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 Foreword 

This is the graduation report for the master program of Construction Management and 

Engineering at the Eindhoven University of Technology. This research is conducted for the 

engineering company Iv-Infra and in particular department RAMS and Contract Management. 

Iv-Infra is a specialized engineering and design office for the civil infrastructure systems. The 

main activities of Iv-Infra are on the one hand drafting contracts for the civil infrastructure 

clients and on the other hand drawing design challenges for the contractors. In the recent years, 

department RAMS and Contract Management observes the increasing importance of resource 

efficiency or the circular economy in the society and in particular by the clients of civil 

infrastructure systems. Various clients, from regional to international, strive for resource 

efficiency since it creates more value for governments as well for the society and business. 

Following this, the question arose what the impact is of the circular economy on the design and 

engineering process of civil infrastructure systems. To gain insight into the possibilities a 

preliminary study in the form of master thesis was started. With great pleasure I chose this 

challenging topic as graduation research to complete my master. Together with the company's 

supervisors, the following research questions have been formulated: ñHow can the principles of 

circular economy be integrated into the engineering and design process of civil infrastructure 

systems?ò This research is conducted under the supervision of Bauke de Vries and Qi 

Han(TU/e), Pieter van Gelder (TU Delft), Arno Willems and Antal Hartman (Iv-Infra) and Sten 

de Wit (TNO).  

Finally, I want to thank my supervisors Bauke de Vries, Qi Han and Pieter van Gelder for their 

input and guidance during my graduation period. I am also grateful to Iv-Infra, especially to 

Arno Willems and Antal Hartman, for their valuable guidance for the practical side of the 

research. In addition, I would like to thank Sten de Wit for his contributing and his commitment. 

I would like to thank all the other persons who have contributed during this study. Finally, of 

course I would like to thank my parents, my wife and my family because of their support 

throughout my academic career.  

Javad Alizadeh  

Rotterdam, January 2016 
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1. Thesis Outline 

This graduation research is conducted for the Engineering Company Iv-Infra. The goal of the 

research is to investigate whether the principles of circular economy can be integrated into 

the engineering and design process of the civil infrastructure systems. This chapter highlights 

the outline of the research. Paragraph 1.1 introduces the need for a resource efficient 

economic system. Paragraph 1.2 defines the research problem and the research goals which 

are further concretized by means of the main and sub-questions. Paragraph 1.3 describes the 

plan and the procedures of the research as research approach and research design. Finally, 

paragraph 1.4 represents a reading guide to help the reader to fathom the process and 

streamline the experience. 

1.1  Introduction  

The current economic system of industrial countries is a linear economic model of resource 

use (EMF, 2012). It means companies extract and transport resources from different 

countries, add energy and labour to manufacture a material and product and sell it to an end 

consumer, who then discards it when it no longer serves its purpose or because it is outdated. 

This model of resource use is known as the Linear Economy (LE) or óôtake, make, disposeôô 

economy (EMF, 2012). An important characteristic of the linear economy is that economic 

growth is depends on input or in other words selling products. This means information, 

matters, energy and labour are used to make products that should be sold to make profit. The 

more products are sold, the more the economy growth.  

In recent years, the economic growth based on linear economy is increasingly hindered due to 

the huge demand for resources (EMF, 2012). According to UNEP (2011), the use of natural 

resources such as water, energy, raw materials and fertile land is growing rapidly. Many 

businesses around the world feel squeezed between rising and less predictable prices in 

resource markets on the one hand and stagnating demand in many consumer markets on the 

other hand (EMF, 2012). Prices and volatility become more unstable and they are likely to 

remain high as middleclass populations grow and urbanize, resource extraction moves to 

harder-to-reach locations, and the environmental costs associated with the depletion of 

natural capital increases (EMF, 2012). While resource demand in the world increases, the 

linear economic system entails significant limits and resource losses such as: resource loss as 
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waste in production chain, resource loss as end-of-life waste, and resource loss as Energy. 

Furthermore, linear economy creates imbalances that weigh on economic growth. One of the 

major limitations of linear economy is that it mainly focuses on selling products and it does 

not maximize the benefits of resources after the product has been sold. The more products are 

sold, the more the economy grows. Resulting in volatility and increasing price rise of natural 

resources. According to McKinsey (2013) the arithmetic average of prices in four commodity 

sub-indices (food, non-food agricultural items, metals, and energy) stood at a higher level in 

2011 than at any time in the past century [Figure 1]. 

 

 

 

 

 

 

 

 

 

Figure 1: Increasing sharp price sins 2000 

According to (EMF, 2012), current imbalances such as resource scarcity, price squeezes, and 

volatility are likely to get worse before they get better due to the following factors: 

- Demographic trends and increasing resource demand due to growth of middle class 

population. It is expected that the middle-class consumers will increase with three 

billion by 2030, led by economic growth in India and China and other rapidly 

growing emerging market economies (McKinsey, 2011). 

- Infrastructure needs a high investment to use newly discovered reserves. 

Tapping the newly discovered reserves will require heavy investment in infrastructure 

and new technology. According to McKinsey meeting future demands for steel, water, 

agricultural products, and energy would require a total investment of around USD 3 
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trillion per year (McKinsey, 2011), it is an amount roughly 50% higher than current 

investment levels (EMF, 2012). 

- Political risks and limited opportunities to use remaining resources. political events 

can also have an impact on commodity supply as result trigger or worsen resource 

scarcity and push up prices and volatility levels. About 80% of all available arable 

land on earth lies in areas afflicted by political or infrastructural issues. About 37% of 

the worldôs proven oil reserves, and 19% of proven gas reserves, are also located in 

countries with a high level of political risk (EMF, 2012). 

- Globalized market and awareness of local market about the material price and as 

result increasing higher material price.The regional price shocks can quickly become 

global due to the increasing ease of transporting resources globally and the rapid 

integration of financial markets (EMF, 2012). 

- Climate and the risks of changes of ecosystem. According to the Environmental 

Protection Agency, changes in climate could affect snow cover, stream flow, and 

glacial patternsðand hence fresh water supply, erosion patterns, irrigation needs, and 

flood management requirements, and thus the overall supply of agricultural products 

(EPA, 2014). 

Circular Economy 

In 2010, the Ellen MacArthur Foundation (EMF) introduced the concept of Circular 

Economy (CE) in which the economic growth is decoupled from the resource use.  In the 

sense of resources, decoupling means using less resources per unit of economic output for 

more people and reducing the environmental impact of any resources that are used or 

economic activities that are undertaken (UNEP, 2014) [Figure ]. The mission of EMF is 

to accelerate the transition to the circular economy and to move the businesses and the 

society towards a resource efficient or circular economic system, ( McKinsey, 2011). 
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Figure 2: Decoupling natural resource use and environmental impacts from economic growth, ( UNEP, 2011) 

In a circular economy, the resources are used as long as possible until the maximum value 

from them are extracted whiles in use and then the products and  materials are recovered and 

regenerated at the end of their life cycle (WRAP, 2012). As indicated by EMF (2012), CE 

can provide more value in the field of environment, economy and society or in other words 

the three pillars of sustainable development (Brundtland, 2010). To achieve this goal, the 

circular economy strategy and circular economy principles are introduced.  

CE is meanwhile supported by multiple national and international governments, European 

Commission, Non-Governmental Organizations (NGO`S), banks, universities and the global 

market leaders of different sectors and industries such as Philips, the Coca Cola Company, 

Renault,  Royal BAM Group, Royal DSM Group, Vodafone, Kingfisher, Unilever,  IBM, 

H&M, Ikea etc. More and more regional, national and international authorities have high 

ambition regard circular economy. For example, in 2010, the European Commission has 

stated that they have the ambition to present a circular economy strategy to transform Europe 

into a more competitive resource-efficient economy (European Commission, 2014). Also the 

European Committee for Standardization (CEN) and European Committee for Electro 

Technical Standardization (CENELEC) have indicated that they will support the development 

of globally relevant standards related to the circular economy policies (CEN and CENELEC, 

2015). The launch of CE signals the rise of the topic and the transition towards a circular 

business system.  
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1.2  Research problem and research questions 

The transition towards a circular economy is both a political vision and an economic strategy 

for the global market leaders. In the circular economy governments will focus on resources 

and the purchasing and management of services, rather than focusing on being a supervisor of 

personnel and providing services directly (Eggers, 1997). For the civil infrastructure clients it 

means baying services instead of arranging in detail how something must be developed. For 

this dramatic change in the nature of government, major changes are taken in contracting 

system and management system of the governments in the last decade. As contracting system 

increasing use is made of service oriented contracting or Performance Based Contracting 

(PBC) in which the governments express their needs in terms of criteria, performance and 

quality. Furthermore, use is increasingly made of Systems Engineering (SE) as a management 

process in which the failures and mishaps can be minimized or avoided. For civil engineer 

designers and contractors it implies a shift from designing and building object to engineering 

resource efficient transport services. So far, civil infrastructure designers have gained 

practical experience with performance based contracting and systems engineering process. 

However, circular economy is a new subject. Circular economy introduces a new way of 

design systems. So, Iv-Infra is interested in the impact of the circular economy on their 

design and engineering process. 

Research goal and research question 

The goal of this research is to examine whether the circular economy principles can be 

integrate into the design and engineering process of the civil  infrastructure systems. In 

particular the study is aimed to: 

- Providing information about the circular economy concept, circular economy 

strategies and principles. 

- Identifying the potential impact of circular economy in the construction sector. 

- Identifying the barriers and the strategies for applying the circular economy in the 

design process of construction systems, in particular civil infrastructure systems. 

- Identifying the ideal workflow to apply circular economy principles in to the design 

and engineering process of civil infrastructure systems.  

Subsequently, the research objectives are expressed in the following main and sub questions 

to help achieve the purpose of the research. 
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Research question: How can the principles of circular economy be integrated into the 

engineering and design process of civil infrastructure systems?  

Question 1: To what extent does the current engineering process of civil infrastructure 

  systems differs from the principles of the circular economy? 

Question 2: What is the potential impact of circular economy in the civil infrastructure 

   sector? 

Question 3: Which circular economy criteria can be used in order to design resource 

   efficient infrastructure systems?    

Question 4:  Which strategy can be used in order to integrate these criteria into the design 

  process?  

Question 5: What is the ideal workflow to apply circular economy in the engineering and 

  design process of civil infrastructure systems?  

1.3  Research methodology 

The study is based on an analysis of relevant studies, the literature study and results from the 

case study. The study is structured around the steps below. The relationship between these 

steps, the research conclusion and recommendations are shown in Figure 3 in next page. 

- A literature review (step 1A) which identified and reviewed relevant literature 

related to circular economy. This is complemented by additional analysis (step 1B) 

of the potential impact of circular economy on the construction sector including the 

barriers and strategies to integrate the circular economy principles in to the design 

process. 

 

- Integrating (Step 2) circular economy principles into the design process of civil 

infrastructure system by Analytic Hierarchy Process (AHP), applying to a case study. 

 

- Creating the ideal workflow (Step 3) that is needed in order to integrate circular 

principles into the design process of civil infrastructure systems. 
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Figure 3: Relationship between project steps and the research recommendations 
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1.4  Structure of report 

The remainder of research is structured as follows:  

Chapter 2 provides a summary of the most important information related to the research 

problem. It represents the origin and definition of circular economy. Furthermore, it 

indicates the importance of developments such as systems engineering as management 

system and performance based contracting as contracting system in order to achieve the 

circular economy. Also it briefly indicates how systems engineering and performance based 

contract work. 

Chapter 3 reviews the literature on the subject which forms a framework for the research. 

This chapter consists of three paragraphs including: paragraph 3.1 ñCircular Economy 

Conceptò,  paragraph 3.2 ñCircular Economy in the Civil Infrastructure Sectorò and 

paragraph 3.3 ñConclusionò. At the beginning of first two paragraphs, the topic discussed in 

the paragraph is outlined. Both paragraphs end up with a brief summary. Finally, the third 

paragraph, ñConclusionò, focusses on answering the research questions 1, 2, and 3. 

Chapter 4 describes and applies the methodological approach in order to integrate 

resource efficient design criteria into the engineering process of civil infrastructure systems, 

based on decision support system the Analytical Hierarchy Process (AHP) and a case study. 

This chapter consists of 6 paragraphs. Paragraph 4.1 introduces the AHP method as a multi 

criteria decision support model. Paragraph 4.2 describes the process of AHP method.  

Paragraph 4.3 represents the case study which has been used in this research. Paragraph 4.4 

discusses the results and the sub-conclusion that is drawn by some of the results. Paragraph 

4.5 maps the identified relation between criteria based on results. the. 

Chapter 5 reflects the important conclusions, recommendation and the further research. 

This chapter consists of three paragraphs. Paragraph 5.1 provides a concluding answer to the 

main question of this research. Paragraph 5.2 recommends an ideal workflow in order to 

achieve a resource efficient design. This is Simultaneously the answer for research question 

4. Paragraph 5.3 discusses the possibilities for the further research and possible pitfalls by 

using AHP. 
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2. Additional information relating to the research problem 

This chapter provides background information on origin and definition of circular economy 

concept. In addition it introduces the development of instruments such as systems 

engineering as management system and performance based contracting as contracting system 

in order to achieve a circular economy. Paragraph 2.1 indicates the need for a resource 

efficient economy. Additionally it points out the origin, definition and the principles of the 

circular economy. Paragraph 2.2 describes the roll of systems engineering and performance 

based contract as strategic tools for the governments in order to move the society and in 

particular engineering community to the  circular economy.  

 

2.1  Resource efficient economic system 

As indicated in the paragraph 1.1, the economic growth of industrial countries based on linear 

economy is hampered increasingly. While the global demand for the resources is increasing, 

the current economic system requires resources to produce and sell products in order to 

achieve growth. The more products being sold, the more the economy growth. In other 

words, the growth of the linear economy is mainly based on selling resources which become 

increasingly difficult to obtain. As a result of resource scarcity,  resource prices and volatility 

in economic growth increase. It indicates, there is no longer balance between economic 

growth based on linear economy and global resource demand. In addition, at the same time 

the linear economy entails significant resource and energy losses. The linear economy is 

mainly focuses on the input (take, make and sell) and does not benefit the maximal value of 

resources at the output, for example by efficient recycle or reuse of resources at the end of 

life cycle. In 2010, Ellen MacArthur Foundation (EMF) introduced the concept of ñCircular 

Economyò as an alternative for the linear economic system. EMF is a British registered 

charity and it is sponsored and supported by multiple national and international governments, 

European Commission, non-governmental organizations, banks, universities and  more than 

100 global market leaders of different sectors and industries such as Philips, the Coca Cola 

Company,Renault,  Royal BAM Group, Royal DSM Group, Vodafone, Kingfisher,Unilever, 

IBM, H&M, Ikea etc. The mission of EMF is to accelerate the transition to circular economy 

and moving society towards the circular economic system. CE is seen as prosperous 

economic solution to the growing shortage of key raw materials. According to World 
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Economic Forum in the report ñTowards a Circular Economyò, about 500 billion could be 

earned by otherwise dealing with circularly use of raw materials in the European Union 

(World Economic Forum, 2014). Also TNO (2013) indicates that potential of circular 

economy for the Dutch economy is over 7 billion and more than 50,000 jobs could be 

created. Below the origin and different definitions of circular economy are indicated.  

2.1.1  Origin 

The idea of CE was sketched by Kenneth E. Boulding in his report ñEconomics of the 

Coming Spaceship Earthò (Boulding, 1966). Boulding was a Brits-Americans economist, 

systems scientist, and interdisciplinary philosopher. Boulding was president of numerous 

scientific institutions such as ñAmerican Economic Associationò, ñSociety for General 

Systems Researchò and ñAmerican Association for the Advancement of Scienceò. He was 

also the founder of numerous ongoing intellectual projects in economics and social science 

and cofounder of ñGeneral Systems Theoryò (Keyfitz, 1996). After the creation of the idea of 

circular economy by Boulding, it was further refined by Walter Stahel. In 1976, Walter 

Stahel and Genevieve Reday sketched the vision of an economy in loops (or circular 

economy) and its impact on job creation, economic competitiveness, resource savings, and 

waste prevention in their research report to the European commission ñThe Potential for 

Substituting Manpower for Energyò
1
. In 2006 the promoting plan of circular economy as a 

five-year plan as national policy in China started (Zhijun et al. 2007). In time, circular 

economy concept has been mainly developed and refined by the following schools of 

thought: 

 

1- ñRegenerative designò (1970), by John T. Lyle an American professor of 

landscapearchitecture. In 1970, Lyle creates the idea that all systems, from agriculture 

onwards, could be orchestrated in a regenerative manner. In other words, that processes 

themselves renew or regenerate the sources of energy and materials that they consume (EMF, 

2012). This idea is described in his book ñRegenerative design for sustainable developmentò. 

 

2- óôPermacultureôô(1970), by Bill Mollison, Australian biologist and ecologists, and David 

Holmgren, an Australian environmental designer, ecological educator and writer. In 1970 

they coined the term ôôpermacultureôô, defining it as óthe conscious design and maintenance 

                                                 
1
 "Cradle to Cradle | The Product-Life Institute". Product-life.org. 2012-11-14. Retrieved 2013-11-20. 

https://en.wikipedia.org/wiki/Kenneth_E._Boulding
https://en.wikipedia.org/wiki/Economics
https://en.wikipedia.org/wiki/Social_science
https://en.wikipedia.org/wiki/General_Systems_Theory
http://www.product-life.org/en/cradle-to-cradle
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of agriculturally productive ecosystems, which have the diversity, stability and resilience of 

natural ecosystemsô. Permaculture draws elements from both traditional sustainable 

agriculture and modern innovations and principles (EMF, 2012). 

3- ñPerformance Economyò (1976), by Walter Stahel Swiss architect and industrial analyst. 

In 1976 he sketched the vision of an economy in loops and its impact on job creation, 

economic competitiveness, resource savings, and waste prevention in his research report to 

the European Commission, ñThe Potential for Substituting Manpower for Energyñ  (EMF, 

2012). This research was co-authored with Genevieve Reday-mulvey. In 1982, Stahel 

published the book "Jobs for Tomorrow, the Potential for substituting manpower for energy". 

In 2010, he introduce the second edition of his book performance economy (first edition was 

introduced in 2006)
2
. In this book circular economy is seen as part of performance economy 

and performance refers to the quality and quantity of stocks (resources). Measuring the 

quantity and quality of resource (resource management) is seen as important key factor for a 

CE policy (Stahel, 2006).   

 

4- ñCradle to Cradleò (1990), by Michael Braungart, a German chemist and visionary, in 

association with an American architect Bill McDonough. They develop the óôCradle to 

Cradleôô concept and certification process in 1990. The phrase ñcradle to cradleò itself was 

coined by Walter R. Stahel in the 1970s. The Cradle to Cradle framework focuses on design 

for effectiveness in terms of product flows with positive impact, which fundamentally 

differentiates it from the traditional design focus on reducing negative impacts. This concept 

addresses not only materials but also energy and water inputs, and builds on three key 

principles: ñWaste equals foodò- ñUse current solar incomeò ï ñCelebrate diversityò (EMF, 

2012). In 2002 they published the book ñCradle to Cradle: Remaking the Way We Make 

Thingsò.  

5- ñBiomimicryò (1997), by Janine Benyus, an American natural sciences writer and 

innovation consultant., she published the book ñBiomimicry: Innovation Inspired by Natureò 

in 1997. She defines her approach as óa new discipline that studies natureôs best ideas and 

then imitates these designs and processes to solve human problemsô. Studying a leaf to invent 

a better solar cell is an example. She thinks of it as óinnovation inspired by natureô. 

Biomimicry relies on three key principles: (1) Nature as model, study natureôs models and 

                                                 
2
http://www.product-life.org/en/major-publications/performance-economy 

 

http://www.product-life.org/en/major-publications/performance-economy
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emulate these forms, processes, systems, and strategies to solve human problems; (2) Nature 

as measure, use an ecological standard to judge the sustainability of our innovations;(3) 

Nature as mentor: view and value nature not based on what we can extract from the natural 

world, but what we can learn from it (EMF, 2012). She also has authored 5 other books on 

ñBiomimicryò during 1983 ï 1990. 

 

6- ñIndustrial Ecologyò is the study of material and energy flows through industrial systems. 

Focusing on connections between operators within the óindustrial ecosystemô, this approach 

aims at creating closed-loop processes in which waste serves as an input, eliminating the 

notion of an undesirable by-product. Industrial ecology was popularized in 1989 in a 

Scientific American article by Robert Froschand Nicholas E. Gallopoulos. Frosch and 

Gallopoulos' vision was "why would not our industrial system behave like an ecosystem, 

where the wastes of a species may be resource to another species (EMF, 2012). Industrial 

ecology is concerned with the shifting of industrial process from linear (open loop) systems, 

in which resource and capital investments move through the system to become waste, to a 

closed loop system where wastes can become inputs for new processes (Allenby , 2006) 

7- ñBlue Economyò (2010), by Gunter Pauli, a Belgian businessman. He published the book 

óôthe Blue Economyôô which was originally a report to the Club of Rome that became a 

commercial book in 2010. The report, which doubles up as the movementôs manifesto, 

describes ó100 innovations that can create 100 million jobs within the next 10 yearsô, and 

provides many examples of winning South-South collaborative projectsðanother original 

feature of this approach intent on promoting its hands-on focus (EMF, 2012). 

2.1.2  Definition 

There are different definitions for the circular economy. Following, a number of definitions:  

Ellen MacArthur Foundation: ñThe circular economy refers to an industrial economy that 

is restorative by intention and design. It aims to enable effective flows of materials, energy, 

labour and information so that natural and social capital can be rebuilt. It seeks to reduce 

energy use per unit of output and accelerate the shift to renewable energy by design, treating 

everything in the economy as a valuable resourceò (EMF, 2012).  
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Waste and Resource Action Plan
3
: ñA circular economy is an alternative to a traditional 

linear economy (make, use, dispose) in which we keep resources in use for as long as 

possible, extract the maximum value from them whilst in use, then recover and regenerate 

products and materials at the end of each service lifeò. 

 

Report to the European Commission regard circular economy: ñA circular economy 

represents a development strategy that enables economic growth while optimizing the 

consumption of natural resources, deeply transforming production chains and consumption 

patterns and re-designing industrial systemsò (European Commission, 2014). 

Wikipedia : ñThe circular economy is a generic term for an industrial economy that is, by 

design or intention, restorative and in which material flows are of two types, biological 

nutrients, designed to re-enter the biosphere safely, and technical nutrients, which are 

designed to circulate at high quality without entering the biosphereò. 

EMF defines circular economy as an ñindustrial economyò. However, a transition to a 

circular economy affects not only the economic system of an industrial country but also it the 

society and environment. In this respect the definition used in the report to the European 

commission is more appropriate that indicates that circular economy introduces a 

ódevelopment strategyô. In addition the definition used by WARP is more focused on material 

use. In this research the following definition is used: ñCircular economy introduces a 

development strategy that optimizes natural and social capital by creating an effective closed 

system for materials flow, energy flow, labour flow and information flowò. In the sense of 

natural capital, it enables an economic growth while optimizing the consumption of natural 

resources by: reducing energy use per unit of output, reusing energy by means of cascading, 

using more renewable energy, reducing material use, using materials as long as possible until 

the maximum value from them is extracted whilst in use and by reusing, recovering, 

regenerating and recycling materials to make products and materials at the end of each 

service life. 

                                                 
3
 http://www.wrap.org.uk/content/wrap-and-circular-economy 

 

https://en.wikipedia.org/wiki/Biosphere
http://www.wrap.org.uk/content/wrap-and-circular-economy
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2.2  Moving towards a resource efficient construction sector based on SE and 

PBC 

Todayôs governments will shift their focus to resources and the purchasing and management 

of services based on circular economy. For this dramatic change in the nature of government, 

major changes are taken. For example use is creasing made of a contracting system that is 

outcome based with clear performance standards. This state-of-the-art contracting system 

refers to the Performance Based Contracting (PBC). In addition, use is made of a 

management process that avoids failures and mishaps. This management process refers to 

Systems Engineering (SE).  

 

2.2.1  Performance Based Contracting (PBC)   

Since the 1990s, PBC has been heralded as one of the most effective instruments for moving 

the society towards a resource-efficient or circular economy and creating a much needed 

resource revolution (Tukker, 2013). For the governments, PBC makes possible in order to 

express their needs in terms of requirements, performance and quality. Another terms for 

PBC are Performance Based Acquisition, Product Service System, Performance Contracts, 

Performance Based Agreements and Outcomes or Output  Based Contracts. ñA performance-

based contract is a contract that focuses on the outputs, quality and outcomes of service 

provision and may tie at least a portion of a contractorôs payment as well as any contract 

extensions to their accomplishmentò (Martin, 1997; CIPS and NIGP, 2012).This contracting 

system clearly spells out the desired end result expected of the contractor, but the manner in 

which the work is to perform is left to the contractor's discretion. In these contracts, 

contractors are given as much freedom as possible in figuring out how to best meet clientsô 

performance objective  (CIPS and NIGP, 2012).  

 

PBC holds great promise to reduce costs while increasing service quality. These contracts 

ensures the clients that system is designed, built and operated so that it accomplishes its 

purpose safely in the most cost-effective way possible, considering functional  and 

operational performance, cost, schedule, and risk. PBC is a preferred contracting system in 

capital-intensive industries such as civil infrastructure where the systems and subsystems 

require high availability and are expensive to maintain 
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(Mirzahosseinian, et al., 2011). To achieve high system functionality use is made of RAMS 

functional performance criteria. Below RAMS is described.  

 

RAMS requirements 

Reliability, Availability, Maintainability and Safety (RAMS) are the most important quality 

and functional performance crietria which are used to define, to determine, to measure, to 

asses and to monitor the functional performance of systems ( Rijkswaterstaat, 2010). 

However, in recent years RAMS has been expanded by aspects such as: Security, Health, 

Environment, Economic and Politic (RAMSSHEEP). RAMS engineering is an enlarged 

engineering discipline that was originated from the concept of safety and reliability. RAMS 

engineering was firstly introduced by the aerospace industry to evaluate the reliability and 

safety of aircrafts in the 1930s (An, 2005; Ebeling, 2010). Since the 1980s, with the rapid 

development of systems engineering, RAMS management has been widely adopted to 

effectively define, identify, assess and control all potential threats affecting the achievement 

of the functional and operational objectives of a system. RAMS management has developed 

as a distinct discipline of systems engineering since the early 1990s with the established 

engineering concepts, methods, techniques, measurable parameters and mathematical tools 

(Villemeur, 1992; Park, 2013). RAMS engineering is a significant disciplines and decision 

making factor in engineering systems, since system functionality and operation performance 

are the primary requirements interest of systems.  

 

RAMS management is an engineering discipline that integrates reliability, availability, 

maintainability and safety characteristics appropriate to the operational objectives of a system 

into the inherent product design property through systems engineering (Park, 2013). The goal 

of RAMS is to achieve the systems safety, availability and cost-effectiveness in the 

management aspect of systemôs long term operation (Park, 2013). In long term operation 

systems such as civil infrastructure systems, RAMS analysis can be used in different life 

cycle stage of the infrastructure system in order to define, to measure, to asses and to monitor 

the functional and operation performance of systems. A decreasing of functional and 

operational performance of the infrastructure systems can lead to for example: the frequent 

delay of the transport service, the increase of total ownership cost, and even the continuous 

increase of the potential damage for humans and environments caused transport accidents. To 

avoid such effects  in the civil infrastructure systems, RAMS management is applied (1) to 

defining RAMS characteristics, such as reliability, availability, maintainability and safety, 



 

 

16 

 

proper to RAMS requirements and operational contexts, (2) to assessing and controlling the 

potential threats, such as faults, failures and errors, that affect the quality of infrastructure 

services and (3) to provision the controlling means, such as failure prevention, fault tolerance, 

fault removal and fault prediction (Park, 2013). Since the infrastructure systems are originally 

developed to function and operate properly, much attention has been paid to RAMS 

management from the early development phase.  

 

Resource efficient requirement 

In addition to RAMS performance, the government can require performance with respect to 

resource efficiency by optimal use of materials or reducing waste. For example, to stimulate 

reuse and recycling of materials in the construction sector,  Waste Framework Directive 

(WFD)
4
  requires member states to take any necessary measures to achieve óa minimum 

targetô of 70% (by weight) of C&D waste by 2020 for preparation for re-use, recycling and 

other material recovery, including backfilling operations using non-hazardous C&D waste to 

substitute other materials. By using such regulations, the governments stimulate the 

contractors to take into account waste reduction by optimal use of materials in construction 

projects. Chapter 3, discusses more about the resource efficiency in the construction sector.  

 

2.2.2  Systems Engineering (SE) 

As mentioned before, governments will increasingly use of SE to avoid failures and misshape 

by developing systems by contractors. For example, Rijkswaterstaat (a part of the 

Dutch Ministry of Infrastructure and the Environment) has introduced three guides in 2007s, 

2009s and 2013s to introduce SE to the market and to stimulate the use of SE in civil 

infrastructure sector (Rijkswaterstaat, et al., 2013). There are many definitions for the term 

ñSystems Engineeringò. As defined by Defence Acquisition University ñSystems Engineering 

is an interdisciplinary engineering management process that evolves and verifies an 

integrated, life-cycle balanced set of system solutions that satisfy customer needsò 

(Department of Defence, 2001). The holistic view of SE  is a process which focuses on 

analyzing and eliciting customer needs and required functionality early in the development 

cycle, documenting requirements, then proceeding with design synthesis and system 

validation while considering the complete problem, the system lifecycle (Oliver, et al., 1997).  

                                                 
4
Directive 2006/12/EC revised by Directive 2008/98/EC 

https://en.wikipedia.org/wiki/Ministry_of_Infrastructure_and_the_Environment_(Netherlands)
https://en.wikipedia.org/wiki/System_lifecycle
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Originally, the need for systems engineering arose with the increase in complexity of systems 

and projects, in turn increasing the possibility of component friction, and therefore the 

unreliability of the design (Yassin et al., 2003; Braha et al., 2007). There are three kinds of 

systems engineering: Product Systems Engineering, Enterprise Systems Engineering, Service 

Systems Engineering (Cheeckland, 1999).  Civil infrastructure has to do with the engineering 

of service systems. Cheekland (1999) defines service systems as a system which is conceived 

as serving another system (Cheeckland, 1999). According to the International Council on 

Systems Engineering (INCOSE) ña system is a construct or collection of different elements 

that together produce results not obtainable by the elements alone. The elements, or parts, can 

include people, hardware, software, facilities, policies, and documents; that is, all things 

required to produce systems-level results. The results include system level qualities, 

properties, characteristics, functions, behavior and performance. The value added by the 

system as a whole, beyond that contributed independently by the parts, is primarily created by 

the relationship among the parts; that is, how they are interconnectedò (INCOSE, 2010). 

However, the way in which s system is defined dependent on the interests and responsibilities 

of the observer.  

 

In general, SE is divided to the management and technical process. The goal of the 

management process is to organize the technical effort in the lifecycle, while the technical 

process includes assessing available information, defining effectiveness measures, to create a 

behavior model, create a structure model, perform trade-off analysis, and create sequential 

build & test plan (Oliver, et al., 1997). The most important element in systems engineering is 

the explicit documentation of information. In this process, the communication of the 

documented information is absolutely essential to prevent errors and the cost of failure. Due 

to this, transparency and explicit methods of working are absolutely essential 

(Rijkswaterstaat, et al., 2007). Systems thinking is the fundamental principle of systems 

engineering. System thinking provides a potential solutions to a complex problems from a 

holistic perspective in which the problem is viewed in the context of the larger whole. This 

fundamental principle ensures a structured way of developing and managing a project in a 

repeatable and transparent way. 
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2.2.2.1  Systems Engineering Process 

 

The Systems Engineering Process (SEP) is a comprehensive, iterative and  recursive problem 

solving process which applied sequentially top-down by integrated teams ( Department of 

Defence, 2001). The goal of SEP is to transform needs and requirements into a set of system 

product and process descriptions, to generate information for decision makers and to provide 

input for the next level of development (Department of Defence, 2001). The design process 

based on SE progresses through distinct levels or stages: 

¶ ñConcept level: which produces a system concept description (usually described in a 

concept study), 

¶ System level, which produces a system description in performance requirement terms; 

and 

¶ Subsystem/Component level, which produces first a set of subsystem and component 

product performance descriptions, then a set of corresponding detailed descriptions of 

the productsô characteristics, essential for their productionò (Department of Defence, 

2001). 

According to Department of Defence (2001) the configuration baselines are called the 

functional baseline for the system-level description, the allocated baseline for the subsystem/ 

component performance descriptions, and the product baseline for the subsystem/component 

detail descriptions [Figure 4].  

 

Figure 4, System Engineering development phase, (Department of Defence, 2001) 
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Systems Engineering Activities 

Systems engineering process has three fundamental activities: Requirements Analysis, 

Functional Analysis and Allocation and Design Synthesis (Department of Defence, 2001). 

Figure 5 maps the relation between three activities. Following the three activities are 

explained. 

 

.  

Figure 5: The Systems Engineering Process (Department of Defence, 2001). 

Requirements analysis is the he first step of the systems engineering process. Requirement 

analysis is a process to analyze the customer requirements or process inputs that define what 

the system must do and how well it must perform. In this stage the engineering team  must 

ensure that requirements are understandable, unambiguous, comprehensive, complete and 

concise. ñRequirements analysis must clarify and define functional requirements and design 

constraints. Functional requirements define quantity (how many), quality (how good), 

coverage (how far), time lines (when and how long), and availability (how often)ò 

(Department of Defence, 2001).  

Functional Analysis and Allocation (FAA) plays an important role in the systems engineering 

process.  As given by Department of Defence( 2001) ñFunctional Analysis and Allocation 

facilitates traceability from requirements to the solution descriptions that are the outcome of 

Design Synthesisò. This activity transform the functional, performance, interface and other 

requirements that were identified through requirements analysis into a coherent description of 
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system functions that can be used to guide the ódesign synthesis activityô that follows. 

(Department of Defence, 2001). FAA translate the customer requirement in function and it 

allow better understanding of what the system has to do, in what ways it can do it, and to 

some extent, the conflicts associated with lower-level functions (Department of Defense, 

2001). In this stage, functions are analyzed by decomposing higher level functions identified 

through requirements analysis into lower-level functions (Department of Defence, 2001).  

Design synthesis ñis the process of defining the product or item in terms of the physical and 

software elements which together make up and define the item. The result is often referred to 

as the physical architecture (Department of Defence, 2001). Each part must meet at least one 

functional requirement, and any part may support many functions. The physical architecture 

is the basic structure for generating the specifications and baselinesò (Department of Defence, 

2001).  

Systems Engineering Process 

Systems engineering is based on the three important aspects including: separation of 

specification and design; verification and validation; the life cycle approach ( Rijkswaterstaat 

et al., 2007). Following these three aspect are explained briefly. 

Separation of Specification and Design 

The starting point for developing a system is the problem definition and  preparation of 

specifications includes the survey and analysis of requirement and functions (Rijkswaterstaat, 

et al., 2007). The goal of the project is to find a solution for the problem, for example 

resolving the traffic congestion between two area. The problem statement is described in the 

projectôs primary requirement. To achieve the project objective, the systems engineering 

process subsequently proceeds on the basis of two processes running in parallel: the 

specification process and the design process (Rijkswaterstaat, et al., 2007) [Figure 6].  

 

Figure 6: The engineering process in public works and water management (Rijkswaterstaat, et al., 2007). 
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As indicated by Rijkswaterstaat,(2007) , ñthe goal of the requirements analysis process is to 

translate the stakeholdersô requirements into measurable system requirements and functions. 

The functions are therefore transformed into requirements during this phase and, where 

necessary, requirements are translated into more detailed requirements on the basis of the 

design choices madeò (Rijkswaterstaat, et al., 2007). In addition to the functional 

requirements, the system is expected to meet other requirements as well such as 

environmental requirements as a part of the performance requirements. Reducing waste and 

optimal use of resources can be a part of this requirement. After analyzing the requirements 

the functions of system are, on the basis of functional analysis and allocation, transformed 

into subsystems and to prepare a specification that documents the requirements that the 

relevant subsystem is expected to meet (Rijkswaterstaat, et al., 2007). The functional analysis 

and allocation process is done by following the next steps (Rijkswaterstaat, et al., 2007): 

Å the detailed specification of all of the systemôs functions 

Å derive the subsystems (function enablers) from these functions 

Å create structure and coherence among these subsystems 

Å link the requirements from the requirements analysis to these subsystems 

 

The inputs into the functional analysis and allocation are the system functions that has to be 

designed, determined on the basis of the contracting authority and/or stakeholdersô needs. 

These main functions can be further decomposed or used for deriving sub functions. 

(Rijkswaterstaat, et al., 2007). After the functional analysis and allocation of system and 

subsystems, the functions of each solution-independent subsystem is transformed into a 

physical solution-based subsystem (Rijkswaterstaat, et al. 2007). In this process, design is 

derived from the described requirements and (sub)system functions (Rijkswaterstaat, et al. 

2007). In this stage, the design process produces the design choices that best meet the clientôs 

requests and objectives, and therefore provides the transition from problem to solution. In 

order to achieve the best design solution, the design process is subdivided into a the following 

steps (Rijkswaterstaat, et al., 2007): 

 

Generate options: ñ the objective of the options generation and reduction process is to 

determine the possible solutions for a system and to produce a limited number of feasible 

options on that basis that will be subjected to further investigation. The generation of options 

is defined as the consideration of all possible solution directions for the system. In order to be 

able to produce a comprehensive list that does not óoverlookô any potentially acceptable 
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solutions, it is important that the initial survey of options be determined without any 

consideration of value whatsoever and to stimulate out of-the-box thinking during the options 

generation phase. This can be accomplished on the basis of brainstorming sessions, for 

example. The generated options are subsequently reduced to a limited number of feasible 

solutions that are then developed further into variants. The reduction of the collection of 

conceivable options into a set of feasible options is accomplished by way of an elimination 

process based on one or more requirements and preconditions. Put another way: only those 

options that are inherently capable of meeting all of the requirements are transformed into 

variants. The entire process is documentedò (Rijkswaterstaat, et al., 2007). 

Develop variants: ñ the objective of the variant development phase is to be able to make a 

design choice for the system under consideration that best meets the requirements and other 

criteria. Further development of the variants is necessary in order to bring the options judged 

as being feasible to a level of detail that allows the variants to be mutually compared on the 

basis of the specified requirements and criteria. It is important that, in addition to the 

specified requirements, other criteria such as environmental impacts or costs are allowed to 

play a role as well as part of the assessment. This is where the óvalueô concept comes in. 

Value is an abstract concept and essentially represents a measuring stick that allows the 

specified requirements and órequestsô, and the required financial resources to be correlated. 

Once the variants are developed in further detail, it becomes possible to calculate the impacts 

of the variants in relation to the assessment criteria. A score matrix or a trade-off matrix is 

used to allow the variants to be compared. The different assessment criteria are assigned a 

weighting factor. The variant with the best score (or that represents the highest value) is 

ultimately selected as the solution for the systemò (Rijkswaterstaat, et al., 2007).  

Prepare design: ñIn this stage the design selected as the solution of the system is developed 

in further detail during this phase. The requirements or functions attributed to the subsystem  

is developed in further detail during this phase. The requirements or functions attributed to 

the subsystem or process are defined in specific terms at the desired level of detailò 

(Rijkswaterstaat, et al., 2007). 

In order to work out the design in further detail, sub requirements and sub-functions are 

derive from the main requirements and main functions. This process is repeated until a design 

emerges that is suitable for production(construction). The specifications and the design often 

merge at the lowest level. In that case the specification and design chunks can also be 

considered as a combined chunkò (Rijkswaterstaat, et al., 2007). Figure 7 shows the 
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combination of the specification, design and production processes based on the system 

engineering V-model. This model indicates the process flow with a descending line 

representing the further detailing of the specification and design process and an ascending 

line representing the production process. It also illustrates the relationship between the 

contracting authorityôs  requirements, the stakeholdersô and clientôs requests and the system 

to be designed and produced. 

 

Figure 7: Integrated V-model of systems engineering process, (Rijkswaterstaat, et al., 2007). 

 

 

Verification and validation  

Since a system design is prepared on the basis of the specified requirements, the design is 

verified and validated to determine whether the design meets these requirements and the 

clientôs. Validation express the act of proving and monitoring whether the produced system 

meet the clientôs requests on system, subsystem and component level. Verification means  

the act of showing or checking whether  the produced system respect the design 

(Rijkswaterstaat, et al., 2007). Inspection and testing are the commonly used terms for  

verification and validation. ñIn this respect, inspection and testing are carried out on the basis 

of the design, while the requirements must ultimately be verifiedò (Rijkswaterstaat, et al., 

2007), [Figure 7]. 
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The Life Cycle approach 

Systems engineering is based on life cycle approach. ñFirst, because the systems engineering 

approach applies to all phases of the system life cycle. Second, this comes to the fore in the 

way in which life cycle considerations are included in advance and explicit in the design 

process as a mandatory elementò (Rijkswaterstaat, et al., 2007). The repetitive execution of  

specification, design and production during the life cycle is graphically depicted in figure 8.  

 

  

 
Figure 8: Execution of  specification, design and production during the life cycle (Rijkswaterstaat, et al., 2007). 

 

 

During design stage, the  RAMS  requirements play a key role in order to make a  making life 

cycle trade-offs, hence RAMS requirements refers to the  functionality of the system. Due to 

this, it is important to devote a great deal of attention to the systemôs RAMS requirements 

during the specification and design phases by analyzing the matters that can affect the 

functionality of the system (Rijkswaterstaat, et al., 2007). Figure 9 positions the RAMS 

requirements.  

 
 
 

 

 

Figure 9:  RAMS requirements, (Rijkswaterstaat, et al., 2007). 
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The overall bar in figure 9 represents the system during use.  As indicated by Rijkswaterstaat, 

ñthe blue portion represents the system operating in accordance with all requirements and the 

red portion represents where this is not the case. The ñnot fulfilledò status during the user 

phase could be the result of a failure (lack of reliability) or because maintenance is required. 

Both situations can lead to reduced availability of the system (Rijkswaterstaat, et al., 2007).  

By using design alternatives and materials that require low maintenance, the unavailability 

can be reduces.   
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3. Theoretical framework 

This chapter reviews the literature on the research subject which forms a framework for the 

research. This chapter consists of three paragraphs. Paragraph 3.1 ñCircular Economy 

Conceptò important aspects of the circular economy including circular economy principles,  

circular economy strategy and circular economy loops. In addition, it indicates how circular 

economy can be measured. Paragraph 3.2 ñCircular Economy in the civil infrastructure 

sectorò highlights the importance of construction sector in the transition to a circular 

economic system. Also it indicates the barriers and strategies for the designers in order to 

design according to the circular economy principles. Finally, paragraph 3.3 ñConclusionò 

gives an answer to the research questions 1, 2, and 3.  

3.1  Circular  Economy Concept 

This paragraph highlights the circular economy concept including the fundamental principles, 

strategies deployed to date as well as the concept of ócircular economy loops. Section 3.1.1 

introduces the circular economy principles. Section 3.1.2 describes the strategy and the way 

in which circular economy will work. Section 3.1.3 indicates the concept of óôcircular 

economy loopsôô which is needed for a successful transition to a resource efficient economy. 

Section 3.1.4 shows 4 ways in which circular economy create value. 3.1.5 indicates how the 

circular economy can be measured.  

 

3.1.1  Circular Economy Principles 

As indicated by EMF (2013), the circular economy is based on few fundamental principles. 

These include: design out waste, build resilience through diversity, rely on energy from 

renewable sources, think in systems and waste is food. Below a brief explanation of the 

principles is indicated. 

 

Design out waste 

According to this principle, products should be designed by intention to fit within a material 

loop (EMF, 2013). As stated by EMF(2013) waste does not exist when the biological and 

technical components (or ómaterialsô) of a product are designed by intention to fit within a 

biological or technical materials cycle, designed for disassembly and re-purposing. Design 
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for assembly, design for reuse and design for refurbishment are examples of design waste out 

principle.  

 

Build resilience trough diversity  

Modularity, versatility and adaptively are the most important features of this principle (EMF, 

2013). This principle ensure the flexibility of systems for the future changes and needs. 

According to EMF (2013), diverse systems with many nodes, connections and scales are 

more resilient in the face of external shocks and changes than systems built simply for 

efficiency.  

 

Shift to renewable energy sources 

This principle aims to use renewable energy such as solar energy, energy from soil and or 

wind power for producing materials or systems through the supply chain. According to EMF 

(2013), using renewable energy reduces the need for fossil-fuel based inputs and capture 

more of the energy value of by-products and manures.  

Think in systems  

System thinking is a process of understanding and it  has roots in the óGeneral Systems 

Theoryô that was advanced by Ludwig von Bertalanffy in the 1940s and furthered by Ross 

Ashby in the 1950s (Senge et al. 1990).  According to Senge (1990), ñ Systems thinking is a 

discipline for seeing wholes. It is a framework for seeing interrelationships rather than things, 

for seeing patterns of change rather than static snapshot.ò  In the context of circular economy,  

óSystems thinkingô refers to the system theory and in particular self-regulating systems or 

systems self-correcting through feedback that can be found in nature, including the 

physiological systems of our body, in local and global ecosystems, and in climateðand in 

human learning processes (Biel et al., 200). Self regulating is the property of systems in 

which variables are regulated so that internal conditions remain stable and relatively constant. 

Self regulating comes back in living organism for example the self regulating process of 

human body that maintains the body-stability of the internal environment in response to 

changes in external conditions. In this process all body internal processes, from cell to body 

organ, operate as a whole to keep the conditions within tight limits to allow these reactions to 

proceed. This automatic control system is done through feedback in which the system feed 

back into itself or in other words outputs of a system are routed back as inputs as part of a 

chain of cause-and-effect that forms a circuit or loop (Frod, 2010).  According to ñ Self-

https://en.wikipedia.org/wiki/Systems_Theory
https://en.wikipedia.org/wiki/Systems_Theory
https://en.wikipedia.org/wiki/Ludwig_von_Bertalanffy
https://en.wikipedia.org/wiki/William_Ross_Ashby
https://en.wikipedia.org/wiki/William_Ross_Ashby
https://en.wikipedia.org/wiki/Signal_chain_(signal_processing_chain)
https://en.wikipedia.org/wiki/Causality
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regulating mechanisms have existed since antiquity, and the idea of feedback had started to 

enter economic theory in Britain by the eighteenth century, but it wasn't at that time 

recognized as a universal abstraction and so didn't have a nameò ( Mayr, 1989).  Systems 

engineering is partly an example of application of system theory in the field of engineering 

that integrates more disciplines and specialty groups into a team effort in order to function as 

a whole. EMF (2013) defines system thinking as ñ the ability to understand how parts 

influence one another within a whole, and the relationship of the whole to the partsò. 

According to EMF (2013), ñ Systemsô thinking usually refers to the overwhelming majority 

of real-world systems which are non-linear, feedback-rich, and interdependent. In such 

systems, imprecise starting conditions combined with feedback lead to often surprising 

consequences, and to outcomes that are frequently not proportional to the Such systems 

cannot be managed in the conventional, ólinearô sense, requiring instead more flexibility and 

more frequent adaptation to changing circumstancesôô(EMF, 2012).  

Waste is food  

The phrase ówaste is foodô, coined by Braungart and McDonough, summarizes the circular 

philosophy and design out waste principle (EMF, 2012). According to this principle the 

biological nutrient can be cascaded for products of materials. It express the ability to 

reintroduce products and materials back into the biosphere through non-toxic, restorative 

(EMF, 2013). On the technical nutrient side, materials can be up cycled, recycled and reused 

for the same of other products or systems (EMF, 2012). 

 

3.1.2  Circular Economy Strategy 

In the circular economy the economic growth is decoupled from the resource use.  In the 

sense of  resources, decoupling means using less resources per unit of economic output for 

more people and reducing the environmental impact of any resources that are used or 

economic activities that are undertaken (UNEP,  2011), [Figure 10]. Another term for 

recourse decoupling is óôrecourse efficiencyôô (UNEP, 2011).  Circular Economy is a 

practical and proven implementation of resource efficiency. In different literatures such as 

UNEP (2011) and WRAP (2012), the term resource efficiency is used as a substitute term for 

circular economy. Also in this report both circular economy and resource efficiency are used.  
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Figure 10: Decoupling natural resource use and environmental impacts from economic growth [UNEP, 2011] 

In the circular economy the economic growth is based on renting resources or selling service 

rather than selling products. ñThis idea refers to as the ófunctional service economyô and 

sometimes put under the wider notion of  óperformance economyô which also advocates more 

localisation of economic activityò (Clift  et al., 2011). According to report done for the 

european commission, ñCircular economy strategies are schemes ensuring that upstream 

decisions in the value chain are coordinated with downstream activities and actorsò (EU, 

2014). Circular economy strategy connect producers, distributors, consumers and recyclers, 

link incentives for each of these actors, with an equal distribution of costs and benefits. It 

aims to inspire innovation throughout the whole value chain, rather than relying solely on 

waste recycling at the end of value chains. According to the report to the European 

Commission (2014), circular economy strategy is based on two pillars including the óthe 

cradle to cradle ó principle and industrial symbiosis.   The cradle to cradle principle refers to 

the product design for durability , disassembly and refurbishment. It express that that 

businesses should apply  the principles of eco-design to all their products, i.e. use as little  

non-renewable resources, eliminate as many toxic elements and hazardous materials as 

possible, use renewable resources (at or below their rates of regeneration), increase the  life 

and reuse potential of products, and facilitate, at the conception stage, the sorting and final 

recovery of products (EU, 2014). Furthermore, it change  the model of consumption from 

buyer to user (EU, 2014). Industrial symbiosis express a cross-sector approach and 

cooperation between actors unaccustomed to cooperate (e.g. between product designers and 

recyclers), along the whole supply chain of a product, in order to optimise its life-cycle (Eu, 
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2014). It is the sharing of services (e.g., transport) (EMF et al., 2012), utility, and by product 

resources among industries in a territory, creating synergies between businesses for 

economies of scale. The spatial clustering of collaborating companies is highly important as it 

makes the interconnecting of links in the supply chain and the exchange of residuals between 

links easier (TNO, 2013).  

 

3.1.3  Circular Economy Loops 

Circular economy distinguishes the resources into two categories.  Firstly, biological 

materials from biological origin such as agricultural and forestry goods/commodities, bio-

based wastes and residues, which are generally non-toxic and renewable to an extent as they 

are limited by the availability of land, water and nutrients and can be returned to the 

biosphere, where they act as nutrients (EMF et al., 2012). Secondly, technical materials like 

minerals, metals, polymers, alloys and hydrocarbon derivatives (e.g. plastics), which are not 

biodegradable and are based on finite resources (EMF et al., 2012). As seen in the figure 11, 

each kind of material between these twee resource categories comes in a material loop.  Each 

category has its own loops. Below the loops belong to each categories are mapped.  

 

Figure 11: The circular economy loops, (EMF et al., 2012). 
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Circular economy loops for technical nutrients 

According to Ellen MacArthur Foundation and others (2012), there are four ways of 

achieving a circular economy for technical nutrients which are set out below in descending 

order of the value of the outcome:  

1- Reuse of goods: 

¶ Reuse of a product again for the same purpose as in its original form with little 

enhancement or change. In this, the reused product is ñas-good-as-newò. 

¶ Reuse of a productagain for a different purpose than its original form with few or 

negligible improvements (e.g. using tires as boat fenders).  

2- Product refurbishment or component remanufacturing: 

¶  Product refurbishment: returning a product to good working condition by 

replacing or repairing major components that are faulty or close to failure, and making 

 changes to update the appearance of a product, such as cleaning, changing 

 fabric, painting or refinishing. 

¶ Component remanufacturing: A ñprocess of disassembly and recovery at the 

subassembly or component level. Functioning, reusable parts are taken out of a used 

product and rebuilt into a new product (EMF et al., 2012). 

3- Cascading of components and materials:  

As stated  by EMF and others (2012) cascading is  successive uses of a material across 

different value streams. It refers to user-friendly, cost-effective, and quality preserving 

collection systems; as well as treatment/extraction technologies that optimise volume and 

quality. 

4- Material recycling:  

Material recycling point out any recovery operation by which waste materials are reprocessed 

into products, materials or substances whether for the original or other purposes. ñ It includes 

the reprocessing of organic material but does not include energy recovery and the 

reprocessing into materials that are to be used as fuels or for backfilling operationsò (EMF et 

al., 2012). As reported by EMF and otehrs (2012), recycling can be divided into the following 

types:  
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¶ Upcycling: ñ converting materials into new materials of higher quality and increased 

functionalityò (EMF et al., 2012). 

¶ Functional recycling: ñ recovering materials for the original purpose or for other 

purposes, excluding energy recoveryò (EMF et al., 2012). 

¶ Downcycling: ñ converting materials into new materials of lesser quality and reduced 

functionalityò (EMF et al., 2012). 

Circular economy loops for biological nutrients 

Next to the technical nutrients, EMF report (2012)  highlights the following means available 

to create a more circular economy in the field of biological nutrients: 

 

1- Cascading of components and materials: 

As with cascading use of technical materials,  it involves using materials for other, higher 

value, uses for constituent materials than material recycling of raw materialsIt refers to user-

friendly, cost-effective, and quality preserving collection systems; as well as 

treatment/extraction technologies that optimise volume and quality. 

2- Extraction of biochemical:  

ñApplying biomass conversion processes and equipment to produce low-volume but high-

value chemical products, or low-value high-volume liquid transport fuelðand thereby 

generating electricity and process heat fuels, power, and chemicals from biomass. In a 

óbiorefineryô such processes are combined to produce more than one product or type of 

energyò (EMF et al., 2012). 

 

3- Anaerobic digestion: 

ñprocess in which microorganisms break down organic materials, such as food scraps, 

manure, and sewage sludge, in the absence of oxygen (EMF et al., 2012).ñ This process 

generates biogas (methane and carbon dioxide) and a solid residual. The solid residual can be 

applied on the land or composted and used as a soil amendment, while biogas can be used as 

a source of energy similar to natural gasôô( EU report, 2014).  

4- Composting:  

ñBiological process during which naturally occurring microorganisms (e.g., bacteria and 

fungi), insects, snails, and earthworms, break down organic materials (such as leaves, grass 

clippings, garden debris, and certain food wastes) into soil-like material called compost. 
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Composting is a form of recycling, a natural way of returning biological nutrients to the soilò 

(EMF et al., 2012). Compost can be used as a non-toxic ingredient in agricultural fertilizers, 

(EU report, 2014). 

Energy recovery and landfilling 

Energy recovery and landfilling is the final option in material loop in which products would 

consist of energy recovery, after options with cost and resource savings have been exhausted 

or can no longer be chosen by economic actors due to the quality degradation constrains. 

Energy recovery can be defined as a process in which ñwaste materials can be converted into 

useable heat, electricity or fuelò (EMF, 2012), ñ through combustion, gasification, pyrolysis, 

combustion of biogas from anaerobic digestion, or landfill gas recovery. Finally, landfilling 

(i.e. disposing of waste in a site used for the controlled deposit of solid waste, onto or into 

land1) is considered as the last end-of-life solution for non-recyclable wasteò. According to 

EMF, ñ circular economy would try to extract the maximum value from used products and 

materialsò, because landfilling creates negative externalities such as its impact on land useð

including the societal burden associated with siting choicesðand greenhouse gas emissionsò 

(EMF, 2012) . 

3.1.4  Creating value by circular economy loops  

As indicate by EMF and others (2014) the circular economy loops are the sources of value 

creation that offer arbitrage opportunities, i.e. ways to take advantage of the price difference 

between used and virgin materials. This can be done in four ways including: the power of 

inner cycle, the power of circling longer, the power of cascading use and the power of pure 

inputs (EMF et al., 2014). Below the sources of value creation are briefly described.  

The power of the inner circle  

ñThe power of the inner circle refers to minimising comparative materials use 

vis-à-vis the linear production system. The tighter the circle, i.e. the less a product has to be 

changed in reuse, refurbishment and remanufacturing and the faster it returns to use, the 

higher the potential savings on the shares of material, labour, energy and capital still 

embedded in the product, and the associated externalities (such as greenhouse gas (GHG) 

emissions, water and toxicity)ò (EMF et al, 2014). 
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The power of circling longer 

ñThe power of circling longer refers to maximising the number of consecutive cycles (be it 

repair, reuse, or full remanufacturing) and/or the time in each cycle. Each prolonged cycle 

avoids the material, energy and labour of creating a new product or componentò (EMF et al, 

2014), [Figure 12].  

The power of cascaded use  

ñThe power of cascaded use refers to diversifying reuse across the value chain, as when 

cotton clothing is reused first as second-hand apparel, then crosses to the furniture industry as 

fibre-fill in upholstery, and the fibre-fill is later reused in stone wool insulation for 

constructionðsubstituting for an inflow of virgin materials into the economy in each caseð

before the cotton fibres are safely returned to the biosphereò (EMF et al., 2014).  

The power of pure inputs 
 

ñThe power of pure inputs, finally, lies in the fact that uncontaminated material  

streams increase collection and redistribution efficiency while maintaining quality, 

particularly of technical materials, which in turn extends product longevity and thus increases 

material productivityò (EMF et al., 2014).  

 

 

Figure 12: Sources of value creation for the circular economy, (EMF, 2014) 
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3.1.5  How to measure 

 

In 2015,  EMF in cooperation with Granta Design and LIFE introduced the report 

ñCircularity Indicatorsò . In this report a methodology is developed based on indicators that 

assess how well a product or company performs in the context of a circular Economy. The 

developed indexes consist of a main indicator, the Material Circularity Indicator (MCI), 

measuring how restorative the material flows of a product or company are, and 

complementary indicators that allow additional impacts and risks to be taken into account ( 

EMF et al., 2015). MCI can be used as decision-making tool for designers, but might also be 

used for several other purposes including internal reporting, procurement decisions and the 

evaluation or rating of companies (EMF et al., 2015).  

MCI methodology focuses exclusively on technical cycles and materials from non-renewable 

sources and on the product level it can be used in the design of new products to take 

Circularity into account as a criterion and input for design decisions. The indicators allow for 

comparing different versions (ówhat ifô scenarios) of a product regarding its circularity at the 

design level. They could also be used to set minimum circularity criteria for designers. This 

can apply to new products as well as the further development of products with the aim to 

make them more circular. Aspects of product design that can influence the circularity scores 

range from material choices to new business models for the product ( EMF et al., 2015). In 

addition, MCI focuses on the restoration of material flows at product and company levels and 

is based on the following four principles: 

i) using feedstock from reused or recycled sources, 

ii) reusing components or recycling materials after the use of the product, 

iii) keeping products in use longer (e.g., by reuse/redistribution), 

iv) making more intensive use of products (e.g. via service or performance models) ( EMF et 

al., 2015). Based on MCI it should be possible to measures the extent to which linear flow 

has been minimized and restorative flow maximized for its component materials, and how 

long and intensively it is used compared to a similar industry-average product.  

ñ The MCI is essentially constructed from a combination of three product characteristics: the 

mass ὠ of virgin raw material used in manufacture, the mass ὡ of unrecoverable waste that 

is attributed to the product, and a utility factor ὢ that accounts for the length and intensity of 

the product's useò (EMF et al., 2015) . Figure 13 indicates the associated material flows. As 
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stated by EMF and others (2015)  ñ any product that is manufactured using only virgin 

feedstock and ends up in landfill at the end of its use phase can be considered a fully ólinearô 

product. On the other hand, any product that contains no virgin feedstock, is completely 

collected for recycling or component reuse, and where the recycling efficiency is 100% can 

be considered a fully ócircularô product. In practice, most products will sit somewhere 

between these two extremes and the MCI measures the level of circularity in the range 0 to 1ò 

(EMF, et al. 2015). 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 : Diagrammatic representation of material flows ( EMF et al., 2015) 
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3.2  Circular Economy in civil infrastructure sector  

This paragraph highlights the potential impact of the circular economy in the construction 

sector including design barriers and strategies. Paragraph 3.1 introduces the significant role of 

the construction sector in the transition into the circular economy. The literature discussed in 

this paragraph show that the construction sector is a priority sector for this transition. 

Paragraph 3.2 indicates the potential impact of circular economy in the construction sector. 

According to the literature review covered in this section, by effective and efficient use of 

construction materials different value such as reduction of life cycle costs van be created. 

Paragraph 3.3 describes the circular economy design strategy and design principles for the 

engineering of civil infrastructure systems. According to the literature discussed in this 

paragraph, the main barriers in order to transit the construction sector into the circular 

economy and to achieve the maximal value form resources is the lack of resource efficient 

design principles and involvements of stakeholders in the design process. As a solution, the 

use of resource efficient design criteria during the design stage and the use of an integrated 

design process, in which all stakeholders can be involved, is advised. Finally, paragraph 3.3.4 

summarizes the literature discussed in paragraph 3.2 as whole.  

      

3.2.1  Introduction 

The construction sector is an important economic engine with one of the largest users of raw 

materials and energy. For example, Dutch construction and demolition sector represents an 

important share, 4.8% in 2013, of the added value within the Dutch economy with building 

production of 72 thousand million euros (ABN-AMRO et al., 2014).  Dutch constructions 

sector is  more than 90% dependent or raw materials such as iron, aluminium, copper, sand, 

clay, limestone and wood,together accounting for an about 260 million tons in 2010 ABN 

AMro et al, 2014).  From this, 23 million tons of these materials ended up as waste, which is 

responsible for 37% of the total waste stream in the Netherlands (ABN AMRO et al., 2014).  

While Netherlands is one of the European countries with the highest reuse and recycling rate 

of construction and demolition waste with more than 95%, the recycling of it is suboptimal 

(ABN AMRO et al., 2014).The recycling processing of this fraction is very energy intensive, 

and the most of this waste is ódowncycledô. In other words, the current recycling is not a 
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valuable form of recycling. As pointed out by ABN AMRO and Circle Economy (2014), 

ñmore than 75% of construction waste is stony rubble, of which only 2% will be re-used as a 

replacement for gravel in new concrete. The vast majority of the gravel ends up in roads. 

Nevertheless, as much as 15% of all the Dutch waste that will be dumped or burned 

originates in the sector. Nearly 20% of this share is óhazardousô ò. 

In addition, the construction sector is highly dependence on fossil fuels and energy and it 

produce large amount of CO2 emission. The necessary energy and CO2 emissions per 

kilogram of most of these new and raw materials are relatively high, since the extraction and 

processing of these materials are so complex. For example, Dutch construction 

sector,between materials extraction and the End of Life phase (EoL), is  responsible for 4.5% 

of the total energy use in the Netherlands, excludes energy use during the use phase (USI, 

2014). The climate impact of the sector is 9.6 million tons CO2, it is about 5% of the national 

greenhouse gas emissions. From this amount 70% are released in the harvesting and 

production phase for construction materials (ABN AMRO et al., 2014). This amount is 

exclusive CO2 emission during transportation of heavy building material which contributes 

significantly in Dutch CO2 emissions (ABN AMRO et al., 2014). The current construction 

method has also other negative impacts such as noise, dust, waste (healthy) and 

contamination (toxins and chemicals) (ABN AMRO et al., 2014). 

3.2.2  Potential impact of circular economy on the civil infrastructure systems 

Construction sector, buildings and infra, is a priority sector for the circular economy (EU, 

2014), because of the large amounts resource use that are generated and the high potential for 

re-use and recycling embodied in these materials. Due to this, European commission has set 

high ambitions to stimulate the transition to a circular construction sector  (EU, 2014). In 

Europe, only 20% to 30% of all construction and demolition waste is ultimately recycled or 

reused efficiently, often because construction objects are designed and built in a way that is 

not conducive to breaking down parts into recyclable, let alone reusable components (EPA, 

2009) [Figure 9].  To stimulate reuse and recycling in the construction sector,  Waste 

Framework Directive (WFD)
5
  requires member states to take any necessary measures to 

achieve ña minimum targetò of 70% (by weight) of C&D waste by 2020 for preparation for 

re-use, recycling and other material recovery, including backfilling operations using non-

hazardous C&D waste to substitute other materials.  

                                                 
5
Directive 2006/12/EC revised by Directive 2008/98/EC 
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Figure 14: Construction and Demolition waste (C&D), (EPA, 2009) 

The current C&D waste quantities are ranged between a total of 310 and 700 million tonnes 

per year in the EU-27 (0.63 to 1.42 tonnes per capita per year).  Due to a lack in the available 

C&D waste data, it is difficult to estimate the total waste quantities generated in Europe  (EU, 

2014).   

Generally, civil infrastructure systems are owned by the governments. In other words, civil 

infrastructure systems are the natural capital or physical assets of governments that requirea 

major investment regarding raw materials and energy. To meet the huge need of materials 

and energy, governments have been increasingly importing natural resources from other 

countries, and exporting the negative consequences of their overconsumption abroad. By 

applying the principles of circular economy, different types of value (expressed as economic, 

environmental and social benefits) can be created. In the case of design and engineering 

process of civil infrastructure systems, applying circular economy principles provide more 

value or a higher service quality for the clients.  

This value can be expressed, for example by: 

- Reducing CO2 emission. 

- Reducing life cycle costs, 

- Reducing energy use of system during its life cycle 

- Reducing waste as output. 

- A more robust system. 
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Several studies indicate the economic, environmental and social benefits by efficient reusing 

of recycling of construction materials.  Below two initiatives as an example has been 

displayed. 

Ferrara LOWaste GPP Initiative, Italy  

LOWaste (Local Waste Market for Second Life products) program was launched in 

September 2011, in the municipality of Ferrara (estimated population of 135,000), in Italy. 

The programwas focused on the applying of lifecycle thinking, eco-design and local 

recycling markets including construction market. This initiative has provided important 

results over the past three years in terms of saved carbon dioxide emissions based on reused 

materials. In this 11,200 tons of recycled construction and demolition waste materials used 

for the construction of roads and cycling lanes, resulting in up to 593 tons of avoided CO2 

emissions from reuse of materials. 

 

Waste & Resources Action Program (WRAP), United Kingdom 

WRAP is established in 2000 as a not-for-profit company to identify the benefits and 

opportunities to reducing waste, developingsustainable products and using resources in an 

efficient way. WRAP is funding fromDefra (Department for Environment, Food and Rural 

Affairs), Scottish Government, the WelshGovernment, the Northern Ireland Executive, and 

the European Union. In 2008, WRAP developed and launched a voluntary agreement óôthe 

Halving Waste to Landfill (HWTL)ôô to support the joint Government and Industry Strategy 

for Sustainable Construction. The goal was a 50% reduction in construction, demolition and 

excavation waste to landfill by 2012, compared to 2008 and before.  After implementation of 

initiative, following results is quantified:  

 

Environmental impacts: to 2011, reusing and recycling of 5 million tons per year of waste 

diverted from landfill has result to 1 million tonsCO2reduction per year. 

 

Economic benefits: this initiative provided a cost saving of £400 million per year to 

organizations involved in this project. Also, £38 billion of procurement value (including 

public procurement projects) was influenced through HWTL by influencing procurement 

projects in progress. The key projects include: the London 2012 Olympics, the Shard building 

(UKôs tallest building) and Crossrail (thought to be Europeôs biggest infrastructure project). 
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Social benefits: employees from participating companies improved their skills in planning 

design, designing out waste and waste management during delivery of the agreement, through 

the attendance at workshops, training sessions and using online tools.  

 

3.2.3  Barriers and strategies 

International Council for Research and Innovation in Building and Construction (CIB) 

introduced in 2014 an overview-report that maps the most global technical barriers and 

strategies for re-use and recycling of construction materials in both building and 

infrastructure sector (Nakajima et al., 2014). This report represents an overview of the most 

frequent barriers in countries such as: Canada, Germany, Netherland, Singapore, US, Japan 

and Norway. The main barriers in the construction sector are lacks in resource efficient 

design principles during the design stage (namely design methodology) and lacks in the 

cooperation of all stakeholders to the design process (Nakajima et al., 2014). 

Design lack and strategies 

The most important factor that limits the reuse and recycling construction materials is a lack 

in current design methodology (Nakajima et al., 2014). Current construction structures are 

designed to construction and not deconstruction. Construction components are not designed 

to be reused and reconfigured, and the applied materials are often composed of composites, 

which are not designed to be recycled (Nakajima et al., 2014). For examples metals such as 

copper, aluminium and steel are usually contaminated with concrete. Furthermore, the 

complex recovery process is more expensive than raw materials and new materials. As stated 

by EMF (2012), circular economy is restorative by intention and design. Design is at the 

heart of a circular economy. According to EMF (2012) ñin a circular economy, products are 

designed for ease of reuse, disassembly and refurbishment, or recycling, with the 

understanding that it is the reuse of vast amounts of material reclaimed from end-of-li fe 

products, rather than the extraction of resources, that is the foundation of economic growthò.  

Since construction objects have a long life cycle, designers need to consider systems as a 

whole rather than focus on individual components or products (RSA, 2012). As indicated by 

WRAP (2012), ñdesigners and engineers have a key role in optimizing materials used in 

construction as their decisions directly influence what gets constructed and how. The best 

opportunities for improving resource efficiency in construction projects occur during the 

design stageò. Construction designers have to create design solutions that minimise waste and 
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use resources efficiently. Also, they have to identify for clients and contractors the best 

opportunities to reduce waste anduse more recovered material (WRAP, 2012). This can be 

done by the use of resource efficient design criteria. Resource efficient design criteria are the 

main technical strategies to enable reuse and recycling in construction sector. óDesign for 

deconstructionô and ódesign for reusability/recyclabilityô are some examples of resource 

efficient  design criteria.  

WRAP has carried out several researches, applied to different case studies, to identify 

opportunities to optimize resource efficiency in the construction projects. As result, WRAP 

launched in 2012 a design guide for builders and civil engineering design teams. This report 

indicates applying resource efficient design criteria as the key factor to enable reuse and 

recycle in the construction sector (WRAP, 2012).  In addition, ABN AMRO and Circle 

Economy emphasizes the importance of using design principles such as designing for 

dismantling, reuse and adaptability as one of the most important opportunities (factors) to 

enable reuse and recycle in the construction sector (ABN AMRO et al., 2014).  Table 1 

indicates the recommended design principles according to WRAP (2012), CIB (2014) and 

ABN AMRO (2014).  

 

Lack and strategies in cooperation of stakeholders  

According to CIB (Nakajima et al., 2014), integrated design process allows all members of 

the construction team to be in on the decision making processes from the very beginning of a 

project that leads to greater understanding of project goals and resource efficiency. As result 

this process would help improve recycling and reuse because of its inclusive approach and 

the awareness of the important issues throughout the decision process. Also WRAP (2012) 

recommends an integrated design process in order to ensure that perspectives of the 

stakeholders are included before that final design is determined. As stets by WRAP (2012), it 

is important that resource efficient design principles are considered from an early stage in the 

project cycle, and that designers follow this through the ground investigation, detailed design 

specification and procurement stages, in conjunction with other members of the project team, 

to ensure that design solutions identified at an early stage are embedded into the project and 

fully implemented.  
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Table 1: recommended design principles according to WRAP (2012), Nakajima (2014) and ABN AMRO 

(2014). 

 

Resource efficient Design principles for the civil infrastructure systems 

 

Design for deconstruction or design for assembly 

This principle enables significant changes to be made to the civil engineering project during 

the course of its life. 

 

Design for Reuse and Recycle 

Choosing materials that can be reused and or recycled at the end of life cycle 

 

Design for Adaptability or Flexibility  

Enables significant changes to be made to the system during the course of its life. 

 

Design for Durability  

Design for durability means matching materials to the planned  life of the project/structure 

with fewer life cycle replacements and reduced maintenance cycles. This can be achieved by 

using materials with a long technical life cycle and less maintenance. 

According to WRAP (2012), the most opportunities to apply resource efficient principles 

occur during the design stage and in particular preliminary and detailed design. WRAP 

(2012) recommends the use of three-step process for applying resource efficient principles 

during the design stage. Below, once again the three steps [figure 15]: 

 

 

 

 

 

 

Figure 15: Implementing of resource efficient design criteria (WRAP, 2012) 
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Step 1- Identify  

As stated by WRAP ñ the purpose of Step 1 is to identify as many potential opportunities as 

possible to improve materials resource efficiency in theproject through the design, and then to 

Rationalise the list by prioritising thosewhich will provide the biggest benefits and 

be easiest (and most cost efficient) toimplement. This approach ensures that 

no opportunities are missed, and thenthat time and effort is not spent pursuing 

insignificant onesò (WRAP, 2012). By this stage thedesign will be sufficiently advanced for 

initial material selection and method ofconstruction to be discussed but still at a stage where 

options can be considered.At this stage, the potential for change still exceeds the cost and 

resistance to change (WRAP, 2012).    

 

Step 2- Investigate 

In Step 2 each of relevant ideas is investigated fully to ascertain its viability and potential 

benefits of opportunities to maximise value and minimise costs and risks (WRAP, 2012). A 

key aspect in this step is the quantification of the benefits and impact of each design 

opportunity. As stated by WRAP (2012) ñit is important to quantify the benefits and impact 

of each design opportunity so that decisions about which solutions to pursue further are made 

objectively based on evidenceò. For this goal, it must be made use of metrics which help 

decision making easier, include cost savings and resource efficiency in the key metrics 

measured. In this research, use is made of AHP methodology in order to investigate the 

opportunities.  

 

Step 3- Implement 

óôOnce client approval to proceed with therecommended design opportunities hasbeen 

obtained, they should be fully workedup into design solutions and frozen into thedesign. 

Design decisions, quantification and details of the solutions should alsobe recorded in a 

document. Recording the quantified benefits alsoenables the designer to demonstrate thatthey 

have delivered cost and other savings tothe client/contractor, which can help themto win 

repeat business with future projects óô(WRAP, 2012). 

 

Guidance Systems Engineering (version 1, 2007) indicates the same principle in order to 

come to the best design alternatives/solution, in this case a resource efficient design. Below 

the design and engineering process based on SE principle is indicated [figure 16]. More 

information about this process can be found at paragraph 2.2.2 of this report or at the report 
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ñGuidline Systems Engineering  for Public Works and Water Managemen, version 1ò 

introduced by Rijkswaterstaat, ProRail, ONRI, Bouwend Nederland (2007). 

 

 

Figure 16: Design and engineering process of civil infrastructure systems, (Guideline SE, version 1, 2007) 

 

An important aspect that both WRAP and SE (and also many other literature) emphasize, is 

use of  óValue Engineer or value managementô. The term value refers to ñthe value added by 

the system as a whole, beyond that contributed independently by the parts, is primarily 

created by the relationship among the parts; that is, how they are interconnected ò, (NASA, 

2007).  Value engineering is a process of searching for opportunities with the goal to 

reducing risk and cost and maximizing the performance (value) of the system. This is a 

continuing process that can be tracked (for example by value manager) in each life cycle 

stage of systems. As stated by WRAP (2012), ñ value Engineering is a style of management 

particularly dedicated to motivate people, develop skills and promote synergies and 

innovation with the aim of maximising the overallperformance of an organisation and or a 

project. It involvesproduction of a value management plan andopportunities register at the 

start of theproject, which are updated at each stageò. According to Guidance Systems 

Engineering, version 3 (2013), ñ Value Engineering (VE) is a systematic, multidisciplinary 

approach that - with the aid of function analysisand creative techniques - the value of the 

system optimizes the entire lifecycle. The concept of valuereferring to the amount of 

functionality (with performance) compared to the life cycle cost. This value hasconcern what 

the customer considers important, such asdurability, money or limiting nuisance. VE wants 

this value for the customer to make as large as possibleò.  

  



 

 

46 

 

3.3  Conclusion 

This chapter provides an answer to the research questions 1, 2 and 3. The answers have been 

concluded from the studied literature during the research which is described in chapter 2 and 

chapter 3 (paragraphs 3.1 and 3.2). Below the answers for the questions are as follow: 

 

Question 1: To what extent does the current engineering process of civil infrastructure 

systems, based on systems engineering and performance based contracting, differs from the 

principles of the circular economy? Circular economy introduces a service and system-

oriented development of products including óa designô. In the circular economy, services 

should be purchased instead of products and systems should be developed instead of objects. 

In general, the engineering process based on performance based contracting is in line with the 

idea of purchasing services. Performance based contracts provide the opportunity for the 

infrastructure clients to express their needs as services that has to be designed. In addition,  

systems engineering as a management tool stimulates the engineering community towards a 

circular economic system.  Systems engineering integrates more disciplines and specialty 

groups into a team effort to think in whole and to (re)act as whole in order to develop 

systems. 

Question 2: What is the potential impact of circular economy on the civil infrastructure 

systems? Civil infrastructure systems are an important economic engine being one of the 

largest users of raw materials and energy. Moreover, civil infrastructure systems are highly 

dependent on fossil fuels and energy, and they produce large amount of CO2 emission. By 

optimal use of resources the value that is created by the system should increase.  

 

Question 3: Which design criteria can be used in order to design infrastructure systems 

according to circular economy principles? The most important goal of circular economy, 

which is namely missed in the current engineering process, is the optimal use of natural 

resources including energy and materials by using renewable energy and the ódesign waste 

outô principle. The goal of this principle is to make optimal use of materials by creating a 

closed loop for the material flow in each system. According to this principle, waste does not 

exist when systems are designed in such a way that materials are reused or recycled 

effectively at the end of their life cycle. To design waste out, use should be made of resource 

efficient design criteria such as design for adaptability, design for deconstruction, design for 
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durability and design for reuse or recycle. Design for durability refers to the life time 

extension of the infrastructure systems by means of choosing for design alternatives and 

materials which have higher technical life time and require less maintenance. Design for 

adaptability express designing systems in such a way that they can be expanded or changed in 

the future. Design for deconstruction means designing systems in such a way that the 

integrated components and materials can be easily disassembled for reuse or recycle at the 

end of its service life. Design for reuse or recycle point out to choosing for materials and 

components which can be easily reused/recycled to a great extent at the end of its service life.  

 

Question 4: Which strategy can be used in order to integrate resource efficient design 

criteria into the engineering process? Using the design waste out principle and involving the 

stakeholders through the value chain to the design process are the strategic approaches in 

order to design resource efficient civil infrastructure systems. The expertise and 

specialization of different experts through the value chain is needed in order to design a 

resource efficient civil infrastructure systems. 
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4. Methodological Approach 

This chapter describes and applies the methodological approach in order to involve more 

disciplines effectively, into the preliminary stage of the design process. This can done by 

using a multi criteria decision support system such as Analytical Hierarchy Process (AHP). In 

this paragraph AHP is applied to a case study. This chapter consists of 6 paragraphs. 

Paragraph 4.1 introduces the AHP method as a multi criteria decision support system. 

Paragraph 4.2 describes the working of AHP method in steps. Paragraph 4.3 represents the 

case study in which the AHP method is applied. Paragraph 4.4 discusses the results and the 

sub-conclusion that is drawn by some results. Paragraph 4.5 maps the identified relation 

between criteria based on results.  

 

4.1  Introduction  

As concluded so far, using the design waste out principle and involving the stakeholders 

through the value chain to the design process are the strategic approaches in order to design 

resource efficient civil infrastructure systems. By designing resource efficient systems, the 

value that is created by the system increases. However, resource efficient design criteria are 

not the only criteria that a system has to meet and or provide value. In addition to the 

resource efficient design criteria, the systems have to function properly according to RAMS 

criteria (see more about RAMS at paragraph 2.2.1). Reliability, availability, safety and 

maintainability are also criteria that offer value in term of functionality or costs for the 

systems. By integrating these criteria together, created value by the system increases. 

However, it is difficult to design a system which has to meet multiple criteria. For example, 

the clientôs satisfaction and the life cycle costs are two conflicting criteria when choosing a 

design alternative. In order to take into account multiple criteria during the design process, 

use can b made of multi criteria decision support system such as Analytical Hierarchy 

Process (AHP). In this research use is made of AHP: 

- to determine the relative important of the multiple criteria that a design has to meet,  

- to determine effectively the best design alternatives with respect to the criteria,  

- and to make efficient and effective use of expertises and experiences of other 

disciplines during the preliminary design process.  



 

 

49 

 

4.2  Analytical  Hierarchy Process 

AHP is a multi-criteria decision Analysis (MCDA) and a structured technique developed by 

Thomas Saaty in 1970 for organizing and analysing complex decisions, based 

on mathematics and psychology (Saaty et al. , 2008). AHP is in particular used for group 

decision making (Saaty et al. , 2008) in a wide variety of decision situations around the world 

in fields such as  government, business, construction industry and education (Saracoglu, 

2013).  Decision situations to which the AHP can be applied include (Forman et al. 2001):  

¶ Choice ï selection of one alternative from a set of alternatives. 

¶ Prioritisation/evaluation ï determining the relative merit of a set ofalternatives. 

¶ Resource allocation ï finding best combination of alternatives subject to avariety of 

constraints. 

¶ Benchmarking ï of processes or systems with other, known processes orsystems. 

¶ Quality management. 

The main factor that makes the AHP method strong compared to many other methods is 

reducing bias in decision-making. AHP helps capture both subjective and objective 

evaluation measures, providing a useful mechanism for checking the consistency of the 

evaluation measures and alternatives suggested by the team (NASA, 2007). According to 

NASA (2007) ñAHP as a proven, effective means to deal with complex decision-making for 

the engineering of all kind of systems to assist with identifying and weighting selection 

criteria, analysing the data collected for the criteria, and expediting the decision making 

processò ( NASA, 2007).  

 

A stated by Saaty ( 2008) AHP generates priorities that are needed to decompose the decision 

into the following steps.  

1. Define the problem and determine the kind of knowledge sought; 

2. Structure the decision hierarchy from the top with the goal of the decision, then the 

objectives from a broad perspective, through the intermediate levels (criteria on 

which subsequent elements depend) to the lowest level (which usually is a set of the 

alternatives);  

3. Construct a set of pairwise comparison matrices. Each element in an upper level is 

used to compare the elements in the level immediately below with respect to it; 

4. Use the priorities obtained from the comparisons to weigh the priorities in the level 

immediately below. Do this for every element. Then for each element in the level 

https://en.wikipedia.org/wiki/MCDA
https://en.wikipedia.org/wiki/Mathematics
https://en.wikipedia.org/wiki/Psychology
https://en.wikipedia.org/wiki/Group_decision_making
https://en.wikipedia.org/wiki/Group_decision_making
https://en.wikipedia.org/wiki/Decision_making
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below add its weighed values and obtain its overall or global priority. Continue this 

process of weighing and adding until the final priorities of the alternatives in the 

bottom most level are obtained. 

 

4.3  Case study 

For the case study, a lock gate is chosen since in this case,  multiple experts and disciplines 

can be involved into the design process (e.g. as compared with a tunnel or path). In addition, 

lock gate is a hydraulic component in which functional performance criteria play an 

important role in this. In general, lock gates can be made from 4 types of materials. These 

include: steel, composite, concrete and wood. Based on AHP questionnaire, 20 experts were 

asked to prioritize these four alternatives with respect to the 9 criteria. Table 4 represent the 

distribution of project criteria and their definition. In addition they were asked to determine 

relative importance of the criteria regard the project goal. The project goal was indicated as 

follow: ñChoosing the best gate for a lock with a functional lifecycle of minimal 100 years. 

The gate should consist of high resource efficiency; high reliability and safety; less 

maintenance during use phase; and low life cycle costò. Figure 17  shows the hierarchy 

structure between the objectives, criteria and alternatives. The pairwise comparison scale of 

Saaty is used to express the relative importance of criteria or alternatives according to experts 

opinion [Table 2].  

 

Table 2:  Fundamental Scale of Saaty (2008) 

 

 

 


















































































































































