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Preface 
 
Before my graduation project started, I aimed to conduct a research that would have a 
contribution to the AECO industry, and especially in its transition towards a circular built 
environment. Not only for a scientific relevance, but also the societal relevance of the research 
was important. Our impact on the environment is something we cannot deny, and therefore we 
must aim to change our mindsets and workflows to change them into circular processes to 
contribute together in creating a better planet, even if this is done with small steps at the time.  
 
I think this research has great potentials for the circular built environment to be implemented 
and therefore can be of great contribution. Especially for stimulating the reuse potentials of 
building materials to reduce the waste generation. Therefore, I am very proud of what I have 
accomplished during my graduation project. This research finalizes the master Construction 
Management and Engineering and therefore also the end of my career as a student.  
 
Reflecting on the past six months as well as my student career at the Eindhoven University of 
Technology, I can say I grew as a person during these years. The opportunity from the 
University to choose your path of (offered) courses, makes it able to design your personal 
development during the master. I am very grateful for this chance, because I could follow a 
variety of courses, which I did. Combining these courses and the knowledge that I gathered, 
evolved in the final topic for my master thesis. It is a very complex topic, in which a lot of 
different components could and should work together. Everything I learned in the past years 
did help me solving issues and scientific problems. This report is a collection of everything I 
learned during my study, and therefore I look back with pride on all the effort, devotion, 
knowledge, and positive energy I managed to implement in this very important period of my 
life. 
 
But of course, this was not possible without the great support from the people I gathered 
around me for helping me achieving my research goal. First of all, I want to thank Pieter 
Pauwels for his devoted and strong support before and during the graduation project. This 
result would never have been possible without your guidance. It was a pleasant collaboration, 
even though almost the entire process was held online due to the Coronavirus, it was still 
managed to retrieve a lot of feedback during the project. I am also very grateful to my external 
supervisor Anouk van Otterlo, who supported me throughout the entire project, always made 
time for me to discuss ideas and results, which led to valuable insights and helped me in 
making the right decisions.  
 
I would like to thank my 2nd supervisor Qi Han for the intermediate feedback moments and 
especially for her contribution to the knowledge of the circular built environment. I also want to 
thank Marcel van Bavel (BASED, BIM Management & Consultancy) for the chance to 
collaborate with me on this research topic, the valuable ideas, critical feedback, and support. I 
also want to thank my colleagues from the company for their input in the research as well as 
the great time I had with them. 
 
Finally, I would like to thank my family and my girlfriend for always supporting my ambitions 
and share the same motivation I had for this research and the entire study. Without them, this 
would never have been possible. 
 
Joran Verhoeven 
Eindhoven, August 2020
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online-applicatie is een bestaand prototype met positieve testresultaten. Nadat er een aantal 
optimalisaties plaatsvinden in de codes, heeft de online-applicatie realistische potentie om 
toegepast te worden in de AECO-industrie. De online-applicatie realiseert de gewenste 
connectie zoals die is geformuleerd in de hoofdvraag en de vraag en aanbod in de digitale 
marktplaats draagt bij aan de kansen voor het stimuleren van het hergebruik van 
bouwmaterialen. Gebaseerd op deze resultaten kan daarom geconcludeerd worden dat het 
onderzoeksdoel is bereikt.  
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This is in line with the vision of the Dutch government which has set clear objectives about the 
circular economy in the Netherlands. Their first objective is to make the production process 
more efficient in which fewer natural resources are needed. The second objective is when it is 
inevitable that natural resources are needed, this must be extracted from renewable resources. 
And the final objective is to develop new production processes with the implementation of 
circular-based products. The Dutch government aims to get a fully circular economy in the 
Netherlands in 2050, in which no waste is generated, and every process involves reusable 
resources (Rijksoverheid, 2019).  
 
Besides the transition from a linear to a circular economy, another development is happening. 
Since the introduction of mobile phones, we can reach the entire world just with a touch by our 
fingertips on a screen. The world, as we know it nowadays, is about connectivity due to cloud-
based software, applications, and the world wide web. It does not matter where you are, you 
are always connected to anyone from anywhere you want. You can call, post, buy and sell 
anything, and it just works in the cloud. In just decades, we are connected like never before 
(Fabian, et al., 2015). This digital era is taking tremendous steps, even harder than most 
people can keep track of. Data and connectivity are the main topics of this century. Data 
management, data streams, data structures, making connections between software, apps, and 
working in the cloud, it is everywhere around us. Every sector around the world is continuously 
asking themselves which steps to take, which directions to follow, which opportunities lie 
ahead. 
 
This development also affected the construction sector. The construction sector is continuously 
implementing, testing, and struggling with the newest digitisation. This, to gain the greatest 
benefits out of it, and to keep track of this fast digitisation. The connectivity within the 
construction sector did already largely increase with the implementation of the building 
information management (BIM) process (Smith, 2014). The traditional 2D and 3D models 
made room for BIM models, rich in information that goes beyond just the graphical aspect of 
the model. The BIM model concentrates more on the wealth of information that can be 
connected to the 3D visualization as well. The implementation of BIM takes the Architecture 
Engineering Construction Operations & Maintenance (AECO) industry, to higher levels. 
Especially the collaboration and interoperability possibilities increased enormously (Arayici, et 
al., 2018). Different software tools, which are connected by open standards and open file 
formats, make it possible to exchange BIM models within project teams. 
 
The challenge is to connect the digitisation of the AECO industry with the shifting to cloud-
based software and data management systems, such as Dropbox, Google Drive, One Drive, 
Office 365 etc. Within the cloud-based software, data can easier be stored, files can easier be 
exchanged due to a lower amount of file sizes and the data is always accessible. This requires 
from the construction sector to extend their collaboration processes and their software tools, 
to a cloud-based collaboration approach. The data storage and exchange of data, through 
OpenBIM standards, will in the future be executed on cloud-based BIM platforms (Juan, Zheng, 
2014; Ma, Sacks, 2016).  
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Figure 1: Research Design Model 

developed based on the requirements and drafted scenarios. In Section 7 (Proof of concept & 
validation), the prototype will be tested based on the alpha testing method. During the test, it 
must be proven that the prototype fulfils the objectives of this research. Optimizations will be 
adjusted if failures and errors occurred during the test. The prototype will be analysed based 
on a best-case scenario that consists of the circularity information delivery specification. The 
section will end by validating if the prototype is usable, scalable and attractive to be launched 
on the market. This will be the end of the practical part. 
 
The final Section 8 (Conclusion & discussion) reports the conclusions, discussions, and 
recommendations for future projects. If the reader wants to consult the references, these are 
listed Section 9 (References). As well as the extra information that attached to this report in 
Section 10 (Appendices). 
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Section 2 
Circular Built Environment 
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1. Independence 
 

The independence of a building material is an important requirement. The disassembly 
potential becomes less when it is part of another construction element. If this is the case, the 
building material must be damaged during the deconstruction process, which results in loss of 
value, and that must be prevented. The independence of the building materials must be 
secured in the project and the incorporation with other construction elements must be avoided 
(Vliet, 2018). 

 
 

2. Type of relational pattern 
 

The type of relational pattern is the number of connections that the building materials have 
with other construction elements. The lower the amount of connections, the higher the 
disassembly potential is of the building material (Vliet, 2018). 

 
 

3. Disassembly sequence 
 

The disassembly sequence determines in which sequence the disassembly of the building 
materials of the project takes place. This sounds logical because the disassembly can only be 
executed in steps. It is wise to set up a disassembly plan to capture the value of the building 
materials. If materials must get damaged to get disassembled, the building materials with the 
highest value will be disassembled first. This will be the determinant factor in the disassembly 
process. When smaller products with less value can be disassembled without influencing other 
building materials, these of course will be disassembled first (Vliet, 2018). 

 
 

4. Disassembly shape 
 

The shape of the building materials is also an important factor in the disassembly process. The 
potential of disassembly depends on whether the building material can be easily deconstructed 
or not. The easier the shape, the higher the potential. The high potentials differ by having a 
smaller shape, less angles, can it be deconstructed manually, etc. (Vliet, 2018). 

 
 

5. Method of fabrication 
 

The method of fabrication distinguishes the building materials which are prefabricated or are 
composed on the construction site itself. Besides making the products more reusable, 
prefabrication leads to easier disassembly due to the standardization of connections, easier 
accessible connections, and the ability to disassemble complete components on-site and 
further separation of components off-site. The level of prefabrication determines the 
assessment of the disassembly process (Vliet, 2018). 

 
 

6. Type of connection 
 

The type of connection is not the number of connections with other building materials but is 
the type of connection between the building materials. The type of connection determines the 
accessibility of disassembly. If building materials have a chemical or glued connection with 
each other, it is difficult to separate and recycle them, and they will certainly get damaged. 
Therefore, the type of connection is also an important assessment criterion (Vliet, 2018). 

 
 

7. Accessibility of connection 
 

This requirement is focused on the accessibility of the type of connections from the previous 
criteria. The highest value of the building materials can be captured when, during the 
disassembly process, the connection is easily accessible without damaging the building 
materials. This influences the value of reusability of the building materials, but also makes the 
disassembly process easier and quicker (Vliet, 2018). 
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2.9.2 |   Preconditions for disassembly 
The requirements for the preconditions for disassembly are process-based factors. This means 
that these requirements are the preconditions in order of the disassembly process rather than 
the disassembly of single building materials. The preconditions are set to create a safe and 
overthought process while deconstructing the building. It can be a dangerous process if not 
planned out well in advance. 
 

 

8. Deconstruction safety 
 

The deconstruction safety affects different levels in the deconstruction process. The overall 
deconstruction process needs to be a process where safety comes first. Because the building 
completely gets deconstructed, the building gets more fragile and movable. The easiness in 
dismantling building materials, in terms of manual disassembling or the needs of a crane, 
makes a big difference in the safety assessment. Deconstruction safety is regarded as a 
precondition during the development of the project, which makes the safety in the disassembly 
process more viable (Vliet, 2018). 

 
 

9. Disassembly instructions 
 

Disassembly instructions can help in overcoming process-based challenges and communicate 
specific technical interventions to enable disassembly at the end of the lifecycle of a building. 
The core of the disassembly instructions is to provide a deconstruction plan in which the 
dismantling of the building materials is described with their belonging safety factors, type of 
connection, etc. (Vliet, 2018). 

 
 

10. Disassembler expertise 
 

There is a difference between demolishment activities and disassembly activities. Connections 
can be complex, and the experience of the construction worker may be insufficient, leading to 
demolishment instead. It is important to distinguish these two activities to get the highest value 
of the building materials during the disassembly process. Expertise is an important factor in 
this building circularity indicatior (Vliet, 2018). 

 
 

11. Number of operations 
 

This criterion is harder to assess on its own, but it is important to consider it. The high potential 
in the disassembly process should be a low amount of operations. This is because every 
building material that can potentially be disassembled, comes along with a variety of operations 
because required tools are needed, different types of connection, accessibility of the 
connection, etc. Reducing the number of operations can be achieved by carefully planning 
disassembly operations (Vliet, 2018). 
 

2.9.3 |   Drivers for disassembly 
The drivers for disassembly are financial-based factors. The drive to deconstruct a building will 
always be involved with a revenue model. If the costs are higher than the profit when 
deconstructing a building, this process will probably not take place. Therefore, it is wise to draft 
a balance sheet to make sure the process is profitable. 
 
 

 

12. Disassembly costs 
 

In this criteria, all costs are involved that are necessary for the disassembly of the building. 
Besides, there is a common perception that the costs of a deconstruction process are higher 
than the costs of when the building was demolished. But the DfD recognizes that if provided 
services for dismantling are considered in the initial building design, these costs can 
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for disassembly principles, as they are discussed in the literature review (2.7). The initiative by 
BAMB aims to implement these concepts in a wide scale already. This is a very useful circular 
approach for the circular built environment in the future, but this is not the aim of this research. 
The aim of this research to stimulate the reusable building materials from existing buildings, to 
contribute to a circular built environment immediately when existing buildings get 
deconstructed these days. The initiative of Madaster is the first step towards composing a 
database of the stock of existing buildings in the Netherlands, based on their circularity 
indication. The materials will all be provided with a materials passport. These passports give 
insights into the core materials and the virgin materials usage of the building. This, to 
understand what the environmental impact is of the building nowadays and when it was 
constructed. But this is still does not stimulate the reuse potentials of building materials from 
existing building, it rather just collects circular-based data on a platform. 
 
To be able to assess an existing building based on its circularity indicators, the last sub-chapter 
(2.10) defines an assessment tool. This assessment tool scores the potential of how well the 
building can be deconstructed, considering the value capturing of the building materials. The 
building circularity indicators score how much value of the building materials can be captured 
after they get assembled from the building. This assessment tool can stimulate the reusable 
building materials from existing buildings and can therefore be a strength to elaborate on in a 
further stage of this research. 
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Section 3 
 Building Information Management 
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information. These levels were invented by the UK BIM Taskforce (CAD & Company, 2019). 
In the UK it is mandatory to build with BIM methods since January 1st, 2016. Being the pioneers 
in providing BIM standards, the results from the taskforce were incorporated by the rest of 
Europe over the years. The BIM maturity model is depicted in Figure 4. As can be stated from 
the figure, the BIM maturity has four levels: 
 
In BIM Level 0, which contains CAD (computer-aided design). In this level, no standards or 
processes are used, only 2D drawings and a brief exchange of electronic information. BIM 
level 1 also uses CAD (but it can also be done without), but in a managed way. BIM level 1 is 
still executed in a private environment where the exchange of models with other stakeholders 
in the project team is still not accessible. At this level, most of the time the design will be in 2D, 
but the 3D design is already implemented briefly. The models are, in contrast with BIM level 0, 
upgraded with 3D information and graphics. It still uses the exchange of document and the 
collaboration between companies is still low. 
 
BIM level 2 is a managed environment, but this time in a fully 3D environment. This level is the 
first level in which we can actually speak of a BIM model. The BIM models contain graphical 
and non-graphical data, but they are still designed in a private environment, separately from 
other companies. This is the BIM level that is tried to be achieved in the AECO industry as we 
know it nowadays, but this is still poorly done due to a lack of collaboration and design quality. 
The different disciplines in the project team design their separate models, which are assembled 
in a later status of the project. The separate models together form the complete BIM model of 
the building. These files will be exchanged, and software programs are used to combine these 
single models. This will be elaborated in sub-chapter (3.5). The cost and planning aspect can 
be connected to these models as well (CAD & Company, 2019). 
 

Figure 4: BIM Maturity Levels (Source: Bew & Richards, 2008) 
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level of development, which also is defined as LOD in the AECO industry. In this research, the 
LOD refers to the level of detail. The level of development is published by the American 
Institute of Architects (AIA) and differs from the level of detail in the requested output. If a 
certain level of development is agreed between parties, not only the graphical part but also the 
non-graphical part of the object in the BIM model should be designed with at least that level of 
development. The level of development defines a broader range of design quality (AIA, 2013). 
The level of detail is it is described in the PAS 1192 and the ISO 19650, only defines the level 
of graphical and geometric design quality in the BIM model. A BIM model with a high level of 
detail, does not immediately consist of a high level of development. On the other hand, if a BIM 
model has a high level of development, this immediately consists of a high level of detail. The 
level of development is the level of detail combined with the level of information. (Hijza, Omar, 
2017). 
 
The LOD can be divided over five levels. Between multiple actors, defining the LOD is used to 
coordinate the modelling efforts (Gigante-Barrera, et al., 2017). When an actor wants to give 
a certain quality of graphical information to an object in the model, he can give a LOD status 
to the attribute. If this status is attached to the object, a standardized checklist is attached to 
the object as well. In this manner, it is guaranteed that the object will be modelled based on 
this level of detail and contains the requirements from the checklist (Grytting, et al., 2017). The 
visual object would provide graphical content. The LOD is in other words the level of graphical 
content that will be developed in the model. The higher the level of detail, the more graphical 
content is available. An example is illustrated in Figure 5. A window is designed based on the 
difference between the five levels of detail. The five levels that are mentioned below are the 
average definition of the LODs but is still is not clearly defined which guidelines truly belong to 
which LOD (EC, 2018). To five levels give an indication on the average expectation when is 
requested for a certain LOD: 
 
- LOD 100: Only the volume of the object is visual.  
- LOD 200: Concept of the areas, volumes, orientation and cost  
- LOD 300: Quantities, sizes, shapes, location, and orientation is defined.  
- LOD 400: Coordinated objects, with an accurate cost estimation  
- LOD 500: Suitable objects for the maintenance and operations phase 
 
 

 
 

 
 

Figure 5: Example of a window with the stepwise change in its Level of Detail (LOD) 
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3.3.2 |   Level of Information 
In which the graphical information of a BIM model can be defined with the LOD, the non-
graphical information can be defined as well. The level of information (LOI) is responsible for 
the level of non-graphical content that is attached to the objects. The non-graphical information 
is the information which not involves geometric data, but information about the properties and 
characteristics of the objects. E.g. for insulation this could be the thermal resistance and/or fire 
and acoustic rating. The LOD gives us information about the height and the thickness of the 
insulation, in which the LOI has a more textual-based content. This is the distinction between 
the BIM Maturity Level 1 and Level 2. In which the graphical content that was already briefly 
implemented in Level 1, is the non-graphical content is only involved in Level 2. This 
immediately increases the quality of the BIM model, which has the priority to fulfil the I 
(information) in the BIM model (NBS, 2015). The different steps in the LOI are also not clearly 
defined which information input belongs to which LOI. It therefore is wise to pre-define what is 
expected to exclude misinterpretations and lack of desired information.  
 

3.3.3 |   Documentation 
A (sometimes) third source of information in a BIM 
process is the documentation. Besides the 
graphical and non-graphical information, the 
documentation is also a source that is typically 
presented in a Common Data Environment (CDE) 
Figure 6. The CDE is the virtual environment that 
collects every information source of a particular 
project. This environment manages the 
information sources, updates them, and can 
exchange the information among the parties 
involved (BIM & ICT, 2016). Not every BIM 
software tool includes the documentation source 
as well, but if it does, the documentation contains 
useful information. The documentation consisting 
of a BIM model is based on contact details of the 
participants and companies involved, documents 
related to the project involving contracts and 
agreements as well as documents about products 
and materials.  
 

3.3.4 |   Level of Information Need 
The ISO & CEN committee introduced a new convention, the level of information need (LOIN). 
With their aim to create a standardized AECO industry, the LOIN will replace the LOD and LOI, 
and therefore also the misinterpretations about the acronyms and definitions of both concepts. 
As was previously mentioned in sub-chapter (3.3.1), other definitions are used for the same 
acronyms. This creates misunderstanding and that is must be reduced and avoided by the 
committees. Therefore, the LOIN will define both the graphical and non-graphical information 
need. The LOIN will specify the maturity levels of the objects that are modelled, the levels are 
not yet defined on which scale this will be outlined. LOIN has not yet gained broad international 
support. But the ISO 19650 and the CEN/TC 442 will in the near future customize their 
guidelines and desired terminology to create a more standardized international AECO industry 
(Churcher, et al., 2019; Baldwin, 2019; Moses, 2019). 
 

Figure 6: The three information resources in a 
CDE (Redrawn from: NBS, 2016) 
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Figure 7: BIM information exchange standards (Redrawn from: Zhang, et al., 2012) 

requirements are not included in an IFC file. To overcome this problem and exclude 
misinterpretations or designing on different scales, a manual was invented where these 
requirements are listed: The Information Delivery Manual (IDM). The IDM is inextricably linked 
to the IFC standard. With the IDM, the collaboration process can be controlled by specifying 
the information exchange requirements. A more detailed user-defined specification delivery 
can be created with the IDM (Zhang, et al., 2012). To be able to get a really specific request 
for particular data in a BIM model, another standard is developed. The IFC and IDM standards 
together aim for the total project requirements, the Model View Definition (MVD) predefines 
what information needs to be transferred by who and at what moment during the project. It 
demands for specific packages of information. It is a powerful concept with a clear and 
structured way of working. To avoid big data exchange for specific requests in a later stage of 
the project, the pre-defined packages can be used as an IFC file export, which only includes 
the information that is requested within that package (buildingSMART International, 2019). 
 
With these standards, the exchange of information, collaboration, and interoperability potential 
increased enormously. But still development takes place to increase these processes. The 
CEN/TC 442 started different committees which all have different scopes in increasing the 
interoperability and collaboration processes in the AECO industry. The CEN/TC 442/WG2 
committee is concentrated on the exchange of information. The CEN/TC 442/WG3 committee 
is focussed on the Information Delivery Specification (IDS). The IDS is based on the process, 
the IDM, and the MVD (Clemen, 2017). In Figure 7 is illustrated how these standards are 
located in the BIM collaboration process. The collaboration layer is defined by the IDM. The 
participants exchange their information based on the exchange requirements. The functional 
part and the MVD support the software development of the exchange requirement model. The 
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stimulate the reuse possibilities of the building materials, the characteristics and properties are 
more valuable rather than the graphical data that is attached to the objects.   
 
What can be concluded with the implementation of the BIM methods is that the AECO industry 
is continuously changing their workflows into more structured ways to upload the data and 
develops more universal agreements to lower the threshold in the collaboration projects. With 
the open standards provided by the ISO and the CEN/TC, the AECO industry received 
guidelines to increase the quality of the BIM models and the workflow for the collaboration 
process. The LOD and LOI are important concepts for defining the level of quality for the BIM 
model. It, therefore, is important to pre-define the requirements in front of the project, to ensure 
the right level of detail and information is included in the BIM model.  
 
The openBIM workflow took the AECO industry to higher levels based on the collaborative 
approach, but the IFC open file format was needed to get the interoperability to a higher level 
as well. The IDM and the MVD requires from the AECO industry to concentrate more on the 
process before the design phase starts, rather than set the requirements during the design 
phase. This is in line with the BIM approach and the standards that are developed by the 
different committees and organizations. The focus is to concentrate upfront on the desired 
output of the project, and not only until it is constructed but on its full life cycle. If the desired 
output is defined and especially it is ensured to capture the value of the BIM model based on 
the information needed to create a circular built environment, the right agreements and 
requirements can be set. Especially the guidelines of the basis-ILS can be important tool to 
achieve the goals of this research. Pre-defining which information must be included in the BIM 
models to retrieve this data when the building is at its end of life cycle, is an important factor in 
the reuse possibilities for building materials. Knowing which data is needed when the building 
gets deconstructed requires a different approach in front. To retrieve a high level of customized 
circular-based non-graphical information from the BIM model, the development of circular-
based guidelines for this information output is required to be able to achieve this goal. 
 
The roadmap of buildingSMART International (Figure 8) is an important figure for the 
connection that will be realized in this research. It shows to which cloud-based software the 
IFC file formats must be connected to be able to shift the AECO industry to this current 
development. Insights are required in the way the data in structured in an IFC file and cloud-
based software file formats in order to create the connection.  
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