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Only 10 % of Du
» The construction industry (Cl) has one o
» Only 50% is recycled

» Downcycling is a significant issue.
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C
return from built e
targefts

» Digital twins can be a key element in the transition from li
construction, through being part of a wider framework of fechnologies.
research has been conducted into such possible frameworks.
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Problem Statement

There is within scientific literature a lack of research regarding the possible
barriers and challenges for circular construetion in the Dutch built
environment from the perspective of the varous stakenholders that will
employ these technologies. Therefore, this research will focus on the
current adoption of Digital Twintechnology in the Dutch built
environment by current adopters and those who are active in the
realization of circular real estate but have not yet implemented the
technology. In order 1o identity challenges experienced with the
adoption of the technology, issues with current forms of adoption and
possible barriers or challenges observed by those who are yet to adopt
the technology.
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are defermined by

subsequently influenct

necessity for digital tw m characteristic
This in turn dictates the b I hallenges that are
relafed to “fthe - - of “Digifal Twin

Technologmulorify pUrposes.
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Challenges

l

-% Solutions /
|

Digital Twin Circular Built
Economy

A 4

/ Barriers /L—

Circular Built Economy

® Barriers blocking use of digital twins

Possible application of solutions to allow for
Digital Twin implementation in the CBE
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» What are the barriers

Sub question 2. What are Digital Twins for the Circular Bui
» What are Digital Twins and what are their capabilities?
» How can they enable circular strategies?

» How can they been used to enable circular strategies in the Dutch construction sectore

Sub question 3. What are the observed and perceived barriers and challenges for the adoption of

Digital Twin in circular construction?

» Which barriers and challenges did the early adopters of Digital Twin technologies experiencee

» What barriers and challenges do other potential users perceive in the adoption of Digital Twin
technologiese

Sub question 4. What are the employed and possible solutions for the experienced chall
and how do these overlap with barrierse
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anticipated barri
early and potential adopters of Dig
technologies in the Dutch circular-built /

environmente /
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. Whatis the Built en
b. How Is the construction industry str
c. What is circularity in the built environment and ho

can It be achieved?
d. What are the barriers to the creation of a circular /

construction industrye /
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Sub que

Buillt environmente

a. What are Digital Twins and what are
capabillities?

b. HoOw can they enable circular strategiese /
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In circular ¢
a. Which barriers and
adopters of Digital Twin technologies ex
b. What barriers and challenges do other potential
users perceive in the adoption of Digital Twin /

technologies? /
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Sub question 4. at are
solutions for the experienced challenge
these overlap with barrierse

2
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- Literature
- Case studies/Interview
- Interviewee Coding and Analysis
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N

of Products, Interiors ¢
Structures, grouped together
with the purpose of facilitating
human activity.

Products Interiors
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- lrban Planners
- Alled
Professionals

- Engineers

- lrban Planners

- Allied
Professionals

- Urban Designers
- Engineers

- landscape
Lngineers

- Lonstruction
Managers
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- Urban Planners

- Property Advisors
- Froperty
Jevelopers

- Architects
- lIrban Designers
- landscape
Lngineers

- Froperty
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- Engineers

- Lonstruction

- Lonstruction
Managers

- [andscape
Lngineers

-lwners/Investors
- lUrban Planners
- Urban Designers

- landscape

- lrban Planners
- Property
Managers

- Property

Lhange
Initiation

Strategic
Flanming

o]
TUDelft

-llwners/lnvestors - Urban Planners Managers - Property Lngineers Jevelopers

- Alled - Property Advisors - Allied Developers - Alled - Property Advisors
Professionals - Froperty FProfessionals - Property Professionals - Allied

- Architects Jevelopers - Property Advisors Managers - Property FProfessionals

- Urban Designers - Alled - Urban Planners - Allied Managers - Engineers

- landscape Professionals - Architects Professionals

Lngineers - Urban Designers -llwners/Investars

Froject Design Losting and Lonstruction Use and Kenewal,
Initiation/ Approval Ungoing Recovery,
Lonsideration Management Decommission
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N

Can pe ge :
METHODS OR FRAMEWORKS, thc
prioritize the reduction, reuse, and
recycling of materials, resources,

and waste. /
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Slow
Consuming less, use products longer

Narrow

Using less Post-consumer
resources W recycling ‘ | R‘ l | L A R |TY

per product

Regenerate
Improving natural ecosystems

(Bocken et al, 2021)
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Circularity Strategies

Slow
Consuming less, use products longer

Narrow =i . Close
Using less : _ Post-consumer

resources . recycling
per product

Regenerate
Improving natural ecosystems

(Bocken et al, 2021)
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Slow:

« Extending product life

« Design for physical durability
« Offer products as services

 From Disposable to
reusable

/



Circularity Strategies

Slow
Consuming less, use products longer

Narrow = . Close
Using less _ Post-consumer

resources d recycling
per product

Regenerate
Improving natural ecosystems

(Bocken et al, 2021)
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Close:

« Reinfroduce end of life
components back into the
cycle

« Design for recycling

« Incentivice recycling

« QOrganise recycling eco-
systems



Circularity Strategies

Slow
Consuming less, use products longer

Narrow = . Close
Using less _ Post-consumer

resources d recycling
per product

Regenerate
Improving natural ecosystems

(Bocken et al, 2021)
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Regenerate:

« Reintroduce end of life
components back into the
cycle and improve
environment

« Sustainable sourcing and
component cycles

« Sustain ecosystems

« Reclaim lost nutrients o
health of urban ecos




Circularity Strategies

Slow
Consuming less, use products longer

Narrow = . Close
Using less : _ Post-consumer

resources . recycling
per product

Regenerate
Improving natural ecosystems

(Bocken et al, 2021)
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Nelife\ A

 Creatfing a BE that uses less

 Upgrades that enhance
efficiency

« Sustain ecosystems

« Fewer components

« Designing with low impact
INpUts



Longer product use  SLOW

REGENERATE

Improving natural
ecosystems

% Figure: Defining circularsesource-loop strategies
TUDelft (ADAPTED FROM Bockén, et al 2021)
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Pre Build

Design for
Durability &
Longevity

Design for
Maintenance &
Repair

Standardization,
Service Models &
Warranties

Construction

Encourage
Efficiency

Products as a
service

Enable user repair
& maintenance.

Provide repair &
maintenance.

Upgrade And
adaptability
services

Reuse, Repurpose
& Remanufacture
Products and
components

Turn disposables
info reusable
services




Narrow
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Pre Build Construction End of Life

Design sustainable ¢  Organize light-  Maximize capacity e Eliminate disposal
& lightweight weight urban use of products wate
products fransport.

Design multiple Localize supply
product functions where appropriate

Enable and
incentivise

Resource
Efficiency
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Pre Build

Design with and for e
recycling

One material
components

Design for easy
disassembly

Construction

Build with local
waste to product
loops

Take part with
industrial symbiosis

End of Life

Enable & facilitate
resource reuse and
recycling.

Local resource
loops and
symbiosis




Regenerate

o]
TUDelft

Pre Build Construction End of Life

Sustainable Material « Produce, process « Manage and sustain ¢  Conftribute to

Design and transport using critical ecosystem regenerating
renewable energies. services polluted ecosystems

Design with

renewable energy Build with products Manage and sustain

integration that use renewable critical ecosystem
energies. services

Setup projects with

sustaining critical Ecosystem

ecosystems regeneration and
management



nee

Regulatory & Political Financial

Knowledge

Supply Chain Institutional Technology Environmental
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asset, refle
characteristic of a digital tw
physical part, allowing it to ac
over time. Importantly, digit
software component alo
physical assets the or, the
physical cc 1ent include , while the digital
component typically consists © | containing linked
information relevant to the physical assef and for the

purpouses of this thesis the network of technologies.

d refle
ot limited to the

9 Ss the
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Physical :
technologies

asset

Y
: 7

Model
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Archetypes

DMP

Al MP
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Sensors

Cloud
Comp

IOT
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Scan &

techniques.

Cloud computing: Cloud computing refers to

the delivery of computing services, including Material Passports:

storage, processing power, and software data se.’rs con’roining the physica

applications, through the internet. MP properties of materials and
components

Internet of things: Method of connectivity
between models and sensors to create a
dynamic feedback loop and accesibility




Scan
y
, D&R

Architype

DMP |IOT

/
;;;ﬁ?f/ Al MP
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_

e 3D scanning D&R
e Material Passports Architype

DMP =2

o]
TUDelft



_

D&R
Architype

DMP |IOT

purposes, helping the building's stakeholders
visualize and understand the structure,
coordinate changes, and ensure the efficient
use of materials and resources throughout the
building's life cycle.
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/,
This twin is used primarily for design and planning // Al MP



_

Basic
Analysis
Twin
DMP IOT
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_

existing .
indicate the effect of po BOSIC.
whilst also taking info consideratfion exter AHOWSIS

factors. Twin

BIM DMP IOT
Cloud computing

3D scanning and sensors

10T 74
Material Passports / Al MP
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_

Basic
Analysis
Twin
DMP IOT

Using this setup, the digital twin can analyze patterns

and provide actionable insights. For instance, it

might identify that certain floors are over-lit during %

the day due to sunlight, suggesting that window / N MP
shades and lighting adjustments could reduce /

energy use. Or it might detect that certain HVAC

zones are heating or cooling unnecessarily, allowing

for optimized scheduling based on occupancy
patterns.
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Predictive
Analysis
Twin
DMP |OT

/ N w
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_

them to facilitfate mt Predictive

strategies. AﬂCﬂYSiS
BIM Twin

Cloud cornpuhng DMP OT
3D scanning and sensors

[0)]

. / N w
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Predictive
Analysis
Twin

A Predictive Analysis Twin for a building could use / N MP
Al to forecast the wear and replacement needs of
equipment components, optimizing maintenance /

schedules and extending the lifespan of

machinery and the building as a whole.
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DMP |OT

/

Al MP
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(DL C
completely removec
within the built environment.

Cloud computing DMP 10T
3D scanning and sensors
Material Passports

10T

Al

Al MP

AN
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Nelels

UL

Al Auto.
Twin

In a smart office building, an Al automated twin DMP 10T

optimizes HVAC settings based on real-time
occupancy, saving energy and ensuring comfort. It
predicts maintenance needs and alerts the
management team to issues like malfunctioning
sensors, allowing for quick fixes and reducing
downtime. This proactive system enhances
efficiency and occupant satisfaction and reduces
damage and the chance for disuse.

Al MP

AN
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Advanced
HiFi
Twin
DMP IOT

/ N w
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_

mact
a material platform allow Advanced

interconnected and integrated digital tw HiFi
of the larger built environment. TwWin

BIM DMP OT
Cloud computing

3D scanning and sensors

Material Passports
[o)} / Al MP

Al
Material Platforms
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_

Advanced
HiFi
Twin

An model that optimize the flow of materials across

urban infrastructure. By integrating data from DMP 10T
buildings, waste management, energy systems, and

water resources, this digital twin enables circular

driven insights, it forecasts resource needs, minimizes
waste, and facilitates the redistribution of materials
across sectors, creating a highly interconnected
urban ecosystem that promotes sustainability and
reduces environmental impact.
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practices such as reusing construction materials,
recycling waste, and repurposing energy. With Al- / Al MP



Diversity within source systems

* Financial and Economic challenges
« Cultural challenges

« Regulatory Challenges

o]
TUDelft

%



-1







Potential adopters Definifions of DT's

v

Barriers to Adoption
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Challenges to Adoption J—l
P[ Crossrefrence with DT barriers 14 ‘ /

e ) )

[ Crossrefrence with CE barriers ] / /

Interview Ending

|










Predictive
Analysis
3

Design &
Repository
3

Advanced
Twin
3
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Results — Barriers and Challenges

] ] DT not used I
intv. 2 intv. 3 intv. 6 intv. 9 intv. 11 intv. 13
Interviewees

Challenges Barriers
Combining Data

Data Ownership

Standerdisation
of data

Archetype
Choice
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Issue of ownerst

e Lack of standardized data
standards and tools

- Diversity within source systems % /
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* Financ
challenges

« Cultural challenges am

« Regulaftory Challenges
o—>
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Lack of Parties Capable o

Lack of Clear Buisness Models

Financial Capacity

Data Safety

Data Privacy

Data Ownership

combining Data (DWSS)

intv. 4

2 2

intv. 5 intv. 7 intv. 10 mintv. 12
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Lack of Parties Capable

Lack of Clear Buisness Models

Financial Capacity

Data Safety

Data Privacy

Data Ownership

Combining Data (DWSS)

intv. 1

o

intv. 2

-

1 2

intv. 3 intv. 6 mintv. 8

3

intv. 9

4

intv. 11

intv. 13




Percentages Challenges Percentages Barriers
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friendly partners.

« Addressing regulatory gaps thro
collaboration.

« Using current technology as a starting point

« Technological iteration and improvements. //
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« Seen as aless ma

2. Adoption of Archetype 2 & 3
» Characteristics:
« Used by larger organizations or those with specialized functions.
« Require higher financial or technical capacity.
« More complex in nature compared to Archetype 1.
3. Evolution after Adoption
* Transition:
« Companies using Archetype 1 aim to eventually move to more advanced models.
« Development Approach:
« Starting with basic models and modifying them to meet specific needs.
« Gradually evolving intfo more mature and capable archetypes.
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* Preferred for

2. Organizational Perspective
« ATI:

« Narrow focus (e.g., interiors, specific research).
- AT5:

« Broader operational profile (e.g., sustainability, lifecycle management).

3. Technology-Oriented Perspective
« ATI:
« Seen as a starting point, particularly for shorter life cycles.
« AT5:
« Preferred for advanced integration and ability to connect with broader
ecosystems.
« Key Insight: Most interviewees wanted to adopt AT5 as a ready-to-use
package rather than developing it themselves.
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2. Early Adopters of Arche
« Characteristics:
« Smaller, innovation-driven, or technical service org
« Archetype 1 offers a flexible, foundational model that is easier 1o
initial investment.
« |deal for quick adaption and shorter life cycles (e.g., interior design, research institutions).

3. Prospective Adopters of Archetype 5
+ Key Features:
 Prioritize sustainability, circular economy, and complex material management.
« Require sophisticated real-time data handling and integration with Al.
« Challenges:
« Seen as ambitious due to the need for significant infrastructure and developme
resources.
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Interviewees intv. 6, 8 & 13 intv. 1 & 2 intv.3, 9 & 11
Combining Data (DWSS) 1 1 1

Data Ownership

Data Privacy
Data Safety
Financial Capacity

1
]
1
2
Lack of Clear Buisness Models 3

Lack of Parties Capable of Making DT's

Regulatory challenges

Standerdisation of data

Technological Hesitancy (cultural)

Archetype Choice
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DT wanted

Interviewees infv. 5 & 10 intv. 4,7 & 12
Combining Data (DWSS) 0 0

Data Ownership 1 ]

Data Privacy 0 0
Data Safety 0 0
Financial Capacity 9

Lack of Clear Buisness Models

Lack of Parties Capable of
Making DT's
Regulatory challenges

Standerdisation of data

Technological Hesitancy
(cultural)

Archetype Choice

—_—
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Percentages Challenges Percentages Barriers
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» Key Solutions:
 Iterative technology improvements.
« Use enriched IFC models for onsite data generation.
* Implement step-by-step approaches for specific use cases.
3. Financial Incentives and Business Models
« Key Solutions:
« Align financial incentives with customer demands.
« Develop self-financing models to mitigate external constraints.
4. Stakeholder Engagement and Change Management
« Key Solutions:
« Educate stakeholders on the benefits of Digital Twins.
« Select partners open to innovation.
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* Financia
* Lack of comprehensive

 Unaddressed Challenges:
« Lack of capable market partners .
 |nsufficient focus on data privacy and security .
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* Helps overco
2. The Challenge of Generic Arche
* Issue:

« Generic archetypes often unsuitable for specific technologi
« Catch 22 Scenario:

« The Circular Built Economy (CBE) is not fully established, complicating the formation of Digi

Business Economy (DCBE).

« Represents a chicken and egg problem.
« 3. Technology and Tools
* Incorporating Digital Twin Technology:

« Emphasizes the need for a methodical and iterative approach is used by those employing

digital twin technology and wanted by those that want enter the space .
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« Align financial methods
4. Stakeholder Engagement and Change Mana
« Strategic Communication:
« Importance of educating and involving both infernal and external stake
« Necessity for the sector to embrace evolving technologies.
5. Regulatory and Legal Aspects
« External Considerations:
« Government regulations and data protection issues.
« Development of legal frameworks is pivotal for the integration of digital twins in circular operations
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technologies in the
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NuMan-m
context.

Structure of the Built Environment.Change initiation —
planning — Design — Construction — Use —

Decommissioning(Phases identified in the research) /
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Circ
use Recirculating res
cycles

Barriers to Circularity: Cultural, Market, Knowledge, Financial,
Management, Regulatory, Technological, Supply Chain,

Environmental //
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Definition:
virfual representation
digital data.

Archetypes of Digital Twins: Design & Repository Twin Basic Analysis
Twin Predictive Analysis Twin Al Automated Twin Advanced High-

Fidelity Twin //
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Lack of standardiza
*Financial capacity challenges
*Technological hesitancy
*Regulatory issues

Data ownership challenges
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*Lack of financia
Regulatory challenges
*Technological immaturity
Lack of a clear business model
«Cultural hesitancy within the industry
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Data ownership
*Financial capacity challenges
Lack of clear business model (40%)
*Regulatory challenges (50-60%)

Standardization issues (75% early, 60% potential)
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sLeadership in com
o|terative technological improveme
Change management

Modular, scalable solutions
*Open standards (e.g., IFC)
Collaborative innovation & knowledge sharing
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CONCLUSION

Digital twins are a network of technologies that
create a digital replication of a structure,
resembling reality to a certain degree. They are
essential tools for enabling circularity. Early
adopters of digital twins reported challenges
such as standardization of practices and
processes, lack of financial capacity,
technological hesitancy, lack of a clear
business model, technological immaturity, and
requlatory challenges. Solutions for these
challenges include leadership in
communication, standardizing software,
continuous technological improvements, project
organization and financing, collaboration,
scalable solutions, and customer-involved
iInnovations. Potential adopters PRECIEVED A
SIMILAR barrier PROFILE However, challenges
related to combining different data types were
not significant barriers for potential users.
Challenges such as data ownership, privacy,
financial capacity and regulations were not
resolved and require.
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