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The procurement phase framework consists of a list of 23 qualitative indicators that have been validated 
by an expert panel and ranked according to their relative importance. These indicators can assess projects 
and can also be used as a guideline to develop specification requirements for new projects. 

The design phase framework consists of two modules - the material input module and design for 
disassembly module. The former module aims at assessing the components on the origin of the 
materials/components used. It provides a higher score for components that are reused as compared to 
recycled and virgin materials. The design for disassembly module assesses the modularity of components 
in terms of connection tools, accessibility and separation damage. This helps in assessing the condition of 
the component at the end of its life in order to judge its suitability for use in further lives.  

The end of life framework consists of a material output module that assesses the outflow of components 
and materials at the end of their life on a modified R framework, which is different from the ones used in 
the design phase.  

During the interviews it was also observed that different stakeholders considered different lifecycle 
phases slightly more important than the rest and capturing this essence in the final framework was 
necessary. This was done by interviewing a certain set of experts and conducting the analytical hierarchy 
process to determine weights for each phase based on different perspectives. Thus, the final framework 
not only distinguished the different life cycle phases, also provided a quantative distinction among them. 
The components of rail infrastructure that were defined in the scope of this study, also had varying 
importance as compared to each other based on their carbon footprint, lifespan and amount of material 
used. In order to correctly gauge this relative importance, annual greenhouse gas emissions for each 
component were determined, which helped in determining the individual contribution of each 
component to the overall emissions of the system. Finally, this individual contribution provided a 
numerical weight to distinguish the components with higher impact and potential to the overall circularity 
score.  

Case study 

Two case studies were performed at the end of this study which not only helped in validating the findings 
but also helped in determining the applicability and usability of this framework. The first case study was 
performed on the Uithoorn line which is an extension of a current tram line from Amstelveen to Uithoorn, 
Netherlands. This project is still in the early phase of design and was therefore analysed for the 
procurement phase. It was observed that the Uithoorn line scores low on circularity for the procurement 
phase as CE principles were not a crucial factor for the project. Less attention was given to closing the 
material loops as well.  

The second case study performed was on the Uithof line in Utrecht, Netherlands, which was brought into 
operation in late 2019. This project was therefore analysed for all the lifecycle phases, based on the 
documents provided and multiple interviews conducted with the project manager. The procurement 
phase of the project was analysed by studying the requirement specifications. It was observed that for 
the procurement phase, only one indicator was satisfied and resulted in a score lower than that of the 
Uithoorn line. The design phase of the project did not have much focus on circularity and material loops 
either. The entire project was constructed using virgin raw materials and no specifications were described 
for the end of life scenarios as well. This shows the lack of attention given to closing the material loops 
and thereby for circularity. Assessing the design for disassembly module from the provided documents 
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proved to be a challenge. Hence, it was completed by interviewing the project manager. Some 
components were designed well for modularity as they should have been, since modularity was the only 
indicator that was prescribed in the requirements. The results of the case studies were validated by 
confirming the final results and conclusions with the respective experts that were involved in the project.  

Conclusion  

Initial analysis of previous studies highlighted the dominance of traditional linear consumption patterns 
in the construction industry. The impacts of such practices are long term and in order to provide a 
habitable environment for the future generations, it is necessary to rethink such practices. Circular 
economy can provide a vital solution to the problems faced due to the effects and consequences of the 
linear model. Therefore, to successfully transition to a CE, it is necessary to understand its concepts and 
principles. Literature consists of a vast knowledge base for CE which can pose a better understanding of 
the topic at hand, but at same time also gives rise to multiple perspectives. To overcome the barrier of 
lack of awareness, it is essential to first understand these different perspectives and their underlying 
fundamentals in order to grasp the entirety of the concept. Barriers faced by stakeholders are often 
rooted in this unclarity of the topic.  

The final framework, which bases its outline on the R model and the design for disassembly aspects, tries 
to encapsulate the main principles of CE. Drawbacks analysed in existing assessment frameworks relating 
to the absence of the more extensive R models were overcome by including the most suitable Rs in the 
new framework for the design and EoL phase. Apart from the material flow aspect, the principle of 
designing out waste was captured in the design for disassembly module. This aspect was also absent in 
the existing frameworks and efforts were made to include such aspects that would sufficiently evaluate 
the modularity of the components involved.  

The complexity and uniqueness of every railway project makes it difficult to generate detailed indicators 
for the procurement phase since each project has a different set of boundary conditions and prerequisites. 
To keep a broad range of applicability of this framework, the indicators developed for the procurement 
phase were therefore kept generalized and qualitative.  

The final framework thus is an integrated framework of multiple CE aspects which can be used by clients 
and contractors. It can be useful in assessing the current projects or as a guideline to draft new 
requirements specifications. The design framework can also be used by designers to evaluate multiple 
design alternatives and then choose the most suitable solution.  

Recommendations for practice  

During interviews and case studies, it was observed that stakeholders are often unaware of the exact 
extent and principles of CE. To overcome most barriers discussed in this research, it is necessary for 
organisations to garner sufficient knowledge regarding CE. To offer circular solutions, it is necessary for 
organisations to completely understand the far-reaching impacts and opportunities of CE before diving 
into the technical intricacies.  

Large infrastructure projects are often complex and require the coordination and coherence of multiple 
stakeholders and organisations. In order to successfully implement circular solutions, early involvement 
of different stakeholders and contractors from the initial phases is necessary. Circular solutions are not 
the responsibility or the capacity of an individual stakeholder, but rather a collective effort. The current 
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tendering and procurement processes lack the required involvement of different stakeholders which 
hampers innovative and circular solutions. Modifications to such processes by early involvement of 
different stakeholders and knowledge partners can help with better formulation of the requirements that 
will encompass more circular principles than current practice.  

Changes to design methods and formation of the design documents is also necessary to sufficiently design 
modular solutions and transfer information for future life cycles. While analysing the documents for the 
case studies, specifically for the design phase, it was observed that little attention was given to specifying 
the details about connections and joints. In order to assess the design for the disassembly aspect, change 
in formulating such documents is also necessary. Aspects such as separation damage, connection tool, etc 
if incorporated in these documents can accelerate the assessment and at the same time provide sufficient 
data for future projects. If such details of components are known, this data can be reflected upon to check 
the applicability of these components for and while designing new projects, based on the current 
disassembled condition of the component. Therefore, DfD details are essential to be incorporated in the 
project documents which can also aid in the easier formation of material passports. 

Limitations and recommendations for further research  

During the course of the research, efforts were made to encapsulate most of the CE principles but due to 
the time constraints, certain choices were necessary. One of many such instances occurred in the early 
phases of the study, wherein a choice was made to focus only on the technical cycles of components. 
Biological cycles as depicted by the Ellen MacArthur Foundation (EMF) were decided to be excluded. 
These were the cycles that referred to biological materials wherein the materials could be streamed out 
into the environment without any additional processes. Including this aspect in the later modifications of 
the framework can be an interesting addition.  

The extent of complexity of a railway infrastructure project was faced with during the case studies. Like 
many concepts, theory portrays a simplistic image of the different types of tracks and their categories but 
the vivid nature and combinations were observed while analysing the multiple types of tracks 
implemented in the Uithof line. The scope of the research in terms of the components analysed can thus 
be extended to include more aspects such as the top layer finishing and signalling and communication 
systems, etc. Since concrete and steel components contribute heavily to GHG emissions, addition of such 
new components in the scope can provide more opportunities to implement circular components. 

While determining the relative importance of the different components, the results were determined 
based on an old database for the carbon emission factors. Though it was observed that the newer versions 
included more emission factors while the factors for the old components remained the same, it can be 
interesting to see the deviation of the scores according to the new database, or even a completely 
different source.  

Some major aspects of this research, such as relative importance of procurement phase indicators or the 
importance of different life cycle phases, were determined based on expert inputs. Since the concept of 
CE is relatively new, it was difficult to acquire a large panel who expertise in CE. Inclusion of more such 
experts in the near future can be an interesting addition to observe the variations that can occur based 
on an increased size of expert panel.  
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methods employ material extraction from the earth that are then used to construct the final product. 
After the end of its life cycle, these products are eventually disposed. These practices are the main reason 
for the high demand of virgin raw materials and for the large amount of waste produced. The global 
population is headed for an overshoot and the policies and efforts to curb the overconsumption problems 
over the past 30 years have been insufficient (Verberne, 2016).  

Replacing this ideology by transitioning towards a circular and closed process is one of the main solutions 
to the aforementioned problems. Implementation of the circularity principles and ideologies are emerging 
as the main catalysts to achieve sustainability goals. The Ellen MacArthur Foundation (EMF) defines 
circular economy (CE) as an economy which is �^�Œ���•�š�}�Œ���š�]�À�������v�����Œ���P���v���Œ���š�]�À�������Ç�������•�]�P�v�U�����v�������]�u�•���š�}���l�����‰��
products, components, and materials at their hi�P�Z���•�š���µ�š�]�o�]�š�Ç�����v�����À���o�µ�������š�����o�o���š�]�u���•�_ (Foundation, Cities in 
the circular economy: An initial exploration , 2017, page 7). It focuses on optimizing resource yields by 
circulating components and materials at their highest utility and value (Lesmes, 2020). The influence of 
CE can be made in material input, design, production, consumption and end of life (EoL) phase. In a CE, 
the EoL phase is connected to the material input phase which helps in minimizing waste streams as well 
as the required feedstock for new production (Arntzenius, 2020). For projects within the construction 
sector, the process is usually divided into different life cycle phases. For public projects such as the 
construction of a new railway line, it usually begins with the procurement of goods and services, followed 
by the detailed structural design phase. The construction and use phases are then followed by the EoL 
phase wherein the components are incapable to perform their intended function and thus, are replaced 
and discarded.  

it is estimated that if CE ideologies are implemented, the savings in terms of materials costs will be of USD 
630 billion for medium-lived complex goods in the EU and USD 706 billion for fast-moving consumer goods 
globally (Foundation, Circularity Indicators: An approach to measuring circularity , 2019). Implementation 
of CE not only provides economic and environmental benefits on a global level but also gives companies 
the possibilities to mitigate risks, as these are no longer dependent on virgin raw materials that are 
subjected to material price volatility and material supply. Closing the material loops will also reduce the 
dependance on virgin raw materials and help tackling the problem of material extinction. Simultaneously, 
since materials are kept in the loop, reduction in the waste streams and emissions from the production of 
new materials will also reduce the stress on the global environment. A more detailed understanding of CE 
is provided in chapter 3 of this study. 

Even though the first mention of CE dates back to 1980s, the varied and vast interests in this concept have 
led to different perceptions and its definitions. One important study analyzes 114 different definitions of 
circular economy showing its multiple perspectives (Kirchherr, Reike, & Hekkert, 2017). Therefore to 
better understand and to evolve the concept even further, there exists a need to reach a shared 
understanding and a common language (Saidani, Yannou, Leroy, Cluzel, & Kendall, 2019). Assessment and 
measurement of these CE principles are equally important, as they help to determine the extent of 
circularity of any project. Since the concept of CE has gained traction, many assessment tools have also 
been developed simultaneously which help in the assessment of projects based on their circularity. In the 
study conducted by Sassanelli, Rosa, Rocca, & Terzi (2019), various frameworks and concepts that aid CE 
implementation are described, such as Life Cycle Analysis (LCA), MFA (Material Flow Analysis), DfX (Design 
for X). Even though these tools are frequently used, they still possess a few limitations such as their 
inability to encompass all the environmental impacts. The use of LCA can also be enhanced by 
complimenting its methods by incorporating more CE concepts in these analyses. Also, the MFA only 
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dependency also leads to geopolitical tensions which influences the raw material prices and eventually 
the stability of the Dutch economy (Dijksma & Kamp, 2016).  

Despite these significant impacts, the Dutch construction industry only focuses on recycling majority of its 
waste streams and recycles approximately 97% waste (Nellssen, et al., 2018). This leads to the 
misconception that the industry is circular and sustainable (Figure 1). Only 3% of the recycled material in 
the construction sector returns to its original function and the rest is often used as a road base or filler 
material (Nellssen, et al., 2018). This depicts the loss of initial value of products that they were initially 
designed for. Recycling also utilises additional energy for the realisation of new products and is therefore 
less favourable than reuse or refurbish. The difference between the recycling economy and circular 
economy lies in the fact that the former still involves the input of raw materials and generation of wastes, 
continuing the demand of raw materials, whereas in CE the loops are closed (Buren, Demmers , Heijden, 
& Witlox , 2016).  

 

 
Figure 1: Flow of Construction and Demolition waste in the Dutch Construction industry.   

    (Source: (Nellssen, et al., 2018)) 

  
In order to reach the main goals of CE, the Dutch government has set its targets to reach 50% circularity 
by 2030 and completely circular by 2050 (Dijksma & Kamp, 2016; Nellssen, et al., 2018). According to the 
report from Rijkswaterstraat (Nellssen, et al., 2018), to achieve the set goals, a few spearheads that will 
aid the developments in the right direction, some of which are stated below: 

- All government procurement to be circular by 2030 
- Reduce the CO2 emissions by 50% by 2030 and 100% by 2050 
- Grants for circular business and earnings models 
- Development of uniform measurement method for circularity  
- Establishment of a knowledge base institute for Circular buildings  

The government of the Netherlands has understood the problems of the linear economy and has 
developed goals to transition towards a more sustainable and circular development. The CE model if 
implemented successfully is also estimated to generate an additional turnover of 7.3 billion euros and 
account for 54,000 jobs in the Netherlands. It can also lead to a GDP growth ranging from 1.5 billion euros 
to 8.4 billion euros (Dijksma & Kamp, 2016). On a larger scale, sustainable efforts are being made to 
transition to a more renewable source of energy (green electricity) and simultaneously produce as much 
as 0.4 million kWh electricity by means of solar panels (ProRail, 2016). 
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 KNOWLEDGE GAP 

The importance of CE is imminent from the previous sections, and the increasing demand and 
scarcity of resources are piling up on the global problems, for which CE can provide a valuable solution. 
CE has shown fast growing interest from major stakeholders in the field and substantial developments 
have been made in terms of implementing CE strategies and their assessment methods. However these 
existing methods which provide a common language to assess circularity, are still criticized for their lack 
of ability to encompass all aspects of CE. One major reason for this is the different definitions and 
perceptions that researchers have in regards with CE and its concepts. From the review of past studies, it 
is also evident that majority of the academic work that is conducted for the assessment of CE majorly 
focuses on buildings, and are seldom instrumental in assessing railway infrastructure. The importance of 
railways and its infrastructure, and at the same time the lack of research in terms of CE is appalling.  

The Dutch construction sector can be divided into the building sector and the infrastructure sector, 
amongst which, the infrastructure sector has a large deficit in CE implementation. Review of past studies 
have shown that for the building sector, there have been multiple projects such as The Edge, Park 20|20 
and CIRCLE (Sande L. v., 2019). Whereas for the infrastructure sector, CE has only been implemented in 
one project that was the circular viaduct in Kampen, the Netherlands (Rijkswaterstaat, 2019). Even though 
CE has shown signs of development, it can be observed from the previous sections that these are 
comparatively small-scale projects and a large gap is yet to be bridged for large scale infrastructure 
projects and their assessments. The ambitions of ProRail to reuse 10% of excessive materials does not 
take into account the reuse of materials at the end of their life but considers excess materials that are left 
after construction. Efforts to cascade materials and components into secondary lives after the completion 
of their initial life cycle is essential to minimize the waste flows to the landfills.  

Fulfilling this research gap of understanding the extent to which CE is implemented in a railway 
infrastructure project in order to collectively reach the goal of attaining CE in the construction industry is 
therefore necessary. The contribution of the railway infrastructure projects cannot be neglected in terms 
of resource consumption and waste generation processes and therefore needs immediate attention, in 
order to reduce the adverse effects of the construction industry. This knowledge gap is acknowledged and 
the primary aim of this research will thus be to understand the concepts of CE in detail along with its 
implementation barriers for urban railway infrastructure. Taking into consideration the importance of 
assessment frameworks and indicators as described in section 1.1, this study will focus on generating an 
assessment framework for urban railway infrastructure. 

 

 PROBLEM STATEMENTS 

In order to clearly understand the deficits of this research area and to help better formulate the 
research questions, it is necessary to highlight the major aspects that will be covered in this study. These 
points will be described as problem statements which will provide a brief outline of the main topics that 
need to be analysed. 
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Sub research question 2) What are the barriers and opportunities of the already existing frameworks to 
evaluate and assess CE? 

The answer to this sub- research question will help in understanding the drawbacks of existing frameworks 
in order to avoid similar pitfalls and to encompass concepts and principles that were previously omitted. 
This step can be useful in understanding the method of development of such frameworks and form a 
strong base for the new framework of this study. Since majority of the already existing frameworks are 
based on the concept of indicators along with academic validation of their importance (Linder , Sarasini, 
& Loon, 2017), it is essential to develop a set of indicators that can help generate a base for the new 
assessment method. Indicators so far, as mentioned before, seldom focus on transport infrastructure and 
it is therefore necessary to develop new indicators, resulting in the formation of the third sub-research 
question of this study as: 

Sub research question 3) What are the common indicators of circularity for urban railway infrastructure? 

The answer to this sub-research question will help in outlining a set of indicators that can aid in the 
development of the backbone of the assessment framework of this study for the different life cycle 
phases. These indicators will generate a basis on which the transport infrastructure can be judged and can 
be categorized based on different criteria. The final step of the research will require translating these 
indicators into an assessment framework along with their score aggregation, appropriate weighting, 
categorization and prioritization which leads to the formulation of the final sub-research question:  

Sub research question 4) What are the steps needed to formulate these indicators into the final 
framework?  

The answer to this sub-research question will lead to the final formation of the assessment framework. 
The indicators generated in the previous step need to be formulated so as to develop a framework that 
can successfully achieve its goal. The importance of indicators may vary based on their contribution to the 
overall goal and would hence require appropriate sorting. Indicators for different life cycle phases also 
need to be weighed against each other to judge the difference in importance for the different phases. The 
previous steps outline a general idea regarding the multiple options within indicators and choices need to 
be made to substantiate and include the necessary indicators for the framework. Satisfactorily answering 
all the above sub-research questions will eventually help in answering the main research goal and develop 
an assessment framework for urban railway infrastructure whose results will be validated by performing 
2 case studies. 

 

 STRUCTURE OF THE REPORT 

Chapter 1 of this report establishes the research gap and the research questions of the study. The 
methodology adopted along with the scope of the project will be defined in chapter 2. Chapters 3 
describes the theoretical background of circular economy, elaborates on its principles and definitions, and 
chapter 4 provides the basic theory regarding the different railway infrastructure components. The 
detailed design of the framework, the results from the interviews and the development of the different 
modules and substantiating the choices are described in chapter 5. Chapter 6 gives a general overview of 
the framework and its working along with a case study. Discussions regarding the results are described in 
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chapter 7 along with the research limitations, followed by a conclusion and recommendations in chapter 
8. The division of the research along with the contents of the chapters relating to the individual sub-
research questions can be seen in figure 2. 
 

 SUMMARY 

The chapter highlighted the clear need for a circular economy given the largescale consumption 
and waste generation patterns of the current linear economic model. Currently the waste streams are an 
afterthought, an annoyance. For the longest time, the planet was resilient, and it absorbed the waste we 
produced. With the current exploding population trend, we need to consider the impact of our actions. 
To overcome the problems associated with the waste streams, it is essential to create a shift in the 
paradigm by which we convert our waste into something valuable. This shift can be achieved by 
transitioning towards a circular economic model which decouples the economic growth from the finite 
resource consumption. Ideally, CE aims to eliminate waste streams altogether by closing the loop through  
endless reuse of materials (Alstom, 2016). 

The global population is estimated to increase to 9.7 billion by 2050 out of which 70% of people will reside 
in urban areas (Alstom, 2016). This increase in population has a consequence on the global urban 
transport emission and can lead to generating twice as much as emissions of nearly 1 billion annual tonnes 
of CO2 equivalent by 2025 (Alstom, 2016). To achieve the national and international goals set by 
governments and for cities to be green, the dependence on cars needs to be reduced which in turn 
increases the demands for trains (Alstom, 2016). This can result in an increased number of railway projects 
causing an increased material demand. In order to ensure that these upcoming projects do not pose any 
additional threats than the existing ones, efforts must be made to build such projects in the most 
sustainable and circular ways.  

The current trends within the Dutch construction industry depict that the primary focus is on lowering 
carbon emissions and changes to the material consumption patterns are often overlooked (Alstom, 2016). 
Though carbon and other GHG emissions pose severe environmental problems, these can also be reduced 
by implementing circular solutions as cascading components can prevent the carbon intensive production 
processes of such materials.  

The lack of implementation of CE principles can be attributed to the lack of indicators and targets (Saidani, 
Yannou, Leroy, Cluzel, & Kendall, 2019). Assessment and measurement of CE is important, as the extent 
to which CE is implemented needs to be measured for further recommendations and improvements. In 
order to overcome the knowledge deficit of CE in this sector, it is important to preserve and exchange 
knowledge which can be done by with the help of assessment frameworks. To bridge the gap and 
accelerate the transition towards CE, the research and sub research questions of this study were so 
established that they can aid in developing an assessment framework for urban railway infrastructure.  
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Figure 2:Research flowchart
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diamond method are - discover, define, develop and deliver. On these lines, this research started with the 
problem analysis and the current state and goals of the circular economy in the construction industry.  

 

Figure 3: Components of Railway Infrastructure (Own illustration, Source: (PYRGIDIS, 2014)) 

 

 
                      Figure 4: Double diamond method (Source: (Bos, 2020)) 
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drawback is the absence of sufficient knowledge and information transfer (Saidani, Yannou, Leroy, Cluzel, 
& Kendall, 2019). The transport infrastructure being an important part of the construction sector, is often 
neglected when it comes to the transition from linear to circular methods. To bridge this gap and 
satisfactorily develop a solution to this problem, this research works on understanding the hinderances 
for this transition in CE for infrastructure projects. 

2.4.2 Practical Relevance 
To transition towards CE for large infrastructure projects, companies and organizations require guidelines 
and information regarding the appropriate measures. The final product of this study can help companies 
to not only judge their work on its completion but also help them implement CE in new projects. It can 
act as a guideline and determine areas for which a certain project can further improve to minimize linear 
methods. Since the methodology of this project takes into account expert views and inputs, the product 
can be a close link between the CE and actual trends. 

2.4.3 Governmental Relevance  
In order to reach the goal set by the Dutch government and by the EU, it is important to work towards a 
successful transition from linear methods to more circular ones. The Dutch government has set its goal to 
reach complete circularity by 2050 and in order to do so it is important to take into consideration all the 
aspects that are included in the construction sector. The lack of focus on transport infrastructure can 
cause delays in reaching such targets and it is therefore necessary to work on these fronts.  

2.4.4 Societal Relevance 
The fast-rising temperature and climate change are the most important issues that pose a threat to 
mankind. If the current linear economic trends continue, apart from leading to the extinction of our 
resources, they also possess a threat to human existence. Resource depletion will soon result in a global 
problem that if not acted upon earlier, will lead to severe consequences. The introduction of CE in this 
regard can help prevent these problems from radically changing planet earth. The construction industry 
has played an important part in the economy of a country but at the same time also caused major 
environmental problems and therefore to continue reaping its multiple benefits, it is essential to move 
towards a more sustainable method. 

 

 SUMMARY  

This chapter described the research design for this study and elaborated on the scope of the 
project. The environmental indicators have already been studied extensively in frameworks such as 
DuboCalc. From the complex system of urban railway infrastructure, the railway tracks consisting of the 
superstructure, substructure as well as the overhead lines were included within the scope.  

Methods to gather data for satisfactorily answering the sub-research questions and the main research 
question included desk research and semi structured interviews. Review of past studies of different 
concepts of CE and the components of railway infrastructure provided an extensive knowledge base. For 
instances where current trends were to be studied and review of past studies did not provide sufficient 
information, semi-structured interviews with the experts from the field were conducted. Multiple rounds 
of such interviews helped in understanding barriers for CE implementation and for completing the case 
studies. The weighing method such as AHP also helped in determining weights of indices and for life cycle 
phases whereas the Likert scale aided the determination of indicator weights for the procurement phase.   
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Figure 6: 10R Model (Source: (Potting, Hekkert, Worrell, & Hanemaaijer, 2017)) 

The EMF which has made immensely important and drastic contributions in the field of CE has also in its 
report, mentioned the core principles on which CE builds. The principles have evolved since their early 
development in the first report of 2012 but have stayed consistent after 2015. Even though there exists a 
difference in the definition of these principles, the intended aim behind it has always been the same. The 
principles that are included in the report of 2015 (Foundation, 2015,page 22) are: 

- Design out waste 

This principle aims to minimise waste generation and theoretically, produce zero waste. Generation of 
waste is often the result of decisions made during the design phase and therefore the intention behind 
this principle lies in the consideration of the end of life phase during the initial design phase, which can 
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curb the problem of waste generation as the product can be reused, remanufactured or repurposed for 
the same or different technological cycle. 

- Build resilience through diversity  

The second principle sheds light on the diversity that is included in the natural system which helps it to 
thrive in adverse circumstances. This ideology should also be followed in the technological systems in 
which the methods are built to sustain changes and shocks that can occur due to changing conditions of 
the surroundings. Systems can derive greater value from diversity by sharing the resource pools. 

- Shift to renewable energy sources 

Thirdly, given the ever growing stress on fossils and other non-renewable sources, there is a drastic need 
to switch to more reliable and environment friendly sources in order to limit the damages on a global 
level. 

- Think in systems 

The EMF believes that in order to transit towards a CE it is important to think about all the actors involved 
in and changes within a single organisation or a company are not sufficient. To understand and work 
towards achieving a CE it is important to think about the system as a whole and not just about individual 
levels. It is necessary to understand the interrelationships of different actors and products within a system 
and work towards designing a cohesive system. 

- Think in cascades 

The last principle aims in extending the lifetime of products by reusing them at their highest value in 
similar or other applications. All these principles draw inspiration from the working of the natural systems 
and surroundings which have thrived despite human interferences. 
 

 DEFINITIONS OF CIRCULAR ECONOMY 

There is an ever-growing interest to understand and successfully implement CE ideologies in the 
construction sector in order to operationalize the much-discussed concept of sustainability and also to 
achieve goals set by national and international governing bodies regarding circularity. As studied by 
Kirchherr, Reike, & Hekkert (2017), due to such interests, there exist an undefined boundary regarding 
the definitions of CE which leads to blurred concepts. In their study, they were able to generate a sample 
which consisted of 114 CE definitions, depicting the absence of a common universal definition. 
Measurement of circularity is not possible if the concept is not well defined. Since CE is the core concept 
of this research, it can be helpful in explicitly defining CE. The chosen definition can then be used to explain 
to the interviewees and to other participants of this research of how CE can be defined best that matches 
the aims of this study in order to obtain the best results. In this section, a definition tool developed by 
(Arntzenius, 2020) that was built to accelerate the process of definition selection is used. This tool was 
developed as a part of a master thesis research which categorised definitions based on 28 dimensions 
that were studied in literature. Since Kirchherr, Reike, & Hekkert, (2017) had performed similar research, 
the base of the samples used in the tool was built on their earlier work. Arntzenius, (2020) added 9 more, 
to the 114 already existing definitions, out of which, one definition was split into 2 and therefore 
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refinement of the input parameters it was noticed the resulting definitions were very vague and 
inconsistent. For example, one of the refinement cycles resulted in the definition given below,  

�^�d�Z���Œ���(�}�Œ�������Z�]�v���[�•���]���������}�(�����]�Œ���µ�o���Œ�������}�v�}�u�Ç���Z���•���]�š�•���}�Á�v�����Z���Œ�����š���Œ�]�•�š�]���•�X���d�Z�������µ�š�Z�}�Œ��believes at least the 
�(�}�o�o�}�Á�]�v�P�� ���Z���Œ�����š���Œ�]�•�š�]���•�� ���Œ���� �Á�}�Œ�š�Z�� ���u�‰�Z���•�]�Ì�]�v�P�X�� �&�]�Œ�•�š�U�� ���Z�]�v���[�•�� ���]�Œ���µ�o���Œ�� �����}�v�}�u�Ç�� �]�•�� ���v�� �]�������� �����}�µ�š�� �š�Z����
economic pattern in respect of nature rather than an idea about environmental management in some 
other countries, because China hopes to reduce resource consumption and pollutant production at sources 
and in the whole process by changing the economic pattern. It also hopes to achieve win-win in both 
�����}�v�}�u�Ç�����v�������v�À�]�Œ�}�v�u���v�š�����Ç�����]�Œ���µ�o���Œ�������}�v�}�u�Ç���]�v�•�š���������}�(���Z�����}�v�}�u�Ç���Á�]�š�Z�}�µ�š���Œ�����Ç���o���[���}�Œ���Z�Œ��cycle without 
�����}�v�}�u�Ç�[�V���š�Z���Œ���(�}�Œ�����š�Z���������‰���Œ�š�u���v�š���‰�Œ�}�‰�}�•�������(�}�Œ���‰�o���v�v�]�v�P�����]�Œ���µ�o���Œ�������}�v�}�u�Ç�����•�������Á�Z�}�o�����]�v�����Z�]�v�����]�•���š�Z����
State Development and Reform Commission which has a comprehensive nature instead of environmental 
management departments in some other countr�]���•�X�� �^�����}�v���U�� ���Z�]�v���[�•�� ���]�Œ���µ�o���Œ�� �����}�v�}�u�Ç�� �v�}�š�� �}�v�o�Ç�� ���]�u�•�� ���š��
garbage economy or 3R economy for treating solid waste in respect of objects but at all scarce resources 
�]�v�À�}�o�À������ �]�v�� ���Z�]�v���[�•�� �����}�v�}�u�]���� �����À���o�}�‰�u���v�š�U�� �]�v���o�µ���]�v�P�� �Á���š���Œ�U�� �o���v���U�� ���v���Œ�P�Ç�U�� �u���š���Œ�]���o�•�� ���v���� ���}�Œ�Œ���•�‰�}�vding 
waste; to a certain extent, it is of more urgent significance for China to develop circular economy which 
deals with consumption of water, land, energy and other resources and control of related pollutants. Third, 
���Z�]�v���[�•�����]�Œ���µ�o���Œ�������}�v�}�u�Ç�����}�u�‰�Œ�]�•���•�����]fferent space levels in respect of scale and includes circular economy 
�}�(�� �]�v���]�À�]���µ���o�� ���v�š���Œ�‰�Œ�]�•���•�U�� �]�v���µ�•�š�Œ�]���o�� �‰���Œ�l�•�� ���v���� �Œ���P�]�}�v�•�U�� ���š���X�� �&�}�µ�Œ�š�Z�U�� ���Z�]�v���[�•�� ���]�Œ���µ�o���Œ�� �����}�v�}�u�Ç�� �•�š�Œ���•�•���•��
progressively increased practice forms on the following three levels in respect of pattern and emphasizes 
the need to develop from low-level recycle of waste based on ecological efficiency (to reduce consumption 
and pollution) to high-level recycle of products and services based on ecological effects (to prevent 
consumption and polluti�}�v�•�X�_ 

The above result gives a general idea about the CE goals of China and cannot be used as a definition. The 
decision was made to manually scan the portfolio of definitions and select a definition that best fits the 
context and scope of this research. This final selection was made in order to define CE in a way that can 
be related to the final framework and can also be used while discussion with the experts in the interviews 
that are to be conducted. The chosen definition states that,  

�^�������������]�u�•���š�}���l�����‰ products, components, and materials at their highest utility and value at all times. 
The value is maintained or extracted through extension of product lifetimes by reuse, refurbishment, and 
remanufacturing as well as closing of resource cycles�v through recycling and related strategies. An 
alternative strategy for extension of product lifetimes may be to use products more efficiently through 
sharing them or making them multifunctional. All these strategies may be facilitated through changes in 
ownership relationships, such as leasing and product service systems (PSSs)�_ (Bocken, Oliveti, Cullen, 
Potting, & Lifset, 2017, page 1). 

This definition was chosen as it focuses on a greater R model than the 3R model and focusing on the 
material aspect of CE. Mention of value retention and changes in ownership models also highlights the 
need for not just technical changes but at the same time, organizational changes as well. Rethink of 
business models can play an important role in the transition towards CE. These factors align well with the 
defined scope of this study and is therefore chosen to be a suitable definition. 
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Despite having most of the corners of CE covered, this method is still in its development phase and is yet 
to be completed. The method can only be used to gain insights but cannot be used to make a circularity 
assessment. Additionally, the lack of availability of the detailed data required for this method makes it 
difficult to implement. Nonetheless, reframing some of these indicators could serve to support the 
formation of the framework.  
 

3.4.3 DuboCalc 
This tool is one of the most often used tools in the Netherlands for the building and infrastructure sector. 
DuboCalc consists of multiple environmental cost indicators (MKI) that provide environmental 
sustainability of any infrastructure in monetary value. This is easier to compare when it comes to selection 
of tenders. Though it is frequently used, DuboCalc does not focus explicitly on closing material loops and 
similar aspects of CE (Coenen, 2019). The tool primarily focuses on sustainability and therefore on the 
energy and environmental aspects. This point was also confirmed from one of the interviews, where the 
expert agreed and stated that DuboCalc is focusing more towards the environmental aspect and the 
different scenarios of the EoL are not incorporated.  

The analysis of the different assessment frameworks has provided valuable insights regarding different 
methods. One key observation from this analysis was the fact that not all Rs from the 10R model were 
taken into consideration (only Reuse and recycle).  Another important observation was the inability of 
either of the frameworks to focus on all the life cycle phases. The industry can influence circularity of 
assets at different life cycle stages and better goals can be achieved by means of partnership and 
collaboration. Figure 7 shows the influence of different life cycle phases over circularity of an 
infrastructure asset and therefore to obtain the best results, it is important to focus on all stages. The high 
influencing potential of the planning phase makes it essential to focus on the early phases of an 
infrastructure project and will be taken as a starting point for the development of the framework.  

 
Figure 7: level of influence on circularity within asset life cycle 
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 THEORETICAL BACKGROUND  

on Railway Infrastructure  
 

This chapter sheds light on the different components of railway infrastructure that have been 
defined in the scope of this research. The substructure, superstructure and overhead lines along 
with their classification and track types will be the main focus of this chapter.  
 
 

 DIFFERENT TYPES OF RAILWAY SYSTEMS 

The following sections, till the end of this chapter have been referenced from three academic 
textbooks, Profillidis (2014), PYRGIDIS (2014) and Lichtberger (2005).  

In order to successfully develop a framework for railway infrastructure components, it is essential to 
define these components for the scope of this study and grasp a detailed understanding of each such 
components. The railway components and types of tracks used differ based on the system that is built. 
Figure 8 shows a broad classification of the different types of systems that are usually used for rail 
transport. The following sections outline a brief description about these different types. 

 

Figure 8: Classification of Railway systems (Source: (PYRGIDIS, 2014)) 
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excluded due to the time constraint of this research. Apart from this, the monorails are not yet a common 
system within Europe.  If metros are to be analyzed, underground construction of tunnels and stations 
are also important to be looked into and cannot be excluded. Given the time of this , it is therefore chosen 
to not focus on metros for its assessment in terms of circularity. Another deciding factor in narrowing 
down the scope was the involvement of Mott MacDonald and the experts who were involved in this 
research, as they worked majorly on LRT systems, hence it was only logical to focus on these systems to 
obtain the best results.  

The overview of a traditional ballast track along with its components is described in the next section. 
Further modification and different types of tracks are discussed in the later section of this chapter. Even 
though the track layouts differ, the components that exist within these tracks are still to a very large extent 
similar and hence the subsequent sections will elaborate more on these different components. 

 

 TYPES OF TRACKS 

4.2.1 Ballast track 
These types of tracks are the most used traditional tracks that include a layer of ballast below the sleepers 
(figure 9). These tracks give more flexibility in construction and are cheaper than slab tracks. The quality 
of the track over its entire lifetime is dependent directly on the initial quality after track laying and the 
period immediately after.  

 

 

Figure 9: Comparison of Ballasted track and Slab track (Source: (PYRGIDIS, 2014)) 

 

4.2.2 Slab track 
In such tracks, ballast as the load bearing material is replaced by another stable material such as concrete 
or asphalt. The plastic deformation of these materials is very slow in such circumstances. The required 
elasticity has to be provided by inserting elastic elements below the rail of the sleeper as the concrete or 
asphalt layer is very stiff. Slab tracks also require a subsoil which is virtually free of settlement. The rail 


























































































































































