, a strategy for utilizing the re-

sources in a sustainable manner will now be defined. Currently, the physical flows of 

materials, energy and water crossing the border between the socio-economic and the 

natural system, land, ecosystem services and biodiversity as a component thereof, 

which provide part of these physical inputs, are considered in the same way. Eisen-

menger et al. (2016) stress that these resources do not have the same nature, as can be 

understood from the different activities performed to utilize them, namely metabolic or 

managing activities. Therefore it requires more understanding and insight to utilize 

these resources with a different nature in a sensible manner, and has been performed a 

research into these requisite resources. This research has concluded the following stra-

tegic approach towards a sustainable use of these resources. 
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8.2. Sustainable use of resources: a matter of a comprehensive 

approach 

Any strategic approach towards a sustainable use of resources should be characterized 

by a comprehensive nature. This coherence applies to the by Elkington described di-

mensions of environmental protection, economic prosperity, and social equity. Of these, 

economic and social dimension enjoyed most attention in previous decades, or centu-

ries, apparent from the predominant focus on economic efficiency and human well-

being. The environment suffered from this, but is nowadays enjoying an increasing at-

tention. In addition, this coherence also applies to the resources needed in order to cre-

ate and operate the built environment during its entire lifecycle. Since a future without 

any of these resources is unimaginable, it is impossible to prioritize them. In the same 

way, it is impossible to consider a product or service, as for example a building, sustain-

able, if it considers less than these five resources. 

For the full scope of resources needed in order to create and maintain a living environ-

ment, the current use of these resources has various negative effects. These effects, as 

well as their extents have been described and discussed thoroughly in previous chap-

ters. Various strategies exist, and have been discussed to utilize the defined resources in 

a more sensible manner. The resources extracted by metabolic activities require differ-

ent strategies, than the resources interfered with by managing activities. For these two 

categories of resources, strategies can be defined, and will be explained in the upcoming 

subsections 8.2.1 and 8.2.2. 

8.2.1. Metabolic resources 

A strategic approach can be derived from the literature review for the sustainable use of 

the various resources obtained by metabolic activities, being: energy, materials and wa-

ter. This approach comprises three stages, which concern (1) using a renewable re-

source, (2) reducing the use of the particular resource, and (3) reusing the resource. 

A crucial first step is (1) the use of renewable resources. In any comparison among re-

sources, it is vital to distinguish between renewable and non-renewable resources, 

whether is concerns energy, materials, or water. The key difference between these is 

that renewable resources are flow or rate limited, while non-renewable resources are 

stock limited (Ehrlich, Ehrlich, & Holdren, 1977). Stock-limited resources can be deplet-

ed without being replenished on a timescale of practical interest. Stocks of oil, for ex-

ample, accumulated over millions of years. Therefore the volume of oil stocks is effec-

tively independent of any natural rates of replenishment, since such rates are so slow. 

Conversely, renewable resources are virtually inexhaustible over time, because their 

use does not diminish the production of the next unit. Such resources are, however, lim-

ited by the flow rate, which means, the amount available per unit time. The use of solar 

energy, for example, has no effect on the next amount produced by the sun. The ability 

to capture solar energy is rather limited to the rate at which it is delivered. 
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A essential subsequent step is (2) the reduction of the use of the particular resource. 

Since, the resources are not stock limited anymore, but flow limited, it is crucial to not 

transcend the rate of renewal. Only in this way, the use of these metabolic resources can 

be considered sustainable. Furthermore, the use of these resources causes various sec-

ondary effects. As can be understood, the primary use of, for example, energy, also re-

quires material and water use for generation, storage, and use. The same is applicable 

for the primary use of materials and water, which also require the other resources for 

their use. In order to eliminate the transcending of the rate of renewal and to minimize 

the secondary effects of resource use, it is necessary to reduce the use of a particular 

resource. This can generally be achieved by either using a smaller volume of a particular 

resource, or by extending the lifetime of a particular resource.  

An important completing step is (3) the reuse of the particular resource. By reusing, or 

recycling resources the emitting of wastes and emissions is further reduced. Once a re-

source, in its particular form has lost its functionality for a particular application, it 

might still be useful for different applications, which do not require the same quality as 

its primary application. For example, potable water used for food preparation has lost 

its function as potable water, but might very well be functional for toilet flushing. Or, 

untreated larch cladding boards used for exterior façade have lost their functionality as 

aesthetic representation after many years, but might very well be functional as medium-

density fibreboard, or oriented strand board. In this way, the full potential of a resource 

is utilized. However, it is important to stress that the possibility to reuse, or recycle a 

resource, is different from actually reusing, or recycling a resource. Only the actual re-

use, or recycling of a resource contributes to a sustainable development. 

8.2.2. Managerial resources 

The extraction of resources from the natural system is different from changing the natu-

ral system in a beneficial manner. In the same way, energy, material and water use is 

different with regard to land use, because its use is not a physical flow extracted and in-

corporated in economic goods, but stays within bio-geochemical cycles. Ecosystem func-

tioning and biodiversity are also different processes as compared to energy, material 

and water inputs, which are economic processes. Since these resources are not extract-

ed by human activity, it is not possible to dictate a strategy for utilizing the resources. 

These resources are rather managed. Therefore it is possible to prescribe a proper way 

of managing the managerial resources of land and ecosystems. 

Defining a strategy for managing land and ecosystems requires insight into these re-

sources, and understanding of the coherence between them. The quantity, quality and 

reliability of ecosystems services is determined by the interactions between biotic and 

abiotic components. As the physical, chemical and biological features and components 

of ecosystems change, so will the processes and, consequently, the services. Therefore, if 

the physical space for florae and fauna decreases, so will the quantity, quality and relia-
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bility of an ecosystem. Considering the share of land use reserved for the built environ-

ment, it bears great potential for contributing to the increase of ecosystem quantity, 

quality and reliability. Since the physical space reserved for housing can be used for 

multiple purposes by the concept of mixed land use, the built environment can provide 

both a desirable living environment ensuring quality of life, and capacity for a qualita-

tive and reliable ecosystem. 

Other than the purposes of providing both a desirable living environment, and provid-

ing capacity for a qualitative and reliable ecosystem, one can also think of the integra-

tion of, for example, food production into the build environment. In this way, the share 

of land use reserved for the built environment, can serve even more purposes. Since the 

literature review is focussed on the resources needed in order to create and operate the 

built environment during its entire lifecycle, the purpose of food production, and vari-

ous other possible purposes of land use are beyond the scope of this graduation thesis. 

Therefore, in this graduation thesis only the addition purpose of providing capacity for a 

qualitative and reliable ecosystem will be considered. 

A strategic approach towards a sustainable use of the managerial resources comprises a 

mixed land use for the multi-purpose of providing both a desirable living environment 

ensuring quality of life, and capacity for a qualitative and reliable ecosystem. This can be 

achieved by integrating various principles for ecosystem preservation into the building 

design. 

8.3. Preconditions for sustainable construction 

Throughout this thesis the importance of the contribution of the built environment to a 

sustainable development is stressed. Elkington (1994) already introduced a more inte-

grated system for the multidimensionality of sustainability, including an environmental, 

an economic and a social dimension. In order to achieve a truly sustainable future these 

dimensions should be born in mind. Hence, the selection of materials and technologies 

for the building construction should satisfy the felt needs of the user as well as the de-

velopment needs of the society, without causing any adverse impact on environment. 

Recapitulatory, the resources needed in order to create and operate the built environ-

ment during its entire lifecycle can be divided into two groups: metabolic resources and 

managerial resources. Each of which require a different strategy for achieving a sustain-

able development by the built environment. Considering the metabolic resources of en-

ergy, materials and water, a building should (1) use solely renewable sources, (2) re-

duce the use of the resource by clever design and saving measures, and (3) reuse the 

resource in order to further reduce the negative impacts of the resource use. Consider-

ing the managerial resources of land and ecosystems, a building should provide a mixed 

land use for the multi-purpose of providing both a desirable living environment ensur-

ing quality of life, and capacity for a qualitative and reliable ecosystem. 
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The preconditions set according to the findings of the literature review are shown be-

low in Table 2-1. 
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Table 8-1: Preconditions for each resource group, and each individual resource, as resulted from the liter-

ature review. 
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9. BUILDING DESIGN 
The knowledge gained during the literature review and the preconditions drawn there-

from will be used to design a sustainable building. Since the literature review consid-

ered the resources needed in order to create and operate the built environment during 

its entire lifecycle, the strategies developed in chapter 8 Comprehensive strategy for sus-

tainable construction could be used to design any kind of structure. This means that a 

sustainable design, characterized by a comprehensive approach, still offers the freedom 

of designing a great variety of buildings to a designer, in this case an architect. The rea-

son therefore is that the described preconditions do not explicitly dictate anything 

about the aspects of shape, appearance, or design; but solely about a sustainable use of 

resources. 

9.1. Architectural design 

Since this research is aimed at a sustainable use of resources and not at the architectur-

al design, the architectural design process is no part of this graduation project, and this 

graduation thesis in its extension. In order to bring the developed sustainable design 

strategy into practice, it will be applied to an existing design. The reference project used 

to apply the sustainable design strategy onto is the Mulligan Residence by Rick Berry 

from Scott Edwards Architecture. This, however, might as well have been a different de-

sign, since, to stress it once again, the strategy developed could be used to design any 

kind of structure. The design by Rick Berry is used as a starting point for the actual de-

sign. Modifications in the architectural design have been made in order to make the 

building more suitable for a sustainable building design.  

The architectural design can be found in the Appendix. The design concerns a free-

standing single-family residence with an indoor garage. 

9.2. Sustainable building design in practice 

The developed sustainable design strategy will be brought in practice, regarding the five 

resources, explicated in the literature review. As is thoroughly stressed throughout this 

graduation thesis, sustainability should be characterized by an integral approach. This is 

done by means of considering the full scope of resources needed in order to create and 

operate the built environment during its entire lifecycle. Various interactions between 

these resources occur. Examples of this are the building materials choice, which affects 

both a sustainable material usage, and a sustainable (embodied) energy usage; the solu-

tions for storing the on-site generated energy, which also influences both a sustainable 

energy usage, and a sustainable (critical) material usage; and foreseeing a mixed land 

use for the multi-purpose of providing both a desirable living environment ensuring 

quality of life, and capacity for a qualitative and reliable ecosystem. 

Most important considerations and determinations concerning the sustainable building 

design process will be explained in the coming subsections 9.2.1 to 9.2.5.  
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9.2.1. Energy 

With regard to a sustainable use of the resource energy, it is important to distinguish 

between operation energy and embodied energy, as are both considered in the litera-

ture review. Regarding the operational energy consumption, the developed strategy for 

metabolic resources offers potential for a sustainable operational energy use. Regarding 

the embodied energy consumption, is stated in chapter 3 Energy that embodied energy 

can only be reduced if low energy intensive materials and products are selected at the 

initial stages of building design. The following information is based on the literature re-

view, and an advisory interview with an industry expert in the field of renewable energy 

and energy storage, Mr. Dirk-Jan Middelkoop, manager solar and storage at Eneco Inno-

vation & Ventures. 

In the building design, energy generation takes place on local scale by means of solar 

panels. The large 320 m2 roof offers a possibility for the integration of multiple solar 

panels. Half of the roof faces the south, and is placed under an angle of 35°, which is ide-

al for solar power generation in The Netherlands. By this, solar panels can be integrated 

into the roof architecturally sound. Energy storage can be managed by means of batter-

ies. The disadvantage of batteries currently is that they contain various critical, and fru-

gal elements, as is explained in chapter 4 Material. Furthermore, their storage capacities 

are at the moment only large enough to store energy for a few days, to a week at maxi-

mum. However, technological developments regarding batteries are currently going fast 

and mayor market players are introducing batteries with increasing storage capacities, 

and will in the near future introduce storage technologies, which require only a fraction 

of the critical and frugal elements use in nowadays batteries. Considering the future po-

tential of new sorts of storage technologies, energy generated by the solar panels will 

not be stored in in-house batteries, but rather will the surplus be delivered to the exist-

ing electricity network, and will the shortage be equalized by using electricity from the 

existing electricity network. 

In the building design is paid great attention to reducing the embodied energy of the 

building, by selecting low energy intensive materials and products at the initial stages of 

building design. As is stressed in chapter 3 Energy, bio-based insulation materials have 

lower embodied energy than conventional non-renewable alternatives. As explicated in 

the literature review, all construction materials based on wood have a lower-impact, 

especially specific products that require less industrial processing. Therefore, main con-

struction parts are constructed of timber, straw, and loam, all of which are renewable 

materials, and require little industrial processing. 

9.2.2. Materials 

With regard to a sustainable use of the resource materials, it is important to design a 

building with the use of renewable materials, as follows from the literature review. Fur-

thermore, the developed strategy states to be sparingly in material use, and to reuse 
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materials, if possible. As is stressed in chapter 4 Material, designing with the possibility 

to reuse, or recycle building materials, building elements, or building parts cannot be 

considered sustainable, until the actual reuse, or recycling of a material takes place. 

Therefore, recycled materials are used, if the application permits it. The following in-

formation is based on the literature review, and an advisory interview with an industry 

expert in the field of integral sustainable building design and straw building, Mr. Marcel 

Zwart, board member of Strobouw Nederland. 

In the building design the main focus is on the building structure and the building skin, 

since these structures are most inherent to the building, and are generally characterized 

by the slowest rate of change (Brand, 1995). The building structure consists of load-

bearing walls, non-loadbearing walls, structural floors and the roof. The load bearing 

walls are made of prefabricated timber elements, with a straw infill. Both wood, and 

straw are renewable materials with a high rate of renewal. Non-loadbearing walls are 

made by timber frame construction, with a wood fibre insulation infill. Wood fibre insu-

lation is an example of recycled wood. The floors are made of wooden beams, except for 

the ground floor. The ground floor is constructed of a PS-insulation floor. The roof is 

made of wooden roof spars filled with flax insulation. 

The outer finish of the building comprises wooden cladding boards. Again, wood is a 

sustainable material choice, considering the renewability of the material. The inner fin-

ish for both loadbearing, and non-loadbearing walls is loam plaster. Loam in combina-

tion with a straw insulation contributes to an excellent indoor climate, due to its humid-

ity controlling properties. 

9.2.3. Water 

With regard to a sustainable use of the resource water, a prior step is the use of renew-

able water sources, as is apparent from the literature review. The current system of 

elongation still uses non-renewable water sources. As is demonstrated in chapter 5 Wa-

ter, the alternative system of separation offers the possibility to harvest rainwater for 

domestic use, to make in-house water savings, and to reuse water. The following infor-

mation is based on the literature review, and an advisory interview with an industry 

expert in the field of rainwater harvesting and greywater systems, Mr. Ruud Postma, 

former president of Postma Pomp Systemen. 

In the building design a combination of a rainwater harvesting system, and a greywater 

system is used. Hereby rainwater is collected on a 320 m2 roof and purified of branches 

and leaves by a rainwater filter, attached to the drainpipe. Variations by with the rain-

water filter is placed underground also exist. The drainpipe is connected to an under-

ground water storage tank. Water from this tank can directly be used for toilet flushing 

and clothes washing, which together comprise 40,9% of total domestic water use, as ev-

idenced in chapter 5 Water. Furthermore, the water can be used for what has been de-

fined as productive use, namely watering the lawn, and, for example, washing the car. 
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Domestic water use requiring a higher water quality is transported from the under-

ground water storage tank via a reverse osmosis unit to another small-scale, in-house 

water storage tank. The reverse osmose unit purifies the water of contaminants, such 

as: heavy metals, drug residues, pesticides, chemical contamination, and fluoride. The 

reverse osmosis purified water from this tank can be used for bathing, food preparation, 

dish washing, and what has been defined as “other uses”, which together comprise an-

other 57,6% of total domestic water use. The remaining part consists of 1,8 l/c/d for 

drinking. This domestic water use is hard to provide by this system, due to strict gov-

ernmental regulations on the supply of, and restrictions on the use of the term drinking 

water. So, although the water quality provided by a reverse osmose unit is potable, 

these units are legally not able to provide drinking water. Therefore, water used for the 

purpose of drinking can be provided by bottled water, or a closed look should be given 

to the governmental regulations concerning the supply of drinking water, which, for 

now, is beyond the scope of this graduation thesis. 

A reduction of domestic water use is achieved mainly by innovative equipment, and effi-

cient water saving devices, as is apparent from the literature review. The building de-

sign is of nihil influence on a reduction of domestic water use. Therefore, apart from a 

notation that it is important to pay attention to the water consumption of in-house 

equipment upon purchase in order to counteract a generous use of water, this gradua-

tion thesis will not further address any water saving measures. 

The reuse of domestic water use is achieved by application of a grey water system. In 

this system, the water used for bathing and clothes washing is filtered, collected, and 

reused for again clothes washing or toilet flushing. 

9.2.4. Land 

With regard to a sustainable use of the resource land, which is considered a limited re-

sources on our earth, the concept of mixed land use offers the possibility of using land 

for multiple purposes, as is explained in chapter 6 Land. Land is used for different pur-

poses, such as agriculture, forestry, built-up infrastructure, and the built environment, 

with a specific productivity or with the capacity to absorb emissions, which strongly 

links to ecosystem services. Another function of land is the area provided for socio-

economic infrastructures. By the concept of mixed land use, land can be used for multi-

ple purposes, limiting the required land surface, but not comprising the functionality 

and productivity of the land use. 

In the building design land is used for the purposes of providing a desirable living envi-

ronment, and providing capacity for a qualitative and reliable ecosystem. If applied on a 

larger scale, it is imaginable that the build environment and ecosystems become inte-

grated so closely, that anthropogenic habitats become part of national ecological struc-

tures, as the National Ecological Network in The Netherlands. In chapter 7 Ecosystem 

was already evidenced that living roofs could be linked to the habitats of rare birds. 
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9.2.5. Ecosystems 

With regard to a sustainable use of the resource ecosystems, the modification and di-

versification of anthropogenic habitats to support a greater range of species is key for 

the built environment in providing capacity for a qualitative and reliable ecosystem, as 

follows from the literature review. The diversification of these habitats can be improved 

using ecological engineering techniques, as is explicated in chapter 7 Ecosystem. 

In the building design the integration of ecological engineering techniques can be traced 

back from the application of a green roof, and the design of a collar of vegetation around 

the building. Both the green roof, and the collar contribute to a qualitative and reliable 

ecosystem, and therefore to a higher ecosystem service capacity. This is beneficial for 

the inhabitants, and, if applied on a larger scale, for a population as a whole. The green 

roof concerns an intensive green roof for the attendance of perennials, herbs, grasses 

and shrubs, which are able to survive due to the sediment layer with a nominal height of 

30 cm. This thickness is necessary in order to meet the inhabitants’ expectations of a 

green roof. As is stressed in chapter 7 Ecosystem, green roofs become less attractive is 

their appearance does not meet the inhabitants’ expectations, but rather looks like a 

brownfield. Inhabitants’ expectations are met by offering a wide range of plant species. 

Next to contributing to a qualitative and reliable ecosystem, green roofs, and in this case 

also the green collar, contribute in a greater or lesser extent to an improved thermal and 

acoustic insulation capacity, an aesthetically pleasing appearance, water storage, coun-

tering thermal heat islands, and, not insignificant, an improved efficiency of the solar 

panels installed on the roof, due to the local cooling effect of green roofs. 

An important consideration next to the building design is the design and the organisa-

tion of the plot. The plot can, as well as the building itself, contribute to a qualitative and 

reliable ecosystem, considering its relatively large surface area. Since this graduation 

thesis considers solely the building design, it will not further address any ecological 

techniques regarding the plot design. Therefore, apart from a notation that application 

of ecological techniques in the plot design can make a significant contribution as well, 

this graduation thesis will not further address any ecological techniques, regarding the 

plot design. 

9.3. Technical design 

Above mentioned sustainable design decisions are applied on the architectural design 

and translated into a technical design. This technical design is presented in a number of 

technical details. 

For the technical detailing was gratefully made use of the knowledge and expertise of 

ORIO Architecten and Strowonen. The technical design can be found in the Appendix. 
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10. CONCLUSION, DISCUSSION AND RECOMMENDATIONS 
The primary goal of the research conducted in this graduation thesis has been to design 

a sustainable house, according to a by a literature study derived strategy for sustainable 

resource use. This goal was set with the intention of contributing to a more sustainable 

building industry. Therefore, the underlying goal was to provide an understanding of 

sustainability in the construction industry, by focusing on the resources needed in order 

to create and operate the build environment during its entire lifecycle. 

In this chapter concluding remarks on the research will be formulated, and the 

achievement of the research goals will be validated. Furthermore, in the discussion the 

research will be discussed from different points of view. It presents pro and contra per-

ceptions on the research. The chapter ends with recommendations for further research 

and possible applications for the findings of the research. 

10.1. Conclusion 

The goal of the research to design a sustainable house is achieved by the development of 

a sustainable design strategy and the translation thereof into a free-standing single-

family residence with an indoor garage. With the development of this strategy an exten-

sive understanding of sustainability in the construction industry was obtained and for-

mulated in this graduation thesis. By doing so, the second goal of providing an under-

standing of sustainability in the construction industry, by focusing on the resources 

needed in order to create and operate the build environment during its entire lifecycle, 

was effectuated. This above mentioned sustainable design strategy prescribes a com-

prehensive approach for a sustainable resource use. The resources used by the built en-

vironment concern energy, material, water, land and ecosystem. Those are divided into 

metabolic resources and managerial resources. Each of which require a different ap-

proach for developing a sustainable design strategy. 

In conclusion to the literature study can be stated that regarding the metabolic re-

sources of energy, material and water, a building should (1) use solely renewable 

sources, (2) reduce the use of the resource by clever design and saving measures, and 

(3) reuse the resource in order to further reduce the negative impacts of the resource 

use. Considering the managerial resources of land and ecosystems, a building should 

provide a mixed land use for the multi-purpose of providing both a desirable living en-

vironment ensuring quality of life, and capacity for a qualitative and reliable ecosystem. 

More in specific can be concluded that the sustainable design strategy dictates an ener-

gy usage comprising (1) the use of renewable energy sources; (2) the reduction of both 

the operational energy by means of energy efficient appliances, advanced insulating ma-

terials and the equipment of building performance optimization, and the embodied en-

ergy consumption by means of the selection of low energy intensive materials and 

products at the initial stages of building design; and (3) the reuse of energy. With regard 
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to material use, the sustainable design strategy dictates a material usage comprising (1) 

the use of renewable, in specific regrowable material sources; (2) the reduction of ma-

terial consumption by means of decrease or elimination of material usage to provide the 

same service, and extension of material or product life-span; and (3) the reuse and recy-

cling of building materials and components. With regard to water use, the sustainable 

design strategy dictates a water usage comprising (1) the use of renewable water 

sources, such as rainwater, (2) the reduction of water consumption by means of in-

house water savings, and (3) the on-site water reuse.  

With regard to land use, the sustainable design strategy dictates a land management, 

which requires assessing and managing inherent trade-offs between meeting immediate 

human needs and maintaining the capacity of ecosystems to provide goods and services 

in the future. Land-management strategies with environmental, social, and economic 

benefits include usage of existing built environment, respecting the natural landscape 

and preventing the expansion of the build environment. With regard to ecosystem use, 

the sustainable design strategy dictates an ecosystem management in which anthropo-

genic habitats are modified and diversified to support a greater range of species, with-

out compromising the land use. These habitats should be improved using ecological en-

gineering techniques, of which living roofs and walls are key examples. 

The developed sustainable design strategy is applied onto an existing building design. 

The feasibility of application of the strategy is discussed and validated by various indus-

try experts in relevant fields. Hereby the implication for practical application of the sus-

tainable design strategy is provided. By the understanding gained in the development 

and the application of the sustainable design strategy the following concluding remarks 

on the meaning of the concept of sustainability in the building industry are drawn. 

The sustainability of a single building, or the sustainability of the built environment as a 

whole, whether this building, or the collective of built objects serves the purpose of 

housing, workspace, utilities or transport infrastructure, is determined by the extent to 

which the needs of the present are met without compromising the ability of future gen-

erations to meet their own needs. The needs of the built environment are identified as 

the resources needed in order to create and operate the built environment during its 

entire lifecycle. These resources comprise: Energy, material, water, land and ecosystem. 

Therefore, a single building, or the built environment as the collective of built objects 

can only be considered sustainable if the full scope of resources is considered. If not, the 

building, or the collective of built objects can be considered energy efficient, material 

efficient or water efficient; one can consider it land conscious, or ecosystem friendly. All 

of which are of conditional importance in contributing to a sustainable built environ-

ment. However, a single house, or the built environment as a whole can only be consid-

ered sustainable if the extraction and management of all resources of energy, material, 

water, land and ecosystem is recognized and incorporated into the building design. 
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10.2. Discussion 

The study is characterized by an extensive nature, which can be traced back to the com-

prehensiveness of the approach for researching sustainability in the building industry, 

and both the extent, and diversity of the literature reviewed in this study. Research on 

the concept of sustainability in general laid the solid foundation for further research on 

the application of the concept of sustainability in the construction industry. The com-

prehensive approach of the research, represented by researching the full scope of re-

sources needed in order to create and operate the built environment during its entire 

lifecycle, strongly determined the course of the research. Hereby, the research gained 

preponderant attention, and a strong and solid understanding of sustainability, as well 

as a substantiated strategy for sustainable resource use was developed. It however, also 

meant that the focus of the research drifted away from the actual design of a sustainable 

house, whereby the research gained a more conceptual, rather than a practical nature. 

Researching the subject of sustainability requires knowledge from a variety of research 

fields, since it is such a broad subject. Therefore, conducting a literature research is con-

sidered a feasible means for studying it. Following on the literature research, findings 

and their applications in sustainable building design are evaluated with industry ex-

perts in relevant fields. By this, sustainability can be studied in full width, while remain-

ing within the timeframe for a graduation project. Hereby, the research has become use-

ful for scientists in obtaining a more complete overview of sustainability in the building 

sector, for building professionals willing to incorporate sustainable principles in build-

ing projects, and for consumers in adopting a critical attitude towards an industry, 

which is often considered rather conservative, also with regard to sustainable thinking. 

Furthermore, it needs to be stressed that the developed sustainable design strategy is 

another perception of sustainable building, and therefore an addition to the existing vi-

sions thereon. Implications for practical application of the strategy are provided by 

evaluating it with various industry experts. Actual application however, requires addi-

tional validation. As is explicitly stressed in this thesis the designed house is one possi-

ble outcome of a sustainable house, which is not necessarily bound to a predetermined 

architectural design. The building design should therefore not be considered a perfectly 

sustainable house; variations within the sustainable design strategy are possible. More-

over, sustainability is in any case determined by the time and place it is considered in. 

Recapitulatory can be concluded that this study offers a well-substantiated vision on the 

concept of sustainability within the built environment, emphasizing the importance of a 

comprehensive approach on the application of a sustainable design strategy. It there-

fore is a valuable addition to the currently ongoing debate on this increasingly relevant 

subject. Furthermore, this study offers implications for practical applicability of the de-

veloped sustainable design strategy in building practice, although additional validation 

among industry experts is needed for actual appliance. 
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10.3. Recommendations 

As was mentioned in chapter 2 Sustainable development, Elkington (2001) states that 

developing a comprehensive approach to sustainable development and environmental 

protection will be a central governance challenge – and, even more critically, a market 

challenge – in the 21st century. The first steps are taken on the development of a com-

prehensive sustainable design strategy with the strong and conceptual basis being 

formed in this graduation thesis. The translation of the strategy into an actual building 

design implicated the feasibility of the practical applicability of the strategy. However, in 

order to reach the market and to introduce a reliable, affordable, and moreover sustain-

able housing product thereto, more research has to be conducted and further valida-

tions have to be made. 

Recommendations for further research concern research on the optimal elaboration of 

the strategy. By this is meant that the sustainable design strategy does prescribe the use 

of renewable resources, such as for example solar power, regrowables and rainwater, 

but it does not yet make a distinction on what actual resource is favourable in a certain 

situation. Within the context of the developed sustainable design strategy, which solu-

tions regarding a renewable resource use are favourable, i.e. is solar power favourable 

over wind power, geothermal power and others? 

The interaction with the industry in order to evaluate findings and their applications in 

sustainable building design is limited to three contacts, which is sufficient for the re-

search as it is. However, regarding the social applicability and the financial feasibility of 

the developed sustainable design strategy, it is recommended to further verify the 

strategy with building professionals and potential inhabitants of the building. It is ad-

vised to do this by means of a panel discussion, in which various parties from the build-

ing process take part. The advantage of this approach is that various parties are reached 

and that a discussion among them takes place. By this, the social applicability and the 

financial feasibility of the strategy can be validated. 
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 REFLECTION ON PROCESS 
The writing of this graduation thesis cannot be seen separate from attending the Indi-

vidual Master Program. Graduating on a topic, such as the one of this thesis, was exclu-

sively possible within the freedoms of this master program. The attendance for the In-

dividual Master Program was not an easy task: It required planning a two-year master 

program upfront, finding a committee willing to support me in my plans for graduating 

on an at the time vague plan of a research on the design of a sustainable house, and con-

vincing the exam committee of my plans for this self-designed curriculum. All of this 

was demanded only to start my master program. Therefore, I was thrilled to finally find 

three professors enthusiastic in supporting me for this enterprise. 

The graduation project on one hand is an autonomous and enduring process. On the 

other hand, it is also very much an educational and developing process. Looking back at 

the period, in which I wrote this graduation thesis, which was finalized only such a short 

time ago, I realize how much I have learned. In the beginning I was struggling to find 

and properly apply the relevant literature, to orderly structure the research, and to 

draw accurate conclusions out of the findings. During the year I have been working on 

the research, I developed skills in properly conducting a literature review, in combining 

and analysing the literature, and in drawing conclusions out of these findings. I noticed 

that with the writing of every chapter, my style of writing, as well as my critical attitude 

towards which literature to apply, improved. There were moments, in which I was ex-

cited about conducting the research; something I did not expect at all at the start of my 

graduation project. What sometimes has been difficult to me, was the great period of 

time, over which this project was executed. Therefore, at times it was hard to keep fo-

cus. The variety in conducting research, working on the building design, and talking to 

and discussing with industry experts kept the process refreshing. 

The pleasure I had in reading articles and gaining knowledge on a subject, which ap-

peared to be so relevant to everyday life, shifted my focus towards the literature review. 

Where I initially was keen to rush through the research phase in order to start designing 

and engineering a sustainable house, I became aware of the importance of developing a 

strong and solid understanding of sustainability. I look back with pride on my gradua-

tion project, and this graduation thesis as the result thereof.  

REFLECTION ON PRODUCT 
The graduation thesis is a unique report, both for its extensiveness, and for the value 

assigned to the work delivered. I consider it a reflection of the knowledge gained during 

both the bachelor and the master program. It shows who you are and what you are ca-

pable of. Therefore, a graduation thesis is not solely the result of a project, it is even 

more the result of a study as a whole, as elaborated on already in the introduction of 

this thesis. Furthermore it is a strong reference project for what comes after graduation.  
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The awareness of the importance of developing a strong and solid understanding of sus-

tainability let to an extensive research into sustainability in general and sustainability in 

the construction industry in particular. I hereby explicitly focussed on the resources 

needed in order to create and operate the built environment during its entire lifecycle. 

The choice to consider the full scope of these resources, and not solely focus on, for ex-

ample, energy, was a very important choice. It was a choice with a major impact on the 

final result of my graduation process. By concentrating on these five resources and go-

ing deep into their use, the final result has a strong emphasis on the literature review. I 

would like to stress once more that a sustainable development requires a comprehen-

sive approach. Since the building industry cannot operate without a single one of the 

requisite resources; a building industry is unimaginable without energy, as well as it is 

without materials, water, or any of the other resources. 

I am proud of the quality of my final result. The drawing up of a strict definition of sus-

tainability was a prudent beginning. The benevolent approach towards reviewing the 

full scope of resources greatly influenced the course of my graduation thesis, but also 

strongly improved the comprehensiveness of the research. The content is characterized 

by a proper text flow with a minimum of gaps in there. The utilization of relevant refer-

ences strengthened the research, but even more it was instructive in gaining knowledge 

on a nowadays so relevant subject. 
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Element 

 

 

 

 

 

Availability 

Diederen 

(2009) 

Kesler 

(2007) 

Cohen (2007) 

 

Frondel et al. 

(2007) 

 

 

[years] 

 

 

[years] 

present 

rate 

[years] 

½ rate of 

USA 

[years] 

reserves  

 

[years] 

Ag silver 12 10-25 29 9 14 
Al aluminium 65 >100 1027 510 157 
Au gold 15 10-25 36 45 17 
B boron  >100    
Bi bismuth 38 25-50   65 

C 

 

coal 
 

>100 
   natural gas 50-100 

oil 25-50 
Cd cadmium 20 25-50   32 
Co cobalt 59 50-100   135 
Cr chromium >70 >100 143 40 46 
Cu copper 25 25-50 61 38 32 
Fe iron; steel 48 >100   119 
In indium 18 10-25 13 4 7 
Li lithium >70 >100   203 
Mg magnesium >70 >100   515 
Mn manganese 29 25-50   41 
Mo molybdenum 33 25-50   61 
Nb niobium 40 >100   129 
Ni nickel 30 50-100 90 57 44 
Pb lead 19 10-25 42 8 21 

PGM 
Ru, Rh, Pd,  

>70 >100 360 42 177 
Os, Ir, Pt 

REM Sc, Y, La etc. >70 >100   863 
Re rhenium 36 50-100   60 
Sb antimony 14 50-100 30 13 16 
Sn tin 17 25-50 40 17 23 
Sr strontium 11 25-50   12 
Ta tantalum 53 50-100 116 20 38 
Ti titanium 61    130 
Tl thallium 28 10-25    
U uranium  25-50 59 19  
V vanadium >70 >100   323 
W tungsten 25 50-100   39 
Y yttrium 40 >100    
Zn zinc 15 10-25 46 34 23 
Zr zirconium 19 50-100   45 
Table 3-1: Estimates of the availability of minerals and metals. 
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Element 

 

 

Minimum 

availability 

[years] 

Applications 

 

 

Ag silver 12 Jewellery, alloying element for aluminium 
As arsenic 17 Semiconductors 
Au gold 15 Jewellery 
Be 

 

beryllium 

 
>70 Inertial guidance system;, turbine blades; lasers; 

rocket engine liners; springs; aircraft brakes; etc. 

Bi 

 

bismuth 
38 

Soldering alloys; pharmaceuticals and chemicals; 
ceramics; paints; catalysts and a variety of minor 
applications 

Cd cadmium 20 Electronics 
Co cobalt 59 Super alloys 
Ga gallium ? Semiconductors 

Ge germanium ? 
Industrial glasses; electronics; light and tempera-

ture sensors 

Hg mercury 24  
In Indium ? Vacuum seals 
Li lithium >70 Alloying element for aluminium; batteries 
Mo molybdenum 33 Alloying element for steel 
Nb niobium 40 Alloying element for steel 
Nd neodymium ?  
Ni nickel 30 Alloying element for steel; super alloys 
Pb lead 19 Building 
Pd palladium ?  

PGM 
Ru, Rh, Pd,  

Os, Ir, Pt 
>70  

REM Sc, Y, La etc. >70  
Re rhenium 36  
Ru ruthenium ?  
Sb antimony 14  
Sc scandium ? Alloying element for aluminium 
Se selenium ?  
Sn tin 17 Steel coating 
Sr strontium 11  
Ta tantalum 53  
Te tellurium >70  
Tl thallium 28  
V vanadium >70  
W tungsten 25  
Y yttrium 40  
Zn zinc 15 Steel coating; alloying element for aluminium 
Zr zirconium 19  
Table 0-2: Critical elements and their application(s) (Diederen, 2009). 



109 

 

 

Element 

 

 

Minimum 

availability 

[years] 

Applications 

 

 

Cr chromium >70 alloying element for (stainless) steel, nickel an-
daluminium alloys; used as surface coating to pre-
vent oxidation 

Cu copper 25 Piping; electric applications; architecture; coinage; 

alloying element for aluminium alloys 

Mn manganese 29 Alloying element for steel and aluminium alloys; 
large amount of manganese dioxide is produced for 
the use as depolarizer in zinccarbon batteries and 
alkaline batteries 

Ti titanium 

 

61 95% of titanium ore extracted from the earth is 
destined for refinement into titanium dioxide 
(TiO2), a white permanent pigment; Ti in metallic 
form is used in the transport; alloying element for 
steel and aluminium alloys 

Table 0-3: Frugal elements and their application(s) (Diederen, 2009). 

 

Element 

 

Minimum 

availability 

[years] 

Applications 

Al aluminium 65 Aerospace; automotive; packing; building industry 

Fe iron; steel 48 Automotive; yellow goods; packaging; building in-

dustry 

Mg magnesium >70 Automotive; aerospace; electronic devices; alloying 
element for aluminium; removal from sulphur from 
iron and steel; refining of titanium in the Kroll pro-
cess; additive agent in the production of nodular 
graphite in cast iron 

Si silicon ? Alloying element for steel, cast iron and aluminium; 
semiconductor industry    

Table 0-4: Elements of hope and their application(s) (Diederen, 2009). 
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