<]
TUDelft

Delft University of Technology

Proceedings of the 2024 European Conference on Computing in Construction

Sreckovi¢, Marijana; Kassem, Mohamad; Soman, Ranjith; Chassiakos, Athanasios

DOI
10.35490/EC3.2024

Publication date
2024

Document Version
Final published version

Citation (APA)

Sreckovic, M., Kassem, M., Soman, R., & Chassiakos, A. (2024). Proceedings of the 2024 European
Conference on Computing in Construction. (Proceedings of the European Conference on Computing in
Construction; Vol. 2024). European Council on Computing in Construction (EC3).
https://doi.org/10.35490/EC3.2024

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.35490/EC3.2024
https://doi.org/10.35490/EC3.2024

Proceedings of the

2024 European Conference on

Editors:

Dr. Marijana Sreckovic

TU Wien (AT)

Prof. Mohamad Kassem 2
Newcastle University (UK)

Dr. Ranjith Soman 3

TU Delft (NL)

Dr. Athanasios Chassiakos 4
University of Patras (GR)

1 Programme Chair

2 Conference Chair
3 Dissemination Chair

4 Publications Chair

Computing in Construction

14-17 JULY 2024

Chania, Crete, Greece

__
2024 EC* umm

Sponsored by:

Bentley qé/



2024 EC?

|
2024 European Conference on Computing in Construction ]
. [ ]
Chania, Crete, Greece | .
July 14-17, 2024 -

Proceedings of
2024 European Conference

on Computing in Construction

July 14-17, 2024
Chania, Crete, Greece

Edited by
Dr. Marijana Sre¢kovié, TU Wien (AT)
Prof. Mohamad Kassem, Newcastle University (UK)
Dr. Ranjith Soman, TU Delft (NL)

Dr. Athanasios Chassiakos, University of Patras (GR)



2024 European Conference on Computing in Construction
Chania, Crete, Greece
July 14-17, 2024

Liability: Any statements expressed in these materials are those of the individual authors and do not necessarily
represent the views of the EC? organisers, who take no responsibility for any statement made herein. The EC?
organisers make no representation or warranty of any kind, whether express or implied, concerning the accuracy,
completeness, suitability, or utility of any information, apparatus, product, or process discussed in this publication,
and assumes no resulting liability. Anyone using this information assumes all liability arising from such use,
including but not limited to infringement of any patent or patents.

Reproduction: No part of this work may be reproduced, stored in a retrieval system, or transmitted in any form or
by any means, electronic, mechanical, photocopying, microfilming, recording or otherwise, without written
permission from the Publisher, with the exception of any material supplied specifically for the purpose of being
entered and executed on a computer system, for exclusive use by the purchaser of the work. Furthermore, the
authors of each paper retain the right to republish that paper, in whole or part, in any publication of which they
are an author or editor, and to make other personal use of the work. Any republication or personal use of the work
must however explicitly identify prior publication in the EC? Proceedings, including page numbers.

Published at Newcastle University, Newcastle, UK.
To cite this publication:

M. Sre¢kovi¢, M. Kassem, R. Soman and A. Chassiakos, (2024). Proceedings of the 2024
Conference of European Council for Computing in Construction (EC3). July 14-17, 2024,
Chania, Crete, Greece: European Council for Computing in Construction (Computing in
Construction, 2684—1150). DOI: 10.35490/EC3.2024

ISBN: 9789083451305
ISSN: 2684-1150
All Rights Reserved

@080

EY MG MDD

© 2024 European Council on Computing in Construction



2024 European Conference on Computing in Construction
Chania, Crete, Greece
July 14-17, 2024

PREFACE

The 2024 European Conference on Computing in Construction was held as a mixed Conference
from July 14 — July 17, 2024. The conference had 170 attendees that presented work and
exchanged ideas in the areas of the conference. This book contains the papers that were
submitted to the conference and were accepted after a rigorous peer-review process.

The EC? conference will be a core activity of EC?. The conference organisation is managed
independently by a group of volunteers. The present conference is the 6 annual event of EC>.

The EC?® 2024 proceedings include an illustrated review of the program, the names of
organizations and persons who contributed to the technical program. The peer review process
consisted of two phases. Firstly, we received 55 optional abstracts that were reviewed by the
respective area chairs. Following a rigorous full paper peer review process (with each full paper
being reviewed by at least two reviewers drawn from the scientific committee of international
experts, and final decisions being made collectively by the corresponding track and programme
chairs, for two rounds of review), 131 outstanding full papers were ultimately included in the
proceedings and presentation at the conference. The manuscripts were presented during 2
plenary sessions and 22 technical sessions, including topics that focused on:

Blockchain & Distributed Ledger Technology
Data Analysis, Simulation, & Resilience

Data Integration Methods

Data Sensing & Acquisition

Education, Policy, and Standardisation
Energy Modelling & Monitoring

Product and Process Modeling

Virtual and Augmented Reality

Please note: All EC? proceedings and session recordings are available at no cost from
https://ec-3.org/publications/conference/. All conference papers now have a unique DOI and
are comprehensively meta-tagged to ensure easy discovery by commonly used search and
indexing services.

Additionally, the conference included four sessions dedicated to the technical committee work
of the EC? and these included:

e Data Sensing and Analysis (DSA) Committee

e Modelling and Standards Technical (M&S) Committee

e Education (EDU) Committee

e Human Digital Interaction (HDI) Technical Committee

One further track allowed participants to communicate embryonic or thesis-related work

through sessions dedicated to:
e Thesis-related work in the form of a Thesis-in-3 competition for students.


https://www.conftool.org/ec3-2019/index.php?page=browseSessions&path=adminSessions&form_session=19
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A day-long practical workshop for junior researchers on how to become an effective author of
highly-ranked, peer-reviewed scholarly journal papers has been held by Prof. Mirostaw J.
Skibniewski. It conveyed the practical experience of a 30-year-long veteran editor-in-chief of
a top-ranking international research journal focused on construction IT and related
technologies.

During a dedicated session, PhD/Junior Researchers-Mentor round tables were conducted, with
the scope of developing mentees’ writing strength, clear goals, and personal growth.

In addition to the technical content, the conference also provided opportunities for fellowship
and networking in informal events.

We would like to thank the EC? scientific community, including both academic and industry
members for their contributions and support; the scientific committee (see specific
acknowledgements below); Wahib Saif, Marta Boscariol, Dominik Hartmann for their
invaluable support during the conference and the preparatory stages, and Sobia Bano for
maintaining the conference website.

To all EC? 2024 attendees: we sincerely appreciate your participation and involvement in this
conference. We hope this experience provided opportunities to renew friendships and
professional relationships, forge new ones, spark exciting new research ideas, and enjoy the
scenery and surroundings in a beautiful setting!

Dr. Marijana Sreckovi¢, TU Wien, EC® Programme Chair, and Prof. Mohamad Kassem,
Newcastle University, EC? Conference Chair.
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EUROPEAN COUNCIL ON COMPUTING IN CONSTRUCTION

The European Council on Computing in Construction (EC?) is a recently established society of
construction professionals, academics, researchers and national Professional Bodies, aspiring to
become the leading European forum in the area of information technology in construction engineering
and management.

Role of EC?

The European Council on Computing in Construction (EC3) advances professional knowledge and
improves engineering practice in the built environment by fostering research, education and policy in
current and emerging computing and information technologies.

EC3 is founded on the following four pillars and corresponding Technical Committees:

DSA: Data Sensing & Analysis
M&S: Modelling & Standards
HDI: Human Data Interaction
EDU: Education

EC? interacts strongly with other Architecture, Engineering, Construction and Facility Management
(AEC/FM) societies in related areas, strengthen the collaborations between academia and industry in
topics related to EC*’s mission, spearhead research on such topics, identify and promote effective ways
to advance the state of knowledge and the level of education and practice in these topics, assist in the
making of policy, and support existing and new related specialty conferences and publications.

Technical Committees

The role of all technical committees is to:

® Gather, maintain and disseminate information on the application of the committee’s area to
AEC/FM

® Organise and support joint research activities in the committee’s area

Organise and support conference sessions, workshops, and meetings in the committee’s area

® Disseminate innovation in the committee’s area through position papers, white papers, grand
challenges reports and policy work throughout the European spectrum

® Keep the SPAs aware of developments in the committee’s area

vii
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Abstract

In the Dutch construction industry, the demand for
advanced information storage and sharing is growing due
to the complexity of construction projects. Limitations of
traditional methods include lack of transparency and
inefficient communication. Blockchain offers a promising
solution by enabling decentralized storage and immutable
recording of data increasing transparency and efficiency
in the construction supply chain. Combining a Common
Data Environment with the InterPlanetary File System —
decentralized file storage and exchange, and a powerful
tool for secure, efficient and reliable data management in
construction — can emerge to improve cooperation
between parties increasing effectiveness of projects.

Introduction

The construction industry is not known for being highly
innovative. In general, construction companies struggle to
keep up with the speed of technological developments and
innovations (van Sante, 2016). A major obstacle to
innovation and change in construction is the high degree
of project-driven working and fragmentation (Nawi et al.,
2014; Li, 2023). The different construction phases of a
structure  (vertical fragmentation), the specialized
stakeholders (horizontal fragmentation) and the different,
often complex projects create many challenges within the
industry (Fergusson, 1993; Adriaanse, 2014).

While the application of Building Information Modelling
(BIM) has become increasingly accepted in construction,
making optimal use of it appears difficult (Canon, 2019).
According to Koutsogiannis and Berntsen (2019), 95% of
the data generated is lost between the parties involved and
the different construction process phases. Construction
information is rarely reliable and available, which is
largely due to the limited connection between parties as a
result of fragmentation (Adriaanse, 2014; Volker, 2019).

In the Netherlands, strong fragmentation and
specialization perpetuate, with project-based approaches
being the norm (Adriaanse et al., 2020). These
characteristics present significant challenges, especially
considering the growing amount of information generated
throughout the life cycle of projects (Koutsogiannis and
Berntsen, 2019). In practice, there often appear to be
problems related to the availability and reliability of
construction  information, which has significant
implications for the efficiency and effectiveness of

construction projects (Chong et al., 2014). The transfer
and preservation of construction information is a crucial
part of the construction process and will become even
more important in the future. Making and keeping
information available and reliable is something that is a
hot topic in many sectors. A development which is often
associated with transparent and reliable exchange of data
is Blockchain Technology (Puthal et al., 2018).

The overarching objective of this study is to assess the
viability of integrating blockchain with Common Data
Environments (CDEs) to enhance the accessibility and
dependability of building information within the Dutch
construction sector. This focus is crucial as building
information plays a pivotal role in streamlining
construction processes across the life cycle of buildings in
the Netherlands, ultimately fostering opportunities for
long-term material reuse initiatives (Jaskula, et al., 2023).

The research question for this study is: "How can the
integration of blockchain and CDEs be leveraged to
enhance the availability and reliability of building
information in the Netherlands?"

This paper reports on preliminary research focused on the
exploration of information management within the Dutch
construction sector. By examining local practices and
challenges, this study allows researchers to contextualize
and compare the findings in the Dutch context with
research from other countries regarding information
management in construction. This adds insights to the
body of knowledge and facilitates the Netherlands in
learning from other contexts, thus contributing to a
broader understanding of information management
practices in the construction sector.

In next section, the literature review introduces
blockchain technology, and identifies challenges to
current information management and CDEs in
construction. The methodology explains the approach for
the study centred on interviews and a use case evaluation,
the results of which are then presented. The final two
chapters bring discussion and conclusions of the study.

Literature Review

Blockchain technology

Many current database systems operate within a
centralized architecture, where users have permission to
modify data stored on the central server. A central
authority manages the entire database, including access



control and wuser authentication (Sarmah, 2018).
Blockchain, often associated with cryptocurrencies such
as Bitcoin, offers a decentralized approach. It is a type of
Distributed Ledger Technology (DLT) that has the
potential to spark a new industrial revolution (Perez,
2009). Unlike centralized systems, blockchain is managed
and validated by a global network of peer-to-peer
connected computers where no one individual or
organisation has control over the data (Jena and Dash,
2021). This creates a digital database that is built, shared,
validated and synchronized by participants eliminating
the need for a central authority where everyone has access
to the latest version of the ledger (Lashkari and Musilek,
2021). Transactions are sent to the network, validated by
computer algorithms, and linked to previous transactions,
creating an immutable chain. The distributed structure of
blockchain and the confirmed guarantees of nodes make
information almost impossible to manipulate, which
increases trust between participants. This provides a
solution to the limitations of traditional centralized
systems (Bodkhe ef al., 2020).

Blockchains can be public or private. Public blockchains
are open systems without authority; anyone can join and
be granted full rights to participate (Guégan, 2017). The
verifiability and transparency of information are central
features as there are no access restrictions imposed. Public
blockchains are not recommended for large or energy-
sensitive domains. Private blockchains have limited
access to the network and are shared privately between
specific participants with communication protocols. Only
pre-verified individuals meeting certain requirements are
allowed to perform certain operations on the blockchain
(Yang et al., 2020). Between public and private sits the
consortium blockchain where only organizations or
groups with the same goals can join (Jabbar et al., 2022).
The degree of decentralization varies in DLT networks
from full decentralization (e.g., Bitcoin) to lower
decentralization with some form of hierarchy for direction
and control (e.g., Hyperledger), depending on the specific
application and parties involved (Hamilton, 2019).

Information management

Fragmentation in information management

Due to the dynamic and complex nature of construction,
different professions and specializations have emerged,
roughly divided into the well-known construction phases:
initiators, designers, builders, maintenance parties (Nawi
etal., 2014). In this subdivision, a clear structure is visible
with strong separation between the different construction
phases (Adriaanse, 2014). Within these phases, there is a
high degree of specialization leading to many companies
becoming involved in a construction project all having
their own contributions and interests. In many cases, this
leads to difficulties in communication and coordinating
all the parties in the construction process (Chong et al.,
2014; Di Giuda et al., 2020). Despite this high degree of
specialization often presenting challenges, construction
has proven to be a key piece in the overall development
of society. Without the necessary infrastructure, many
developments would have been much more difficult and

society would be less developed (van Breugel, 2019). The
construction industry exhibits considerable fragmentation
as an inherent feature of its structure and mode of
operation. It is often compared to an ‘archipelago’,
consisting of several ‘islands’ that are highly distributed
across three levels (Adriaanse, 2014) — vertical, horizontal
and longitudinal. This complex structure leads to
communication challenges between stakeholders,
construction process phases and projects themselves
(Dave and Koskela, 2009). This division results in
significant challenges in communication and coordination
among stakeholders (Fergusson, 1993).

CDE:s for information management

The increasing complexity of construction projects,
coupled with the need for real-time information sharing,
underscores the necessity for digitalization in the
construction industry (Agarwal et al,, 2016). A CDE
serves as a comprehensive data store for all project-related
information, including geometric and semantic data, as
well as documentation, throughout the construction
project life cycle (British Standards Institution, 2013). By
consolidating all information into one accessible location,
the CDE acts as a central information management tool,
facilitating efficient collaboration and communication
among stakeholders (Preidel et al., 2017). We consider
whether the CDE can play a central role in integrating and
managing information among stakeholders.

Efficient information management is paramount for
project success due to the complexity and abundance of
data generated during construction projects (Di Giuda et
al., 2020). Defined by ISO 19650-1:2018, a CDE
functions as an agreed-upon information resource for a
project or asset, enabling the collection, management, and
dissemination of information through a controlled process
(ISO, 2018). It encompasses both a CDE solution,
typically cloud- or server-based technology with database
management features, and a structured CDE workflow
that organizes information flow and management
throughout the asset life cycle (BIM Dictionary, 2022).

Jaskula et al. (2022) outlines three levels of CDE maturity
based on document management, life cycle functionality,
security, and BIM integration. At its core, the CDE
enhances information management by providing
stakeholders with a unified platform for accessing,
sharing, and collaborating on project data. This
centralized approach fosters transparency, reduces errors,
and improves decision-making, ultimately contributing to
the overall success of construction projects. Cloud storage
services such as Dropbox are categorized as Level 1 CDE
due to limited integration with BIM technology and do not
offer advanced management capabilities nor a high level
of security. More advanced CDE tools such as Viewpoint,
Asite, Procore, Deltek, or ProjectWise are considered
Level 2 CDE for BIM because they offer BIM
visualization and communication based on BIM formats
such as BIM Collaboration Format (BCF) and Industry
Foundation Classes (IFC) in addition to document
management. Additionally, integrating technology such
as the InterPlanetary File System (IPFS) could enhance



the capabilities of CDE tools, potentially elevating them
to Level 3 BIM integration. IPFS, with its decentralized
and distributed file system, offers advantages such as
increased data integrity, redundancy, and resilience
against censorship. Platforms like Autodesk's BIM 360 or
BIMcollab, integrated with IPFS, could offer Level 3
functionality for multidisciplinary real-time collaboration
and document management, serving as a more
comprehensive single source of truth throughout the life
cycle of construction projects. However, this integration
may still require further development and evaluation to
ensure seamless compatibility and functionality within
existing CDE frameworks (Jaskula et al., 2023).

IPFS as a solution to information management

While blockchain can store information, it is not a realistic
solution for storing large amounts of building information
(Kloosterman and Smits, 2023) for being prohibitively
expensive and demands significant computational power.
Therefore, current iterations of blockchain are not suitable
for the collaboration and sharing of large amounts of data.
This challenge can be addressed by integrating blockchain
with IPFS (Steichen et al, 2018), which allows
participants to directly connect to each other without the
need for a central server (Muralidharan and Heedong,
2019; Bennet, 2020). A major advantage is that IPFS
allows flexible storage of large files. Each file uploaded
to the IPFS network is encrypted into a cryptographic
hash value referred to as a content identifier (CID). IPFS
is considered a valuable addition because it can solve the
problem of inefficient, bulky data storage in blockchain
(Steichen et al., 2018; Nyaletey et al., 2019). In other
words, users can choose to store design files or documents
in IPFS and place only CIDs in blockchain transactions.

Implementation of the blockchain-IPFS CDE solution
faces two challenges: (1) establishing the collaboration
workflow of a CDE that integrates blockchain and IPFS,
and (2) exchanging design information in such an
environment. Regarding (1), limited studies have
examined which CDE container(s) should use blockchain
and the logic of collaborating in such a distributed
environment (Ye and Konig, 2021). Regarding (2), in a
blockchain network, users exchange information by
proposing transactions and using smart contracts. But the
data model of transactions and smart contracts that meets
the requirements of CDE is not yet developed, which
complicates communication between designers (Tao et
al., 2021). It is expected that these challenges will be
addressed in due course within the research community;
proposing solutions is outside the scope of this paper.

Methodology

To answer the research question, this study adopted an
interpretivist philosophy and an inductive approach to
data collection and analysis. The methodology can be
seen graphically in Figure 1 below.

First, a literature review was conducted to understand the
issues surrounding fragmentation in the Dutch
construction industry, the nature of construction
information and the opportunities offered by Blockchain.

N Interviews with
6 practitioners
Interviews with Thematic

2 blockchain analysis of
experts results

Literature review to
understand information
management in the
Dutch context

Proposition of
blockchain-based Next steps for
CDEs for the future research
Dutch context
Interview to
evaluate a
prefabrication
use case

Figure 1: Methodology for the study

The findings of the literature review formed the basis of
interviews with six industry practitioners (#1 to #6 in
Table 1) and two blockchain experts (#7 and #8 in Table
1) contrasted with evaluation of a use case with a BIM
Coordinator of a prefabrication project (#9 in Table 1) in
the Netherlands. Finally, a validation interview took place
with an academic with extensive knowledge of
blockchain in construction (#10 in Table 1). The
interviews with industry practitioners centred on
investigating opportunities for enhancing communication
and optimizing information utilization. Both positive and
negative feedback were documented regarding various
aspects including the availability and reliability of
information, communication exchanges, and data storage.
These insights are crucial for identifying areas for
improvement and pinpointing specific pain points within
current practices.

Table 1 presents the profiles of the participants, who were
chosen based on their roles to ensure representation across
different phases of construction projects. Conducted in
Dutch, semi-structured interviews allowed for the organic
evolution of topics and the emergence of new insights,
with subsequent translation into English for analysis.

Table 1: Profile of Participants

ID Function Type of business Subject

#1  Deputy director ~ Developer

#2  Project leader Architect

#3  Managing BIM model Data
director elaboration exchange and

#4  Project leader Contractor life cycle

#5  Project leader
#6  Transfer team
leader
#7  Blockchain expert Software developer

Housing corporation optimisation
Housing corporation

#8  Blockchain expert Knowledge Blockchain
organization
#9  BIM Coordinator Prefabrication Data
generation
and transfer
#10 Lecturer University Validation

Subsequent to the interviews, a use case was evaluated to
examine the impact of using a single central source of
truth on the availability and reliability of construction
information with specific relevance to the Dutch context.
The interviews with the blockchain experts also addressed
these topics, but with a specific focus on the potential role
of blockchain technology in transforming data exchange.
The central question here was whether blockchain can add
value to an alternative approach to data communication,
addressing aspects such as information availability,
reliability and storage in an innovative way. The use case
was used to gain insights into whether working within a



single network — such as a blockchain — has benefits for
information exchange and availability. In fact, different
departments within the company use the same
information sharing system.

Upon collection of the data, thematic analysis was applied
following Williams and Moser’s (2019) three-step coding
process. First open codes were identified, then refined
into selective codes and finally themes were identified
across the data. Table 2 shows the resultant themes along
with analysis of positive or negative comments being
made across the three sets of interviews.

Table 2: Evaluation of comments from the interviews

Themes Current Blockchain Use Case
-ve +ve -ve +ve -ve +ve
Availability 58 56 5 18 2 23
Reliability-Trust 60 67 @ 6 44 3 25
Exchange-Communication 83 95 2 12 4 11
Storage 29 19 9 16 0 9
Construction information [133 130 23 68 1 19
Collaboration 51 76 5 16 4 |25
BIM 58 87 2 16 1 6

Results of the interviews

The interviews were designed to explore three main
aspects: the current situation, the potential added value of
blockchain and a use case. Three sets of interviews were
conducted with respondents from the construction
industry, blockchain experts and as part of a case study.

The results, analysed thematically and summarized in
Table 2, show the current situation around these topics is
fairly even, with roughly equal numbers of positive and
negative comments. However, when asked whether
blockchain can add value, more positive statements
emerged. This suggests that blockchain could be
beneficial for these aspects. Furthermore, it was found
that working within one network and with one source of
truth produced more positive as well as negative
expressions on the various topics. This indicates the
potential of a blockchain-based structure to improve
collaboration and information sharing.

Current situation with information exchange

The results of examining the current situation with
information exchange show there is a clear need for
available and reliable construction information. One
crucial aspect that emerged from the interviews is the
location where information is stored. Several stakeholders
emphasized that construction work information is often
stored on their own servers or systems, resulting in
scattered and fragmented data storage. The interviews
also revealed that just a shared storage location is not
enough. Participant #2 said, “That is the place where
everyone leaves their information. In several projects, we
have found this often acts as a kind of dumping ground for
information. While anyone can put information there,
there is often a lack of adequate version control and
determination of relevance. Managing older data or
directing that information is often neglected” . This makes
it difficult to quickly access the information needed and

forces parties to exchange information through external
channels as indicated by participant #6: “I get a very large
information portion from the contractor through a USB
stick” (#6).

An adverse consequence of this information sharing is the
challenge of identifying the most recent version of
documents (e.g., drawings). “The more information you
have to share, the more mistakes are made” (#2). This
creates the risk of working with outdated or incorrect
information, which can damage the reliability of
construction work information. “You will always have the
customer or contractor working with a different system”
(#9). To address these issues, some stakeholders are
already experimenting with software solutions that bring
together construction work information in one central
location. These CDEs are welcomed by respondents who
recognize the benefits of centralized access to and
exchange of information: “You really need to have a place
where the information is centralized, because it
disappears  everywhere. — Everyone has different
information and then what’s the right version? You just
lose that overview” (#3). They believe such CDEs will
improve the availability and reliability of construction
information in the future: “Of course, it would be much
nicer if something from the contractor went directly into
our system” (#6).

These statements represent that the exchange and storage
of construction information in construction could be
significantly improved. Often, information is distributed
to stakeholders in different ways, leading to ambiguity
about the correct version. This leads to mutual
consultation among stakeholders without everyone being
aware, often resulting in parallel efforts and different
versions of the ‘truth’. According to respondents, the
demand for a central source of information can yield
significant gains in information management. Participant
#6 indicated that a lot information is lost during
construction and after handover. As a result, valuable data
are missing during operation. Participants also indicated
that there is no seamless connection between business
information, with participant #6 indicating that it would
be more efficient if the contractor could add information
directly to the server. When asked whether applying
blockchain in the Dutch construction industry can help
improve information management and collaboration,
there were mixed responses. Mainly, the lack of
knowledge about blockchain and overall market adoption
are mentioned as obstacles. Proper education about the
possibilities can promote broader implementation.
Participant #9 indicated that they are open to new
technologies if they are beneficial for overall construction
and information management in the different phases.

Added value through blockchain technology

The interviews with blockchain experts aimed to explore
how blockchain can contribute to achieving more reliable
and accessible information. A key focus was to identify
the most appropriate form of blockchain for collaboration
between different stakeholders. This involved asking
about different types of blockchains (e.g., public, private,



consortium), and examining the features most conducive
to effective collaboration. In addition, the research
assessed the impact of using blockchain in businesses by
examining the potential benefits of blockchain adoption
and identifying the challenges and adjustments needed
when transitioning to a blockchain-based business model.
Finally, they explored why blockchain, despite several
years of existence, has not yet been fully utilized. Through
these interviews, it was hoped the potential obstacles that
may hinder implementation of blockchain in the Dutch
construction industry could be better understood.

The results indicate that while storing large volumes of
information on a blockchain is possible, it is also be
prohibitively expensive and demands significant
computational power. Therefore, it may be more practical
to consider recording only the transactions associated
with that information on the blockchain. “The bitcoin-
blockchain is extremely slow and poor to use for storing
information. But it is very good at transferring values
because it is so secure” (#8). This approach can enhance
the reliability of information without incurring excessive
costs or energy consumption. Additionally, it is worth
noting that the information is hashed, and the resulting
hash code is processed through the blockchain, ensuring
data integrity and security. Blockchain expert #8
expressed that “you have to see the blockchain as the
party that fixes the information that parties exchange with
each other. A kind of notary”. This makes the
implementation of a CDE a considerable necessity, as it
promotes the availability of information for all parties
involved. It ensures transparency and accessibility of
information, which enhances collaboration and
information sharing. The findings also highlight that
blockchain is an additional layer within the ICT
infrastructure because “vou actually have to really
separate it from the database, it's just a different kind of
technology” (#8). It provides a secure and decentralized
infrastructure for storing and verifying data, which
promotes trust and transparency.

For collaborations involving stakeholders with
hierarchical structures, private (consortium) blockchains
are recommended by participant #8. This allows
participants to work together within a shared network
where specific roles and authority can be assigned as well
as structured collaboration and decision-making giving
parties “the ability to share data among themselves.
Moreover, it is configurable, so you can configure which
parties specifically share data with each other. You have
full control over this configuration” (#7).

Based on these interviews, it can be said that the demand
for structured and reliable information management is
strong in the industry. The large-scale implementation of
CDEs is lagging partly because of the lack of structure and
control. This is where blockchain technology can add
value. By capturing construction information using
blockchain, it is possible to keep track of changes and
other important issues. The ultimate goal with this is to
roll out the large-scale application of central data
management in construction.

Use Case: Prefabricated wall panels

To test an ‘ideal situation’ and focus on information
exchange between cooperating departments within a
single organization, a use case was evaluated. A factory
specializing in the production of precast elements was
chosen. As a modern method of construction,
prefabrication has a more integrated supply chain than
that of traditional construction sites (Ocheoha and
Moselhi, 2018) and is, therefore, potentially more
susceptible to adoption of blockchain in the near-term
(Olawumii et al., 2022).

The aim of the use case evaluation was to gain insight into
how information is exchanged when internal stakeholders
work together within the same network. This study
focused specifically on the methods and processes used to
share and communicate information among the
departments involved and whether there is a ‘Single
Source of Truth’ for all stakeholders to reliably access.
The evaluation produced several results that highlight the
benefits of working with a single source of truth. It was
found to improve the reliability of information because all
necessary data are stored in one central location,
eliminating incorrect or contradictory information. This
contributes to a higher degree of reliability and accuracy
in the production process such that “IFC is the digital
source model of the prototype we make and with that we
control the production” (#9). In addition, working with a
single source of truth adds value to the optimization and
automation process. It streamlines information exchange
and creates an efficient workflow. “We have software that
does our planning and also ultimately controls
production. And through that system we have files for the
lasers, for the plotter, files are generated” (#9). By
working with a centralized resource, processes can be
automated and more emphasis can be placed on
optimization and improvement of production. An
additional advantage is that all employees and
departments have access to the same data “so we are
working with the same source information” (#9). Having
the source information stored in one place with easy
accessibility promotes communication and collaboration
within the organization. Everyone can have access to the
most recent and relevant data at any time ensuring better
coordination and handling of tasks and processes.
Information is no longer distributed through emails
between internal stakeholders, but everyone knows where
to find the information. This prevents duplication of
information and ensures that the ‘production model’ is
and remains the only source of truth. The downside of
intensive use of the source model is that any changes
made during the process must be updated in the model to
avoid production errors, as many processes are based on
the source information and automation. “We aim to
integrate as much information as possible into the
production model that drives our production process. We
want this to be the source of information” (#9).

During the interview, it was noticed that company
employees showed remarkably more mutual engagement
than is common in the construction industry. This result
can be attributed to the fact that they work together within



one network or all work for the same company, which
fosters a sense of belonging. As a result, all employees
have a common interest in the final product, which differs
from the usual fragmented nature of the construction
industry in which individuals perform their own tasks.

Evaluation of this use case has shown that working with a
single source of truth offers significant benefits, including
improved reliability of information, availability of
information, optimization of processes and a sense of
belonging among employees and departments as they
advance toward a common goal.

Discussion

This paper aimed to evaluate the use of blockchain in
combination with CDEs to improve the accessibility and
reliability of construction information in the Netherlands.
The Dutch construction industry is known for its
fragmentation and specialization, which poses challenges
for efficient information exchange. Integrating
blockchain with CDEs could help solve problems of
information management essential for optimizing
construction processes. The research question being
answered was, "How can the integration of blockchain
and CDEs be used to improve the availability and
reliability of construction information in  the
Netherlands?"

The literature review highlighted the benefits of
blockchain and CDEs, particularly in terms of reliability,
accessibility and efficiency of information management.
Blockchain is recognized for its ability to secure
information and provide transparency without the need
for trusted intermediaries (Lashkari and Musilek, 2021).
The concept of CDEs is considered an effective way to
centralize construction information and facilitate
collaboration among stakeholders (Preidel et al., 2017).
The interviews showed current practices in construction
often result in fragmented and piecemeal storage of
information, leading to problems such as finding the most
recent versions of documents and miscommunication
between different parties. This highlights the need for
centralized solutions such as CDEs to address these
challenges.

The results show combining blockchain and CDEs offers
a potential solution to the limitations of traditional
centralized systems in the construction industry by
making manipulation of information virtually impossible
increasing trust between participants. This is valuable due
to the complex and specialized nature of the construction
industry, where different professional groups are involved
in different phases of the construction process (Nawi et
al., 2014). A centralized information management system
can help consolidate information and facilitate
collaboration and communication between stakeholders.
However, it was found that storing information on a
blockchain is not effective due to its latency and poor
storage abilities. The combination of blockchain and a
CDE was considered a potential solution to this with IPFS
suggested to complement blockchain to help solve
problems with inefficient data storage (Steichen et al.,
2018; Nyaletey et al., 2019). This was supported by the

findings from the interviews, though practical
considerations are still to be addressed, such as the
perceived high cost and energy requirements of storing
large amounts of information on the blockchain requiring
a targeted approach. A solution being, for example,
capturing only transactions involving information on the
blockchain with the actual information stored on IPFS.

The promising applications of blockchain in construction,
particularly in improving efficiency, transparency and
time savings, are a key finding of this research.
Optimizing CDEs by further exploring and developing
these areas for the Netherlands, innovative solutions can
be developed that lead to more efficient, transparent and
sustainable construction processes and projects.
Moreover, it is important to research similar situations in
other countries. This helps not only to understand the
applicability and effectiveness of blockchain in different
contexts, but also to identify global best practices. By
making international comparisons and drawing lessons
from different experiences, we can gain a deeper
understanding of the potential impact of blockchain on the
construction industry worldwide. This can ultimately
contribute to a more informed and inclusive approach to
the implementation of blockchain technology in the
construction industry.

Conclusion

The Dutch construction industry, characterized by
fragmentation, experiences challenges in communication
and coordination of construction work information, with
loss of valuable data. This research answered the question,
"How can the integration of blockchain and CDEs be
leveraged to enhance the availability and reliability of
building information in the Netherlands?” Qualitative
methods were used to examine construction information
in the chain, as well as opportunities and limitations of
blockchain.

The research findings emphasized the importance and
issues surrounding availability and reliability of
information in the construction supply chain, often
associated with negative experiences. The lack of
connection between companies, operating mainly on their
own ‘islands’, leads to manual dissemination of
information across stakeholders. This results in
conflicting versions, miscommunication and lack of a
clear source of truth.

Research on blockchain integrated with a CDE has
provided insights on its potential and limitations.
Although further research is required to explicitly answer
the research question, it is suggested that integration of a
CDE with blockchain could be a valuable approach.
Blockchain is not suggested for storing large amounts of
information, rather integration with IPFS for a CDE that
acts as a central repository for all construction
information, could see increased security and prevent
manipulation of data. This enables reliable and immutable
storage of information, which is crucial for the efficient
and effective execution of construction projects.

The evaluated use case showed that using a shared



network environment and working with a central source
of truth brings several benefits in terms of optimization,
efficiency and trust. This is because information is stored,
managed and shared more efficiently within the network.
The availability and reliability of construction
information increases greatly when using a single source
of truth. Because stakeholders know where information is
stored, individual sharing is no longer necessary, which
benefits information reliability and reduces the risk of
miscommunication and duplicate versions.

One notable result is that stakeholders have more mutual
trust and cooperate better when operating within the same
network environment. This improvement comes from
relying on each other's information within the same
system, allowing individual goals to converge into a
common interest. This highlights the importance of a
shared platform and the potential of blockchain to
enhance communication, trust and collaboration in the
supply chain. In short, the study concludes that
construction stakeholders benefit from available and
reliable construction information, with blockchain
serving as a valuable tool to achieve these goals.

As preliminary research, this study was limited regarding
the number of stakeholders engaged and the use case
evaluated. While the study gained insights from relevant
perspectives, it is acknowledged that more engagement is
needed. A wider range of stakeholders could provide a
broader spectrum of insights and allow for a more
comprehensive representation of diverse viewpoints in
the Dutch construction industry. Extending the study to
engage with a wider range of stakeholders across the
project life cycle to gain a deeper understanding of the
complex dynamics and challenges within the Dutch
construction industry. The use case chosen considered
information management at an intraorganizational level
that arguably faces less challenges than at an
interorganizational level, the latter will be included in the
extended study. In addition, blockchain's technological
elaboration and application alongside a central database
will be explored.

References
Adriaanse, A. (2014) Bruggen bouwen met ICT.
Universiteit Twente. Available at:

https://ris.utwente.nl/ws/portalfiles/portal/5119421/ora
tieboekje-Adriaanse.pdf.

Adriaanse, A., Borsboom, W. and Roef, R. (2020) Naar
netwerken van predictive twins van de gebouwde
omgeving. Available at:
https://www.tno.nl/nl/newsroom/2020/11/predictive-
twins-oplossing-uitdagingen/.

Agarwal, R., Chandrasekaran, S. and Srigrid, M. (2016)
Imagining construction’s digital future. Available at:
https://www.mckinsey.com/industries/capital-projects-
and-infrastructure/our-insights/imagining-
constructions-digital-future2/28.

Bennet, J. (2020) InterPlanetary File System (IPFS).
Available at: https://ipfs.tech/.

BIM Dictionary (2022) Common Data Environment
(CDE). Available at:
https://bimdictionary.com/en/common-data-
environment/2.

Bodkhe, U. et al. (2020) Blockchain for Industry 4.0: A
comprehensive review, IEEE Access. Available at:
https://doi.org/10.1109/ACCESS.2020.2988579.

van Breugel, K. (2019) Het model: vehikel voor glorie en
schande. Available at:
https://pure.tudelft.nl/ws/portalfiles/portal/96293783/
Afscheidsrede Prof. K. van Breugel 27.09.2019 .p
df.

British Standards Institution. (2013) PAS 1192-2:2013 :
specification for information management for the
capital/delivery phase of construction projects using
building  information modelling. Available at:
https://www.hfms.org.hu/joomla/images/stories/PAS/
PAS1192-2-BIM.pdf.

Canon (2019) De nationale benchmark Digitalisering in
de Bouw. Available at:
https://www.canon.nl/business/digitalisering-in-de-
bouw/.

Chong, H.Y., Wong, J.S. and Wang, X. (2014) ‘An
explanatory case study on cloud computing
applications in the built environment’, Automation in
Construction [Preprint]. Available at:
https://doi.org/10.1016/j.autcon.2014.04.010.

Dave, B. and Koskela, L. (2009) ‘Collaborative
knowledge management—A construction case study’,
Automation in Construction, 18(7), pp. 894-902.
Available at:
https://doi.org/10.1016/J.AUTCON.2009.03.015.

Fergusson, K.J. (1993) Impact of integration on industrial
facility quality. Unpublished Dissertation. Palo Alto.
Available at:
https://stacks.stanford.edu/file/druid:xj721fn3242/TR0O
84.pdf.

Di Giuda, G.M., Giana, P.E. and Pattini, G. (2020) ‘The
shortening and the automation of payments: The
potentiality of smart contract in the aeco sector’, in
Proceedings of International Structural Engineering
and Construction. ISEC Press, p. CON-12-1-CON-12-
6. Available at:
https://doi.org/10.14455/ISEC.2020.7(2).CON-12.

Guégan, D. (2017) Public Blockchain versus Private
blockchain. Paris. Available at:
http://centredeconomiesorbonne.univ-paris1.fr/.

Hamilton, M. (2019) Blockchain distributed ledger
technology: An introduction and focus on smart
contracts. University of Alabama. Available at:
https://doi.org/10.1002/jcaf.22421.

ISO (2018) ISO, Organization and digitization of
information about buildings and civil engineering
works, including building information modelling (BIM)
— Information management using building information



modelling, Part 1: Concepts and principles. Available
at: https://www.iso.org/standard/68078.html.

Jabbar, R. et al (2022) Blockchain Technology for
Intelligent Transportation Systems: A Systematic
Literature Review, IEEE Access. Available at:
https://doi.org/10.1109/ACCESS.2022.3149958.

Jaskula, K. et al. (2022) Common Data Environments in
construction: State-of-the-art and challenges for
practical. The Bartlett School of Sustainable
Construction. Available at:
https://dx.doi.org/10.2139/ssrn.4249458.

Jaskula, K., Papadonikolaki, E. and Rovas, D. (2023)
Comparison of current Common Data Environment
tools in the construction industry. University College
London. Available at: https://ec-
3.org/publications/conference/paper/?id=EC32023 31
5.

Jena, A.K. and Dash, S.P. (2021) ‘Blockchain
Technology: Introduction, Applications, Challenges’,
in  Blockchain  Technology: Applications and
Challenges, pp- 1-11. Available at:
http://www.springer.com/series/8578.

Kloosterman, R. and Smits, M. (2023) Blockchain
Technologie in de bouw. Amsterdam University of
Applied Sciences.

Koutsogiannis, A. and Berntsen, N. (2019) Blockchain
and construction: the how, why and when. Available at:
https://www.bimplus.co.uk/blockchain-and-
construction-how-why-and-when/.

Lashkari, B. and Musilek, P. (2021) A Comprehensive
Review of Blockchain Consensus Mechanisms, IEEE
Access. Available at:
https://doi.org/10.1109/ACCESS.2021.3065880.

Li, JJ. (2023) A socio-technical framework to guide
implementation and value realisation of distributed
ledger technologies (DLT) in the construction sector.
Available at:
https://nrl.northumbria.ac.uk/id/eprint/51601/.

Muralidharan, S. and Heedong, K. (2019) A4n
InterPlanetary File System (IPFS) based IoT
framework. Available at:
https://doi.org/10.1109/ICCE.2019.8662002.

Nawi, M.N.M., Baluch, N. and Bahauddin, A.Y. (2014)
Impact of Fragmentation Issue in Construction
Industry: An  Overview. School of Technology
Management and Logistics, University Utara Malaysia.
Available at:
https://doi.org/https://doi.org/10.105 I/matecconf/2014
1501009.

Nyaletey, E. et al. (2019) BlockIPFS - Blockchain-
enabled interplanetary file system for forensic and
trusted data traceability, Proceedings - 2019 2nd IEEE
International Conference on Blockchain, Blockchain
2019. Available at:
https://doi.org/10.1109/Blockchain.2019.00012.

Olawumi, T.O. et al. (2022) Automating the modular
construction process: A review of digital technologies
and future directions with blockchain technology,
Journal of Building Engineering. Available at:
https://doi.org/10.1016/J.JOBE.2021.103720.

Perez, C. (2009) Technological revolutions and techno-
economic paradigms. Technological University of
Tallinn. Available at: www.carlotaperez.org.

Preidel, C. et al. (2017) Seamless integration of common
data environment access into BIM authoring
applications the BIM integration framework, eWork
and eBusiness in Architecture, Enginering and
Construction. Available at:
https://mediatum.ub.tum.de/doc/1306961/6540cv4bit3
2uh73pjjlzlvjs.pdf.

Puthal, D. ef al. (2018) Everything You Wanted to Know
about the Blockchain: Its Promise, Components,
Processes, and Problems, IEEE Consumer Electronics
Magazine. Available at:
https://doi.org/10.1109/MCE.2018.2816299.

van Sante, M. (2016) Technologie in de bouw.
Amsterdam. Available at:
https://assets.ing.com/m/b9c7308{ea908198/original/T
echnologie-in-de-bouw.pdf.

Sarmah, S.S. (2018) Understanding Blockchain
Technology, Computer Science and Engineering.
Available at:
https://doi.org/10.5923/j.computer.20180802.02.

Steichen, M. et al (2018) Blockchain-Based,
Decentralized Access Control for IPFS. Available at:
https://doi.org/https://doi.org/10.1109/Cybermatics 20
18.2018.00253.

Tao, X. et al. (2021) Distributed common data
environment using blockchain and Interplanetary File
System for secure BIM-based collaborative design,
Automation  in  Construction.  Available  at:
https://doi.org/10.1016/j.autcon.2021.103851.

Volker, L. (2019) Just a little of that human touch:
Towards a value-based ecosystem for delivering
infrastructure services. University of Twente
Available at:
https://ris.utwente.nl/ws/portalfiles/portal/201586728/1
naugural lecture L. Volker.pdf.

Williams, M. and Moser, T. (2019) The Art of Coding and
Thematic Exploration in Qualitative Research,
International Management Review. 15(1), pp. 45-55.

Yang, R. et al. (2020) Public and private blockchain in
construction  business process and information
integration, Automation in Construction. Available at:
https://doi.org/10.1016/J. AUTCON.2020.103276.

Ye, X. and Konig, M. (2021) Framework for Automated
Billing in the Construction Industry Using BIM and
Smart Contracts, Lecture Notes in Civil Engineering.
Available  at:  https://doi.org/10.1007/978-3-030-
51295-8 57.



2024 European Conference on Computing in Construction -
. —_
Chania, Crete, Greece | .
July 14-17, 2024 -

A BLOCKCHAIN-BASED APPROACH FOR EMBODIED CARBON MANAGEMENT
ALONG THE CONSTRUCTION SUPPLY CHAIN
K.L. Kuan', Yuging Xu', Chengliang Zheng?, Jessica S.M. Chan’®, Jack C.P. Cheng!, and Alexis K.H. Lau!
'The Hong Kong University of Science and Technology, Hong Kong, China
2Wuhan University, Wuhan, China
SMTR Corporation Limited, Hong Kong, China

Abstract

Blockchain offers a potential solution to enhance
transparency and trackability in carbon management, but
limited research exists on its implementation in the
construction industry. This study proposes a blockchain-
based approach for transparent and trackable carbon
management in the construction supply chain to address
concerns regarding data quality and confidentiality. A
system was developed comprising off-chain carbon
management and on-chain (public blockchain) storage,
with technical highlights of: role-based access control for
functionality, hierarchical hashing strategy for validation,
and selective data disclosure before on-chain. The
research's contributions include enhancing data quality and
traceability for carbon assessments.

Introduction

The construction industry significantly influences global
carbon emissions due to its energy-intensive processes, use
of materials, and the operation of buildings (Sizirici et al.,
2021). Carbon emissions from the construction supply
chain, referred to as upfront embodied carbon, are
estimated to account for around 30% of construction
projects' whole life cycle carbon emissions (Gan et al.,
2017). Therefore, how to manage and reduce carbon
emissions from construction supply chains has become an
urgent task in the construction industry. Although many
practices and studies have been implemented to manage
carbon emissions at the specific stage of the construction
supply chains, it is still difficult to track carbon footprints
along the supply chain. For one thing, the fragmentation of
supply chains makes it difficult to gather consistent and
accurate data on carbon emissions from each stage of the
supply chain among multiple tiers of suppliers and
subcontractors (Hijazi et al., 2021). For another,
considering the wide scope of carbon emission data
required during carbon assessment and tracking,
stakeholders may find it difficult to access (Lai et al.,
2023). In that case, the data transparency is very limited
both for internal carbon management along the
construction supply chain and external supervision for
sustainability disclosure, which hampers the ability to track
carbon footprints effectively.

As a promising technology, blockchain offers a possible
and effective solution for the insufficient transparency and
low trackability problems during carbon management
along the construction supply chain (Turk et al., 2017).
Blockchain technology is a decentralized and distributed
ledger system that allows multiple parties to maintain a
shared database without the need for a central authority. It

is a chain of blocks, where each block contains a list of
transactions or data (Hunhevicz et al., 2020). These blocks
are linked together using cryptographic hashes, creating an
immutable and transparent record of all transactions or data
entries (Tao et al., 2022). With the help of blockchain,
problems such as fragmentation, inefficient data-sharing,
insufficient data transparency, and poor data trackability
have been solved in many construction scenarios. Existing
studies have explored blockchain's capability and
feasibility in various construction scenarios, including
construction ~ payment  transactions,  construction
information-sharing and collaboration during multiple
project stages, and governmental supervision of
construction work (Xu et al., 2023). However, there is
limited research in the field of blockchain-based carbon
management along the construction supply chain,
especially focusing on the whole supply chain lifecycle and
how to motivate all stakeholders to participate in such an
innovative approach. During the interviews, it was noted
that other challenges include concerns regarding data
quality and sensitive information. Therefore, the two
research questions in this research are:

(1) How can blockchain technology integrate with
carbon management along the whole construction
supply chain?

(2) How can carbon data quality and privacy be
enhanced in the blockchain-based carbon
management system?

This study aims to propose a blockchain-based approach
for transparent and trackable carbon management along the
construction supply chain for all stakeholders (suppliers,
contractors, architects, and developers of the construction
project) by developing a blockchain-based carbon
management system. This approach covers all stages that
will produce carbon emissions in construction supply
chains (from material processing, transportation, and on-
site construction activities), which is consistent with the A1
to A5 stages from the life cycle assessment identified in
international standards.

Related work

Carbon management in the construction supply chain

Carbon emissions from the construction supply chain,
referred to as upfront embodied carbon, are estimated to
account for around 30% of construction projects' whole life
cycle carbon emissions. Under the urgent trends of global
carbon reduction, the importance of carbon management in
construction supply chains is increasingly recognized.

A range of international standards have been developed
and can be applied to assess and manage carbon emissions
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in the construction industry, including carbon assessment
and management in construction supply chains. The
European standard, EN 15978, is commonly recognized for
the assessment of the environmental performance of new
and existing buildings based on a life cycle approach. This
standard specifies the calculation method and multiple
carbon calculation stages based on Life Cycle Assessment
(LCA) and other quantified environmental information
based on the building level. Especially, Al to AS stages of
product sourcing and construction stage identified in EN
15978 help assess carbon emissions from the construction
supply chains, including sourcing, transportation,
fabrication, and construction of all materials and products
(British Standards Institution, 2011).

Moreover, multiple carbon certification schemes for
construction materials and products have also been
implemented in the construction industry, targeting to
control and reduce carbon emissions at the start of
construction supply chain management (A1l to A3 stages).
For instance, the carbon reduction label managed by the
Carbon Trust in the UK is one of the earliest certification
schemes in the world. Under this scheme, organizations are
required to report environmental claims and detailed
carbon-proof data to get the certified label of products.
Similar practices can also be found in The Singapore Green
Building Product Certification (SGBPC), and the
Construction Industry Council (CIC) Green Product
Certification scheme in Hong Kong.

In academia, how to manage and reduce carbon emissions
in construction supply chains to realize a green supply
chain and improve its sustainability is also a hot topic.
There are various research categories in the existing papers
about carbon management in construction supply chains,
including (1) green purchasing and procurement, (2) low-
carbon design and manufacturing of construction materials
and products, (3) green logistics, and (4) construction
waste management. Green purchasing and procurement
mainly focus on evaluation schemes and strategies for
material and product selection along the construction
supply chains. Bagul et al. developed a sustainable
sourcing strategy for mega-construction projects using the
analytic hierarchy process (AHP) technique and a multi-
objective Goal Programming (GP) model, which has also
been verified using a single construction megaproject case
(Bagul et al., 2023). In the field of low-carbon design and
manufacturing of construction materials and products,
studies are focusing on how to design environmentally
friendly construction materials and limit resource
consumption during the production process of construction
materials and products. For instance, Yang et al. developed
a low-carbon design of an Ultra-High Performance
Concrete (UHPC) by incorporating high-volume
phosphorous slag (PS), which shows a promising approach
to developing a cleaner building material with lower
carbon footprints (Yang et al., 2019). Zheng et al. proposed
a knowledge-based integrated product design framework
to support low-carbon product development. Green
logistics is another research field in carbon management

along the construction supply chains. It aims to reduce
carbon emissions during the delivery process of
construction materials and products (Zheng et al., 2021).
Chen et al. integrated building information modeling
(BIM) and web map service (WMS) for the source
selection of sustainable construction materials to reduce
carbon emissions during the delivery (Chen et al., 2019).
The carbon management of the recycling process of the
construction supply chain is also studied in existing
studies. Wibowo et al. proposed a measurement model to
analyze the carbon reduction performance of recycled
materials to support sustainable construction (Wibowo et
al., 2017).

Blockchain applications in the construction industry

Blockchain is one of the most prominent types of
distributed ledger technology (DLT) that allows all
transactions to broadcast and operate on a distributed peer-
to-peer (P2P) network without a centralized administrator.
It enables the secure and transparent recording of
transactions and data. The blockchain transactions are first
grouped together, validated by particular consensus
mechanisms (e.g., Proof of Work, Proof of Stake) among
all nodes, and finally added to a block in a specific order.
Since the newly generated block links to the previous block
by unique a hashing index, it is difficult to modify once a
block is added (needs to modify all previous block indexes
and value if want to change one block), which ensures the
integrity and trackability of the recorded data (Scott et al.,
2021). Currently, blockchain's capability and feasibility
have been discussed and validated in various construction

scenarios, including construction payment and
procurement, information-sharing and collaboration,
construction supply chain management (including
construction carbon management), regulations and

compliance, and contract management (Li et al., 2021 a).

For construction payment scenarios, blockchain-based
payment systems can enable faster payments by
eliminating intermediaries and self-executing smart
contracts. A distributed blockchain-based framework that
does not require trust to automatically enforce the terms
and conditions related to interim payments was proposed
by Das et al., aiming to facilitate payment transparency,
enforce conditions of interim payments, and automatically
record payment cycles (Das et al., 2020). Similarly, to
avoid the risks and disputes caused by slow payments
among construction stakeholders, an autonomous payment
administration solution integrating blockchain-enabled
smart contracts and robotic reality capture technologies
was proposed by Hamledari et al., which can automatically
transfer cryptocurrencies by smart contracts after finishing
phased work (Hamledari et al., 2021).

Blockchain technology has also been applied in the single
stage or multiple stages of construction projects, such as
design, construction, and maintenance, for information
sharing and stakeholder collaboration to enhance
construction data transparency, reliability, and trackability.
For example, a blockchain-based prototype system was
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developed and evaluated to address the challenges of
design liability control and information security during the
construction design process (Pradeep et al., 2021). For the
construction stage, a blockchain-based verification
framework of adequate scaffolding was proposed for onsite
inspections, aiming to make the onsite operations safer
(Baek et al., 2020).

Among the above blockchain applications in the
construction industry, blockchain-integrated construction
supply chain management is one of the most popular
research directions across multiple project stages. Recent
studies have illustrated blockchain-enabled construction
supply chain management via case studies. Wang et al.
proposed a blockchain-based information management
framework for precast supply chain information-sharing,
real-time controlling, and status tracking, and a case study
was used to validate the performance of the proposed
framework (Wang et al., 2020). Moreover, Lu et al.
developed a smart construction objects-enabled blockchain
oracles framework to bridge the on-chain and off-chain
worlds, which was examined in the context of off-site
logistics and on-site assembly services (Lu et al., 2021).
Some studies in this field also integrated blockchain with
other digital technologies such as BIM and IoT to improve
the performance of construction supply chains. For
example, Wu et al. linked a permissioned blockchain to the
Internet of Things (IoT)-BIM platform for off-site
production management in modular construction by
providing better information visibility, traceability, and a
more collaborative working environment (Wu et al., 2022).

For construction carbon management, blockchain's
potential to facilitate carbon data transparency and
traceability has been examined in both carbon
quantification and assessment. Rodrigo et al. explored the
potential application of blockchain for accurate embodied
carbon estimation in construction supply chains and
developed a data model for the blockchain-based embodied
carbon estimator for construction (Rodrigo et al., 2020).
Recent literature has developed several theoretical
frameworks for blockchain-enabled carbon management.
For instance, Wang et al. proposed a conceptual framework
integrating blockchain, supply chain, and environmental
performance, which suggests using blockchain to enhance
supply chain management and reduce carbon emissions
(Wang et al., 2020). A blockchain-based identification and
coordination framework was designed by Wang et al.
based on a specific multi-tier supply chain for sustainable
supply chain management, aiming to ensure compliance
with sustainability standards in construction supply chains
(Wang et al., 2023). Liu et al. proposed a conceptual
framework integrating blockchain as a carbon management
tool to achieve transparent carbon footprint disclosure
during product certification and supply chain management
(Liu et al., 2019). Moreover, Xu et al., developed a more
detailed and implementable blockchain-based framework
for the embodied carbon certification of construction
materials and products, which was validated via real
certification cases (Xu et al., 2024).

Some other blockchain-based applications in the
construction field can also be found in construction
supervision (Li et al., 2021 c), and contract management
for solving contract disputes and claims (Li et al., 2021 b).
In summary, blockchain technology has already been
implemented in many construction cases with different
objectives, such as increasing data transparency, enhancing
mutual trust, and facilitating tracking functionalities.
However, existing blockchain-integrated research mainly
based on less decentralized solutions without transparency
to the public, and there is limited research about sufficient
transparency and traceability of upfront embodied carbon
management among all stakeholders along construction
supply chains.

Methodology

The research methodology employed in this study is based
on the Design Science Research (DSR) method, which
facilitates problem-solving activities as depicted in Figure
1. The research problems and objectives were identified
through an extensive literature review of existing studies
on carbon management in construction supply chains and
blockchain-based applications, as well as through
interviews conducted with stakeholders across the
construction supply chain. Once the research problems
were identified, the system framework and workflow of the
blockchain-based system were developed. This entailed
creating a model diagram that showcases the key
components and a process diagram that illustrates the
system workflows among different stakeholders.
Subsequently, a system prototype was developed, tested,
and demonstrated through a real-life case study, enabling
the recording and tracking of carbon footprints along the
construction supply chain. The final two steps of this study
involve the evaluation of the system and its practical

assessment through communication with relevant
stakeholders.
Problem Definition of the
Identification Objectives

(Literature review and
industry interview)

(Literature review and
industry interview)

Design and
Development

(Blokchain-based system
framework and workflow)

Demonstration

(Real-life case testing and
illustration)

Evaluation Communication

(Efficiency evaluation) (Practicality assessment)

Figure 1: Research methodology in this study
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System requirement analysis

Interview results for system requirements

We conducted interviews with one supplier, two
contractors and one developer to gain insights into the
industry practices related to embodied carbon practices.
We also sought their opinions on the proposed blockchain-
based carbon management system. The interview questions
are provided below:

1. How does your company collect and store carbon-
related information/data for a project? For
instance, what types of data are collected, how is
data collected from different parties, who is
responsible for inputting the data, and how is the
data stored?

2. Does your company have any concerns about
using a blockchain-based carbon management
system for tracking carbon-related data in the
construction supply chain?

Based on the interviews, it is noted that only a few
stakeholders have a practice of collecting and tracking
embodied carbon data in their projects, such as having a

centralized procurement system and an online centralized
database for storing data. The stakeholders also expressed
concerns regarding data quality and sensitive information
(e.g., the design formula of the product, total quantity and
inventory sources). Besides, they expressed expectations
for the system to support data sharing throughout the
project and industry (e.g., project emission factor), and
facilitate the establishment of industry benchmarks.

System design

The research primarily focuses on the integration of
blockchain technology with carbon management across the
entire construction supply chain to enhance the quality and
traceability of embodied carbon data for more accurate
carbon assessments. In our blockchain-based carbon
management system, the stakeholders involved are
developers, architects, consultants (such as structural
consultants and carbon consultants), contractors (such as
foundation contractors and main contractors), and product
suppliers (such as concrete and steel suppliers). The
contractor and supplier are further categorized into general
staff and senior staff for different roles in the system. The
system framework is referenced in Figure 2.

‘ Blockchain-based Carbon Management System ‘ '

f t f
Developer ‘ Architect ‘ ‘ Consultant ‘ ‘ Contractor

| [BIMMaterial | [Off-chain: Technical Highlights On-chain: i
' Take-off Input Parameters Qutput Parameters '
' Application ( 3 '
: Carbon Emission Data from Role-Based Access Hash Value of Validation ?
Material I ~ Control For '
1 ] - Process Data [ Ethereum
; Specification Materials in New Construction Functionality . ' | Blockchain
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! = (A1-A3) I s - — A : (Public
' Material \ J Hierarchical Project Emission Data for ' | Blockchain)
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! - Upstream Transportation For Validation Construction and Industry E ‘
! AUTODESK (A4) Benchmarking ' 4
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, Construction Site Activities D_Se:ectlve ga:a Company Emission Data for '
i (A5) Isclosure Before Sustainability Report :
: \ J ©On-chain L Preparation |
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‘ Supplier ‘

Figure 2: System framework

The proposed system framework provides the traditional
off-chain carbon management functions, encompassing
user registration and data input. Within this system, all
stakeholders should register a unique account in the
blockchain and carbon management system with their
respective identities. Additionally, the architect creates a
project account in the system. Under normal
circumstances, the general staff of the contractors and
product suppliers will be responsible for data input based
on their respective roles in the project. Carbon data input
parameters are divided into three groups based on the
building life cycle: Materials in New Construction (Al -
A3), Upstream Transportation (A4), and Construction Site

Activities (A5). These parameters include raw materials,
origin, emission factors, material quantities, and
transportation modes and distances. The BIM material
take-off function is utilized to extract information for the
input of Al — A3, which covers material specification and
quantity.

To make carbon footprints transparent, reliable, and
trackable, the proposed blockchain-based system
framework entails an on-chain smart contract and public
blockchain storage for data recording and output. A
decentralized database with self-executing smart contracts
is utilized to store significant project information and
carbon emissions data. In addition to the previously
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mentioned hash value of validation process data, the
system also records and generates output data on a project
basis and company basis. This includes details such as the
project address, product emission factor, product quantity,
monthly carbon emissions, total emissions in Materials in
New Construction (Al - A3), Upstream Transportation
(A4), Construction Site Activities (A5), and the overall
project emissions. These data serve various purposes, such
as facilitating carbon management throughout the
construction period, preparing sustainability reports, and
establishing benchmarks. By storing data on the
blockchain, it becomes immutable and can be easily shared
with the project team and the public for enhanced
traceability and transparency.

Technical Specification

There are three technical highlights of this carbon
management system:

e Role-Based Access Control For Functionality: Every
stakeholder has a clearly defined role and
functionality within the carbon management system.
The levels of power within the system, listed in
descending order, are as follows: The Developer
holds the highest level, followed by the Architect,
Consultant, Contractor, and Supplier, while within
each level, the Senior Staff holds a higher position
than the General Staff. For example, in the context of
the carbon management system being applicable to
the industry rather than a single company, ensuring
proper access control for individual and project
accounts becomes crucial. Therefore, during user
registration and project initialization, only the
Architect has the authority to create projects in the
system and to add, edit, or delete the accounts of
Developers, Contractors, and Consultants. The Senior

Staff, on the other hand, can add, edit, or delete the
accounts of General Staff members. Furthermore, in
the system view, the Contractor has the right to create
and view all inputted carbon information, while the
Developer is limited to viewing only the total carbon
emissions data.

Hierarchical Hashing Strategy For Validation: Data
quality is a significant concern for stakeholders. In
order to enhance the quality of carbon data, a
validation process consisting of three hash values is
implemented within both a company and a project
team. The first value represents the original carbon
data, the second value corresponds to the validation
process executed by the first designated stakeholder
(e.g., senior staff of the supplier reviewing and
validating the input data provided by the general staff
of the supplier), and the third value represents the
validation process executed by the second designated
stakeholder (e.g., after the senior staff of the supplier
validates the input, the senior staff of the contractor
further reviews and endorses the data). These three
hash values, associated with the validation process
data, are then stored in the blockchain.

Selective Data Disclosure Before On-chain: Once the
data has been validated, stakeholders who are
concerned about sensitive data disclosure have the
right to choose whether to disclose or encrypt the data
before uploading it to the blockchain and sharing it
with the public. For example, if the supplier has
reservations about disclosing the product design
formula, the senior staff of the supplier can opt to
encrypt this information while disclosing other
carbon data such as product specifications and
emission factors.
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Output Upload to mé:l
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Disclose data |

Encrypt
A sensitive data

Input project
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project Add

account! developer,
consultant,
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Validate &
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Figure 3: Operational Workflow (Green - User/Project Initialization; Blue — Data Input; Orange — Validation
Process; Purple - Smart Contracts and Public Blockchain)
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Operational Flow

In order to have a comprehensive understanding of the
system, an operational workflow process is presented in
Figure 3. Firstly, the architect initiates the creation of a
project account and inputs the project information, as well
as adds the relevant stakeholders (e.g., developers and
contractors) within the project account. Additionally, the
contractor adds the product suppliers, while the senior
staff of the supplier/contractor includes their respective
general staff in the project. Secondly, the general staff of
product supplier and/or contractor input the carbon data
into the information management system. Once the data
is ready, their senior staff will review and validate the data
before submitting it to the upper-level party for further
validation. Thirdly, following the data validation process,
the senior staff of the product supplier/contractor can
choose specific data for encryption and subsequently
upload it to the blockchain. This upload includes the three
hash values associated with the validation process data, as
elaborated in the previous section. Lastly, the developer
possesses the final authority to select data pertaining to
the total project and company emission for encryption and
subsequently uploads it to the blockchain.

Implementation and results

System development

Figure 4 shows the system development details. First, a
front end was developed for different users to collect
carbon emission data via the web browser. A blockchain
wallet tool called Metamask was used in this study to
manage user blockchain accounts and provide methods to
sign blockchain transactions during token transfer. At the
backend, we use Alchemy to build the blockchain
environment and provide the blockchain infrastructure.
Considering this study aims to make carbon management
along construction supply chains more transparent and
directly assist with carbon data disclosure, Ethereum, a
public blockchain platform, is thus used in this study to
realize blockchain functions with smart contracts. For
data storage, we use the integration of traditional
databases and blockchain databases for safety and
transparency. The traditional database is used to store
original carbon emission data provided by all users. The
blockchain transactions store and disclose all public
carbon data transparently. At the same time, confidential
carbon data for each party will also be stored on the
blockchain after hash processing to satisfy the user's need
to track their own carbon data through the blockchain-
based carbon management system.

’* Users
‘ Interact with
> @ Web browser

!g Wallet

;’ “Interact with
Frontend

v

Node provider

A alchemy

BEE - -

] \

& : i e =
Smart contracts P2P network  Chained transactions ¢ @ Database
|

Sign

Backend

Blockchain

$ ot eroun

Figure 4: System development details

Result demonstration — User interface of input
parameters

As mentioned previously, the DSR method is used as the
research methodology in this study, consisting of six steps
covering 1) problem identification, 2) definition of
objectives, 3) design and development, 4) demonstration,
5) evaluation, and 6) communication. Based on the
research progress, the study is currently at the stage of
system design and development, with the user interface of
input parameters being presented in this section. The input
parameters consist of two main categories. The first
category is the project information (e.g., site address,
construction floor area) and project team information
(e.g., names of stakeholders and their corresponding
blockchain accounts), which are input by the architect.
The second category is the upfront embodied carbon-
related data, which covers the Al - A5 modules of the
building life cycle (from raw material extraction to the
construction stage). This category is further divided into
three groups based on the building life cycle and the
parties responsible for inputting the data (i.e., product
suppliers and contractors) for the substructure and
superstructure stages. Figure 5 displays the extracted user
interface of the input parameters.
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Figure 5: User interface diagram — carbon data related to raw
materials and transportation emission
1. Materials for constructing new buildings
(permanent and temporary): This group includes
emissions from raw material extraction (Al),
transport to  manufacturing (A2), and
manufacturing (A3). The data includes product

15



information (e.g., product category and
specifications), raw material emission data (e.g.,
emission factors, material consumption),
transportation emission data (e.g., origin,
transportation mode, fuel emission factors, and
consumption), and manufacturing emission data
(e.g., manufacturing process type and the fuel
used).

2. Upstream transportation and distribution: This
group includes emissions from A4 (transport to
site) only, which refers to emissions from
transporting products and materials from
manufacturing plants to the project site. The
input data is similar to the transportation
emissions data in group 1 (e.g., transportation
mode and distance).

3. Construction site activities: This group covers
emissions during the construction of the
building(s). The data includes emissions from
fuel and energy-related activities (e.g.,
electricity, town gas, refrigerant, welding, and
flame cutting) and waste generated during
operations (e.g., landfill, public fill, metal, and
timber recycling).

Conclusions

Carbon footprint management, especially carbon
tracking, is complex along the construction supply chain
due to the lack of accurate data collection and sufficient
data transparency. Blockchain provides a potential and
effective solution to enhance transparency and
trackability issues in carbon management across the
construction supply chain. However, there is limited
research in the field of blockchain-based carbon
management along the construction supply chain,
especially focusing on the whole supply chain lifecycle
and how to motivate all stakeholders to participate in such
an innovative approach. Therefore, this study proposes a
blockchain-based approach for transparent and trackable
carbon management along the construction supply chain
for all stakeholders by developing a blockchain-based
carbon management system. The research methodology
employed in this study is based on the Design Science
Research (DSR) method based on (1) the literature review
results of existing research about carbon management in
construction supply chains and blockchain-based
applications and (2) industry interview feedback from
stakeholders along the construction supply chain. Based
on the system requirement analysis results, a blockchain-
based carbon management system is designed and
developed, which consists of an off-chain traditional
carbon management method and an on-chain (public
blockchain) storage. There are three technical highlights
of this carbon management system: role-based access
control for functionality, hierarchical hashing strategy for
validation, and selective data disclosure before on-chain.
This research mainly contributes to enhancing the quality
and traceability of embodied carbon data for more

accurate carbon assessments by using blockchain during
construction supply chain management. In the future, we
intend to improve the system development and test the
system by inviting more industry stakeholders to provide
feedback.
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Abstract

Biodiversity is crucial in sustaining all life on earth.
However, extinction of species critical to the functioning
of our global ecosystem is a direct threat to biodiversity.
The built environment in its urban forms is one of the
biggest causes of biodiversity loss through the
exploitation of finite resources and land use on which it
sits. In this paper we consider the application of
blockchain to create new forms of incentivisation and
governance for maintaining and increasing biodiversity in
cities at the intersection of co-design, blockchain,
biodiversity, and design and planning, and propose
directions for future research on this topic.

Introduction

Biodiversity is “the variety of life on Earth and the natural
patterns it forms” (Convention on Biological Diversity,
2009, para. 1). Such variety of species is critical to the
functioning of the earth’s ecosystem (Duffy, 2009).
However, extinction of species is accelerating faster than
ever in human history (WEF, 2020) threatening this
variety. Biodiversity loss is reported as fourth in the top
five global risks to humanity regarding likelihood and
third regarding impact (WEF, 2020). Rockstrom et al.
(2009) estimated three planetary boundaries (biodiversity
loss, climate change, the nitrogen cycle) that sustain the
Holocene and safe operating space for humanity are
already exceeded. Global urbanisation, “the process of
anthropogenic transformation of wildlands to the built
environment where people live and work” (2021, p. 125),
has accelerated these changes; since 1950, human activity
has resulted in more energy use than the entire 11,000
years of the previous Holocene (Elmqvist et al., 2021). As
the planet deals with several crises centred on climate
change, pollution, biodiversity loss (UN, 2023), and a
clash between finite resources and an increasing
population (Scheel ef al., 2020), a fundamental shift is
essential in the relationship between humanity and nature
to solve these problems (UN, no date). Being more
sustainable is part of the solution, yet not enough is being
done to prevent the disastrous impacts they bring (Abbass
etal., 2022).

The aim of this paper is to establish directions for research
to investigate the extent to which blockchain technologies
and smart contracts can be used to create new forms of
incentivisation and governance for maintaining and
increasing biodiversity in cities. The project will focus

specifically on cities as the areas causing most of the
biodiversity loss across the planet through urbanisation
(Kirk et al., 2021) and with a spotlight on the urban design
and planning phase of the construction lifecycle where the
decisions about biodiversity would have the most impact.

In the next section, the methodology for conducting the
research for this paper is outlined, then literature on the
role of design and planning in constructing the built
environment is reviewed. Blockchain as a socio-technical
system is presented with consideration to its possible use
to govern and incentivise the increase of biodiversity in
cities. This is done by analysing literature at the
intersection of biodiversity, blockchain and construction
through a socio-technical lens. Next, future directions for
this research project are discussed before concluding the
paper in the final section.

Methodology

In Figure 1 below, the three areas of research interest for
this project are shown. There are existing studies at the
intersections for two components (e.g., UB and BCT; UB
and BE, BCT and BE). However, there is very little
research sitting at the centre where all three interest areas
intersect (i.e., UB, BCT and BE).

Urban
Biodiversity
(UB)

Blockchain Built
Technologies Environment
(BCT) (BE)

Figure 1: Intersection of research interests

To fill this gap, this paper took an inductive approach to
conduct a traditional literature review to establish what is
known at the intersections between two or three of the
themes above. Given that there is little research at the
intersection of all three, the paper suggests directions to
fill this gap based on a synthesis of what is currently
known.

Literature Review

The built environment’s impact on biodiversity
The construction sector is responsible for constructing
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and maintaining the built environment necessary to
maintain human life. However, it is also “known to be the
highest contributor” to climate change (Oguntona and
Aigbavboa, 2019, p. 513). Cities are essential to withstand
the increase in population density but rapid expansion of
urban areas are associated with resultant biodiversity loss
(Uchida et al., 2021). Through excessive resource use and
adaptation of the land, construction can damage natural
habitats jeopardising wildlife and plants. Thus,
construction has a responsibility to protect sites and
minimise damage to ecology. However, understanding of
biodiversity in the sector is poor (Woodall and Crowhurst,
2003) and “is often viewed as an afterthought or final
addition once an urban development nears completion”
(Kirk et al., 2021, p. 1). Biodiversity loss has critical
consequences for the human race caused by current
methods of production and overconsumption that could
see the failure of food systems, collapse of healthcare
systems and see whole supply chains disrupted (WEF,
2020). This creates an imbalance of the ecosystems that
sustain clean air, water and all life on earth (WEF, 2020).
The sector uses a substantial amount the world’s resources
from extracted materials, to global water and energy
supplies, whilst being one of the highest contributors of
greenhouse gasses (GHG) (Wieser et al, 2019). It
contributes heavily to the generation of waste and
reduction of global ecological integrity, as well as
buildings and infrastructure having a long-term
environmental footprint (Oguntona and Aigbavboa,
2019). Cities are of strategic importance to the “global
governance of climate change” and limiting global
warning to only 1.5°C (Bulkeley, 2022, p. 266). It hinges
on the ability to redress planetary limits and boundaries
through reshaping urbanisation (Elmqvist et al., 2021).
An estimate puts global temperature increase at 4 degrees
by 2100 if governments and the construction sector
continue current policies and practices, thus, municipal
level decisions are critical to limit the temperature rise to
1.5°C (Miller, 2020).

The role of design and planning in construction

Construction needs to be more sustainable utilising “a
sociotechnical approach, [that] underpins the principle of
sustainable development” (Medaglia and Damsgaard,
2020, p. 3). This can be done in part by moving toward a
co-design approach that involves citizens in municipality-
level decisions that feed into the design and planning
phase of the project lifecycle. Such a concept gaining
attention in the creation of the built environment is
regenerative design. This positions citizens as both co-
creators and contributors of earth’s ecosystems moving
beyond the current mindset of resource exploitation
without consideration of the consequences (Wang et al.,
2023) where quality of life is put before economic growth
(Axinte et al., 2019). Camrass (2022) states that urban
planners and designers are in a unique position to drive
forward the regenerative agenda.

Miller (2020) writes about true democracy taking place in
Canadian cities where citizens are regularly engaged with
and are part of decision-making at municipality levels

regarding urban planning. Joachain and Klopfert (2011)
discuss two complementary currency programmes as
policy instruments as follows: NU-Spaarpas was a loyalty
card scheme in partnership with independent shops in
Rotterdam, The Netherlands to promote greener
consumption and behaviour from citizens. E-
portemonnee based in Overpelt, Belgium focused on
promoting sustainable behaviours by rewarding
sustainable actions of citizens. This demonstrates the
appetite and necessity for community engagement in
promoting more sustainable practices in cities.

Blockchain

Blockchain is rooted in a desire to challenge central elites
and associated power structures by offering a transparent,
traceable, decentralised and distributed ledger (Ekblaw et
al., 2016) that can record anything of value (Mathews et
al.,2017). Its decentralised network of computers stores a
common ledger and agrees on the truth of transactions
recorded on the chain via an algorithmic consensus
mechanism. Transactions are recorded on a chain of
blocks where each one engulfs the previous blocks'
cryptographic hash. It offers security and privacy based
on its append-only nature while its immutability provides
a single source of truth (Hijazi et al., 2022).

Blockchain has been identified as a socio-technical
system by several scholars (Shin ef al., 2022; Li, 2023;
Selvanesan and Satanarachchi, 2023) who acknowledge
society as central to its utility; consideration of this
dimension key to its successful adoption. It gave rise to
cryptoeconomics — applying cryptography to economic
systems for new forms of organisational business models
and commons frameworks (Brekke and Alsindi, 2021) —
comprised of computer engineering, economics and game
theory (Brekke, 2021). Smart contracts are programmable
pieces of code that can run on a blockchain and self-
execute based on pre-defined logic offering automation to
create efficiencies and increase productivity without
human intervention. They can facilitate the creation of
powerful, domain-specific decentralised applications (Ye
et al, 2022). There is concern of the high energy
consumption of blockchains, however, this is a
misconception for it is applicable only to early
blockchains that use the proof-of-work (PoW) consensus
mechanism. Alternatives such as proof-of-authority,
proof-of-burn, proof-of-capacity and others are very
energy efficient (Lashkari and Musilek, 2021). For
example, Ethereum originally ran PoW but changed to
proof-of-stake in 2022 to consume 99.9% less energy
equating to a megaton of carbon weekly (Kessler, 2022).

Blockchain as an incentive and governance tool

Several studies have considered blockchain for incentive
and governance systems. Wang et al. (2023) discuss
blockchain’s potential to govern information, procedures,
ownership and values of a regenerative built environment.
Zhao et al. (2023) present a blockchain-based token
incentive mechanism for environmental, social, and
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governance (ESG) performance to be wused by
organisations to attract investors, issue dividends, grant
access to products and services, and allocate voting rights.
The integration of blockchain, BIM, artificial intelligence,
machine learning, building energy management systems
and life cycle assessment is proposed by Desmond and
Salama (2023) to manage energy usage of buildings.
Incentives lie in the trading of stored energy, and smart
contracts facilitate tax relief to buildings meeting
sustainability objectives. Dounas et al. (2022) present a
cryptoeconomics-based incentive system centred on
architectural design governance connecting building
performance and carbon reduction with financial
incentives. Incentivising better than net-zero energy
buildings are proposed by O’Reilly and Mathews (2019)
by storing excess energy generated by solar panels and
selling it as a commodity. This incentivises designers to
optimise building performance and occupants to behave
energy efficiently.

Beyond sustainability-related research, blockchain
tokenisation can incentivise changes in human behaviour
through decentralisation and offering multidimensional
payment systems against today’s one-dimensional
monetary system (Hunhevicz and Hall, 2020). Hunhevicz
et al. (2021) employ cryptoeconomics to incentivise
lifecycle performance rewarding parties based on
performance-based contracts. Green Coin, a blockchain-
powered social currency, incentivises citizens to
exchange urban waste via a tradable cryptocurrency that
can be used in local shops in a Brazilian municipality
(Franga et al., 2020). It helps low-income families,
supports awareness of correct ecological behaviours of
citizens, reduces landfill waste, and improves health
through reduction of fatal diseases such as dengue and
zika. A survey on blockchain-incentivised applications
across transport, energy and recycling in smart cities is
presented in Kahya et al. (2021). Finally, in Marsal-
Llacuna (2018), blockchain forms the basis of a
governance and incentive system to facilitate
prioritisation and submission of citizens needs to
municipalities leading to the development of bottom-up,
citizen-centric masterplans connected to urban codes
(e.g., polices, planning, regulations).

Blockchain and biodiversity in research

There are few studies that focus on blockchain and
biodiversity and none that intersects with construction. A
blockchain-based biodiversity value chain is being
developed to manage the unregulated exploitation of
indigenous natural habitats (Bose et al, 2019).
Blockchain is used in food supply chains to conserve
biodiversity through incentivising sustainable practices in
agriculture and food waste (Kafi ez al., 2023). A literature
review finds blockchain can support sustainable forestry,
minimise illegal logging and help conserve biodiversity
(He and Turner, 2022). The co-design of inter-species
relations based on programmable cryptocurrency creates
“cities’ transition towards Post-Anthropocene for cross-
species bio-digital coliving” facilitated by blockchain
(Davidova and McMeel, 2020, p. 338). Beyond academic

literature, Greener Tokens (2023) is an initiative that aims
to connect companies to restorative finance (ReFi) to
protect the Brazilian rainforest. They offer carbon
emissions offsetting, ESG project management, and
environmental consulting. They avoid greenwashing
through their governance framework to ensure true
protection of biodiversity. Funded by the Inter-American
Development Bank (IDB), the design of digital tokens for
a biodiversity innovation challenge aims to preserve
natural capital and biodiversity in Colombia, Ecuador,
Peru, and Trinidad and Tobago (IDB, 2023). Crypto
Altruism (2023) discusses ways in which preservation of
natural capital can be incentivised through tokenisation
(e.g., carbon offsetting, fractional ownership,
preservation of endangered species and the surrounding
habitats). Token Kitchen is exploring the preservation of
endangered African Forest elephants that support carbon
capture and sequestration in the surrounding forests that
incentivises locals by issuing tokens upon proof they are
maintaining natural habitats (Voshmgir, 2021). Czura (no
date) presents three applications: issuing Green Bonds to
give investors more control over how their money is
invested; TreeCycle that promotes eucalyptus tree
planting in Paraguay where investors receive 40% of
profits at harvest, 10% goes to local charities and 50% is
reinvested into replanting; and the promotion of more
sustainable supply chains (e.g., in aquaculture) with a
blockchain-based trusted chain of provenance data.

Giving agency to nature, individuals and ‘things’

Can blockchain give agency to nature, individuals and
‘things’ where a thing could be an inanimate object, a
system or whole ecosystem? In Athens, Georgia in the
United States, there is a ‘Tree That Owns Itself” where it
was gifted its ownership by the owner of the land upon his
death (Figure 2).

RIS
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Figure 2: A plaque to commemorate The Tree That Owns
Itself, “For and in consideration of the great love I bear this
tree and the great desire I have for its protection for all time. [
convey entire possession of itself and all land within eight feet
of the tree on all sides — William H. Jackson” (The
Treeographer, 2018)

In a legal sense, the tree does not own itself but nobody
disputed the self-ownership and so it was accepted. Upon
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the death of the Tree That Owns Itself, an acorn from the
original tree was planted in its place where a new oak tree
now stands; it is known as ‘The Son of the Tree That
Owns Itself” (The Treeographer, 2018). While this might
be difficult to comprehend on a boarder scale, there is
research ongoing that allows assets to own themselves in
the form of nolsl, a blockchain-based project of a self-
owned meditation pod at ETH Zurich facilitated by a
decentralised autonomous organisation (DAO) (J.
Hunhevicz ef al., 2021). The University of Edinburgh’s
BitBarista project is a coffee machine that accepts
payment in bitcoin before administering a coffee to the
user and pays people in bitcoin for servicing the machine
(e.g., refilling water, cleaning). Individuals buying coffee
answer questions about what they want such as high
quality, low price, sustainable coffee and so on, the data
for which determine the type of coffee BitBarista then
automatically orders for itself (McMeel and Sims, 2020).

The challenge of giving agency to nature is that nature is
limited in its ability to demonstrate intent. According to
Schlosser (2019, p. 1), “an agent is a being with the
capacity to act, and ‘agency’ denotes the exercise or
manifestation of this capacity”. Equally, an inanimate
object such as a meditation pod is also limited in its ability
to demonstrate intent given its lack of consciousness. The
DAO is encoded with a set of rules determined by the
creators of the pod (i.e., researchers at ETH Zurich). This
is of course different to, for example, plants and animals
that have inherent intent within the natural order of the
ecological system around us, whereas with nolsl and
BitBarista, the logic is decided by the humans who created
it, whose inherent intent is arguably different.

BitBarista is an example of “devolved decision-making”
(McMeel and Sims, 2020, p. 215) that we could also call
co-design where decisions are made based directly on
users’ wants, needs and means. This new form of business
model can challenge existing hierarchical decision-
making systems that typically benefit the few profiting
from those decisions. Smart contracts and be explored for
their ability to facilitate agency for nature and things; the
challenge will lie in who is given the task and
responsibility for establishing intent that is for the greater
good and not the profiteering few.

Consolidation of the literature

Consolidating the above literature, the built environment
is one of the biggest exploiters of the world’s resources
causing substantial biodiversity loss. Current efforts to
reduce the negative impacts are insufficient. Therefore,
new governance and incentive mechanisms are required
to achieve lasting positive impact. Regenerative design
aims to bring together different components of the urban
ecosystem across the environmental, social and cultural
domains with a view to leave the built environment in a
better state than it was found. Blockchain could be a
solution to bring these elements together as demonstrated
by research and initiatives looking to leverage
cryptoeconomics for behavioural change. The current
efforts of applying blockchain to tackle issues of
biodiversity focus on indigenous forests and habitats, and

financial incentives, with very little focus on the urban
complex of cities. The subsequent sections consider what
can be done through this research project to address some
of these challenges.

Future research directions

In this section, future directions for this research project
are considered through the lens of the socio-technical
framework as set out below. Then it considers initial gaps
identified in the literature, and challenges and constraints
that will form the focus of the future research before
discussing the proposed outcomes.

A socio-technical perspective

A socio-technical framework for implementation of
blockchain in construction will form the basis of the
theoretical underpinnings for this research project. The
framework (Li, 2023) consists of a set of tools and models
to support analysis, understanding and implementation of
blockchain in construction applications. Its four
dimensions of technology, process, policy and society
acknowledge the importance of technology whilst giving
equal attention to the surrounding ecosystem ensuring any
application is developed with a focus on meeting the
needs at the social level where benefits are realised.

Technology considers the hardware, software, networks,
infrastructure and  technological integrations of
blockchain-based systems; process considers how
blockchain will integrate into existing organisational
processes and the changes required to adopt blockchain at
an enterprise level; policy focuses on the regulatory
environment surrounding blockchain-based applications
regarding standards, laws, compliance etc.; and society
addresses the impact of blockchain applications on its
users and the social environment where benefits will be
realised.

Research on blockchain in construction has accelerated in
recent years (Li and Kassem, 2021) to propositions of use
cases across the built environment with plentiful proof-of-
concepts and a handful of applications demonstrated in
the ‘real-world’. It is now time to focus the framework on
achieving real change not just for the built environment,
but for the betterment of humanity. In this paper, an initial
evaluation of blockchain’s ability to address the state of
urban biodiversity is made. In later work, the framework
in its entirety will be applied to better understand the
challenges and provide solutions.

Technology: The literature reviewed in this paper has
shown the potential of blockchain technologies to
facilitate incentive and governance mechanisms that can
be directed toward biodiversity. This has been shown by
conservation of forests and biodiversity outside of the
urban complex (e.g., He and Turner, 2022; Kafi ef al.,
2023) plus establishment of the several tokens focused on
biodiversity in the previous section. The next step is to
consider the added complexities of biodiversity
maintenance and increase in cities and evaluate how the
use of blockchain and smart contracts can facilitate the
integration of co-creation in the design and planning
phase of constructing the built environment.
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Process: From a process perspective, such a re-
conceptualisation as co-creation requires re-thinking at
several levels including citizen, municipal, and
government as well as an understanding of incentives and
governance models for urban planners, architects and
designers. The organisations integrating blockchain
technologies and implementing new business models will
need to be aware of the implications blockchain has on
existing systems and consider how existing processes will
need to adapt or be replaced by new ones. The financial
implications of new technologies and business models
requires consideration so it is not a barrier to adoption, for
this will be a challenge at all scales from micro to meso
and macro.

Policy: Policy will be central to the blockchain-based
maintenance and increase of biodiversity at the city scale.
It is hoped the future findings of this research will inform
policymakers on the benefits the application of
blockchain can bring to the table. Part of the philosophy
of an underpinning blockchain system is the rationale that
policy and regulatory frameworks are partly shifted on-
chain (i.e., to the computing protocol). As such, diligent
care needs to be taken on forming the policies that drive
the design of the blockchain and related smart contracts.
A key question that would be interesting in the
formulation of such policy is the governance rights that
might be attributed to nature itself. Other researchers have
raised the question as well. However, the use of a
particular question as a case study might help us make
inroads into forming such policy, even outside the
blockchain frame. Beyond policy, of course, there is also
the issue on how nature might be able to exercise such
rights, so it is not only a question of agency but also of
practical execution of such agency.

Society: Biodiversity has implications for humans that
make up society. Unfortunately, the activities that we as
humans have become accustomed to, to live comfortably
and enjoy day-to-day living have negative effects on the
environment and result in biodiversity loss. For
blockchain as an initiative to incentivise and govern
biodiversity maintenance and increase requires: a)
acceptance of blockchain as a facilitator, and b)
comprehensive participation of citizens in the co-design
process to achieve this. This requires establishing what
the role of citizens will be in maintaining and increasing
biodiversity at the city scale. It is a departure from today’s
limited participation in municipal governance so will
require adjustments from both citizens and municipalities.

Initial gaps in the literature

While there is literature on blockchain-based incentives
and blockchain-based governance, the biggest gap lies in
a general lack of research on biodiversity at the city scale
facilitated by blockchain. While the initial motivation for
this research lies with the increase of biodiversity without
a specified utility, there might also be another unexpected
shift that can directly benefit the economy and production
of the built environment. This is the fostering of an
environment where bio-based materials and bio-based
processes for construction are being adopted within

frameworks of the circular economy. An increase in
biodiversity could be coupled with an increase of more
readily available bio-based construction materials,
directly contributing to the circular economy of the built
environment, not only in the financial sense but also in the
ecological sense (i.e., in a systemic change).

Challenges and constraints

While the challenges and constraints of blockchain-based
governance and incentive mechanisms to maintain and
increase biodiversity at the city scale are scattered
throughout this paper, this section brings them together to
concretise the focus of the wider research project going
forward.

e Acceptance of blockchain as a viable solution is
required, acknowledging that selling ‘blockchain’ as
the underpinning technology is not the way to do this.
The benefits brought about by building on blockchain
platforms will offer new propositions, business
models, and revenue streams that can be reaped not by
marketing a blockchain-based application, but by
promoting the benefits of the ‘killer app’ that will be
the tipping point for blockchain applications.

e A change in current business models and levels of
responsibility at government and municipal levels is
required to embrace co-creation with citizens as a
genuine and integrated piece of the solutions puzzle.

e A critical mass of participants is needed to make
utilising blockchain technologies worthwhile where
decentralisation of power (in this instance away from
national and local governments) allows true
democracy and a focus on the long-term impacts of the
built environment.

e There is limited understanding of the importance of
biodiversity across the general public. If citizens are
asked to co-create new and rethink existing built
environments, they must be aware of the importance
of biodiversity, what it looks like and the different
ways in which it can be achieved. This requires
educating the public (i.e., through participatory action
research) to highlight the benefits of bringing back
biodiversity to cities such as improved physical and
mental health, lower levels of pollution, better use of
resources, and more sustainable urban environments.

Proposed outcomes

This research will create a framework to facilitate
increasing biodiversity at the city scale. It will examine
case studies from regions around the world that have high
levels of biodiversity (e.g., Singapore, Brazil) either
through protecting the natural environment or through
rewilding back into cities. A set of detailed use cases for
governance and incentive mechanisms of blockchain in
construction will support the framework and an IT
prototype will be created to demonstrate how blockchain
technologies can enable this.

The outputs of this research will contribute knowledge to
anew area of interdisciplinary research at the intersection
of co-design, blockchain, biodiversity and design and
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planning in construction with a humanitarian focus.

Conclusions

Biodiversity is crucial to the survival of humanity and is
central to the ecological systems in which the built
environment exists. However, the built environment has
evolved in recent decades to one that exploits natural
resources and damages the environment without
sufficient regard to the long-term effects. The aim of this
paper was to consider the potential of emerging
blockchain technologies to mitigate the negative impacts
of the built environment at the urban complex where most
of the damage is seen. As such our motivation lies in
improving the performance of the built environment in
issues of biodiversity, via the exploration of blockchain
incentives and governance. We view biodiversity increase
in the built environment as a public good, hence it has a
very good alignment with the application of blockchain
technologies as a socio-technical system for facilitation of
governance and incentivisation.

Existing research has been conducted on blockchain as a
facilitator of governance and incentive mechanisms
showing its potential in changing user behaviours and
organisational processes to create efficiencies and
promote real democracy. This paper presents early plans
for a research project that will create a framework and an
IT prototype to utilise blockchain in maintaining and
increasing biodiversity at the city scale. It will do this by
conducing interdisciplinary research at the intersection of
co-design, blockchain, biodiversity, and design and
planning of the built environment.
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Abstract

With the prosperity of the Web 3.0 era, the construction
sector is turning to blockchain-based tendering to address
stakeholder conflicts. However, bid rigging among sup-
pliers and information asymmetry between suppliers and
the general contractor (GC) potentially undermine the GC
utility. To this end, we introduce contract theory into
the blockchain-based tendering framework to augment the
utility of GC. Simulation results indicate a potential 20.7%
profit increase for the GC, due to fostering competition
among suppliers, such as material delivery time, compared
to traditional blockchain-enabled bidding processes.

Introduction

Construction projects typically require the procurement
of materials, a process commonly facilitated via tender-
ing. To select competent and qualified suppliers, the low-
est price (Enshassi and Modough, 2012) and comprehen-
sive bid evaluation (van der Meer et al., 2022) methods
are primarily employed for their bid evaluation. Mean-
while, the mainstreaming tendering procedures are man-
ual and e-tendering, respectively. However, several draw-
backs, such as extremely time-consuming (Santoso and
Bourpanus, 2019) and heavily reliant on the third party
(Chen et al., 2016), remain in current tendering proce-
dures, thereby posing motivation to augment the accuracy,
automation, transparency, security, fairness, and efficiency
in terms of the tendering procedures.

To this end, scholars have become increasingly interested
in developing efficient and automatic tendering systems
(Dong et al., 2023). In addition, in light of the tendering
process being mainly used by governments and companies
as a dominant procurement method (Mali et al., 2020), se-
curity issues are imperative to be resolved. Notably, given
the legal and security issues and lack of transparency in the
e-tendering process, the authors in (Torkanfar et al., 2023)
developed a distributed e-tendering system via the integra-
tion of blockchain, public key infrastructure (PKI), and in-
terplanetary file system (IPFS). Meanwhile, with the pros-
perity of the Web 3.0 era (Zhan et al., 2023), some scholars
in the construction domain have attempted to implement
blockchain technology into the tendering system to achieve
a secure and fair tendering process (Zhang et al., 2023; Yu-
tia and Rahardjo, 2019). In the recent past, a blockchain-
based tendering system for construction projects has been
proposed, which employs decentralized smart contracts to
execute the tendering process, a decentralized storage sys-

tem to exchange and store relevant off-chain documents,
and a decentralized application to enhance interaction be-
tween the GC and suppliers (Ahmadisheykhsarmast et al.,
2023).

Nevertheless, certain shortcomings persist within the
blockchain-based tendering framework. In this frame-
work, the selection of competent suppliers heavily relies
on their submitted Request for Proposals (RFPs). In this
way, the bidding initiative is not in the hands of GC, thus
causing severe consequences, such as prevalent miscon-
duct of bid rigging. In addition, suppliers’ confidential
information may also compromise the utility! of GC. For
instance, in the United States, most participants reported
experiencing or anticipating delays in the delivery of ma-
terials (Alsharef et al., 2021). Apart from this, some truck
companies prioritize proximity orders and are reluctant to
transport across state lines to avoid the risk of material
delivery delays due to policy changes (Ren et al., 2023).
Therefore, when facing concurrent material delivery or-
ders, the priority level for delivering GC’s material that
GC is unknown. Since construction work requires the sup-
port of these upstream manufacturing plants and trucking
companies in the supply chain, such information asymme-
try issues between GC and suppliers might lead to delayed
delivery and financial losses. Although penalty clauses are
deployed when designing contracts to avoid material deliv-
ery delays, such as mandatory fines per day (Bergantifios
and Lorenzo, 2019), the GC remains unable to control
the risk of delayed material delivery during the supplier
screening phase. Therefore, we aim to enhance existing
blockchain-based tendering by considering two primary
issues, i) GC does not completely possess the bidding ini-
tiative, and ii) the information asymmetry between the GC
and suppliers.

Methodology

Regarding aforesaid issues, Nobel-winning contract the-
ory (Li et al., 2024) excels in resolving information asym-
metry and can transfer the initiative from suppliers to GC
ingeniously. To this end, we propose a novel tendering
framework that leverages blockchain technology and con-
tract theory together, thereby ensuring a fair and transpar-
ent tendering process and optimizing the GC’s utility. The
proposed framework comprises several key Steps, as de-
picted in Figure 1. First, the GC will initiate a prequal-

1Tt is a measure of the benefit or value that an individual places on a
particular choice.
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Figure 1: Sequence diagram of blockchain-based and contract
theory-enabled tendering.

ification process to screen honest and qualified suppliers
for participation in the tendering process. Suppliers will
then upload their qualification documents as required by
the GC for evaluation. Next, compiled smart contracts will
be employed to screen suppliers according to predefined
conditions. After that, a set of contract bundles will be
designed and issued by the GC based on the contract the-
ory for suppliers. Notably, the contract bundles will be
selected by suppliers based on their actual confidential in-
formation (Bolton and Dewatripont, 2004). Subsequently,
the smart contract will automatically identify the winning
supplier based on previously defined metrics. Finally, the
GC will sign with the winning supplier. In summary, our
main contributions are summarized as follows:

1. To address the bid-rigging issue, we propose
a blockchain and contract theory-based tendering
framework. This framework enables the GC to take
ownership of the tendering process while ensuring a
fair and efficient tendering process for suppliers.

2. Under information asymmetry, we systematically
model the tendering process of a blockchain-based
construction project and formulate an optimization
problem with the supplier’s delivery time as the op-
timization variable. To address this problem, we em-
ploy contract theory to design a set of contract bun-
dles that compel competition among suppliers under
their confidential information.

3. The simulation and related numerical analysis results
of the contract theory-based tendering model are pre-
sented. We compare the impact of different key pa-
rameters on the results and demonstrate the feasibility
and effectiveness of the proposed model.

Blockchain-based contract theory procedure

To illustrate the blockchain and contract theory-based ten-
dering framework, especially the connection between the

blockchain and contract theory, we will delve into the de-
tails of our proposed tendering framework.

Algorithm 1: Blockchain-based contract theory

Input: timestamp, supplierAddress
Output: winning supplier, S,,
1 if Invoke DataCollectorContract then
// Obtain historical data
2 data <=requestHistoricalData(timestamp,
supplierAddress);
// Provide obtained data to GC
3 2 «<HistoricalDataCollected(timestamp, data);
4 end
5 As per Z to partition suppliers into different types,
0 ={6n,6.};
// Obtain contract bundles
6 T <ContractTheory(0);
7 if Invoke SupplierSelectionContract then
// Use contract bundles in smart
contract
ContractBundle <T;
Shortlist qualified suppliers;

10 Record selection results of suppliers;
11 Identify the winning supplier, S,,;
12 end

First of all, our proposed tendering framework, as de-
picted in Figure 1, which mechanism is analogous to the
blockchain-based tendering framework proposed in (Ah-
madisheykhsarmast et al., 2023). The critical difference
is that we have integrated the contract theory into the
blockchain-based tendering system, Steps 5-8 in Figure
1, and the detailed procedure is illustrated in Algorithm
1. Concretely, GC will first utilize blockchain to collect
trustworthy data to evaluate the potential delivery time that
suppliers can do (Lines 1-4 in Algorithm 1). Subsequently,
as per evaluation results, GC will design contract bundles
with the utilization of contract theory (Lines 5-6 in Algo-
rithm 1). Then, the GC will code smart contracts as per
calculated contract bundles (Lines 7-12 in Algorithm 1).
Eventually, the GC will deploy the smart contract on the
blockchain, thus enabling an autonomous and transparent
tendering process, i.e., award the material delivery order
to the supplier who opts for the strictest contract bundle,
thereby effectively reducing the risk of delayed delivery.

It is worth noting that we utilize immutability and trans-
parency two crucial properties of blockchain when design-
ing the tendering framework. As for immutability, GC will
trace the historical delivery data of the supplier by using
smart contract DataCollectorContract. Regarding trans-
parency, our proposed framework will enable GC and sup-
pliers to oversee the whole tendering process, i.e., the run-
ning process of smart contract SupplierSelectionContract,
including contract bundle selection and winning supplier
identification. In addition, in light of our proposed tender-
ing framework is enhanced as per (Ahmadisheykhsarmast
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et al., 2023), thus it can be deployed on the Ethereum 2 as
well.

In the remainder of this paper, we will present the mathe-
matical model of blockchain and contract theory-enabled
tendering process and numerical simulation comparison
results to demonstrate the effectiveness of our proposed
framework.

Contract theory model
Contract theory background

We consider K types of construction materials, collectively
denoted by A4 = {My,--- ,My,--- ,Mg}, to be tendered in
the construction project. The execution sequence and in-
terdependencies of various materials in the construction
project implementation plan give rise to varying degrees
of importance for different materials. We use 0 to rep-
resent the importance of material M. Additionally, each
material has a specific delivery time requirement to sat-
isfy construction scheduling needs. While timely delivery
of My, is preferable, advance or delayed delivery may occur
due to unforeseen circumstances. For ease of modeling, we
assume that regardless of whether M, is delivered early or
late, the difference between the on-time delivery and both
the earliest and the latest delivery times are identical.

In this paper, since the tendering process is similar for each
material, we only consider the tendering process for M.
As for tendering, the GC will solicit several suppliers to bid
publicly for M;. Without loss of generality from a mathe-
matical perspective, we assume that GC calls only 2 sup-
pliers to bid for M tendering, denoted as .%; = {S},57}.
Akin to (Doe et al., 2023), we can easily extend to a prac-
tical scenario where multiple suppliers together tender for
M;.

For simplicity, we will use S1 and S, to represent two sup-
pliers in the remainder of this paper. Each supplier can be
denoted as S,3 and has a unique identity type, 8,, corre-
sponding to the material delivery time, which may influ-
ence by the count of concurrent delivery and delivery pri-
ority level for GC’s material that suppliers possess. Due to
privacy concerns, the exact identity type of the suppliers
is unknown to the GC, resulting in information asymme-
try. Thus, the GC can only stipulate the delivery time of
M, based on the public information submitted by suppli-
ers, which we denote as T"*. However, setting the de-
livery time as 7}""** may not maximize the GC’s utility,
and arbitrary delivery time settings can result in supplier
dissatisfaction. In a nutshell, under information asym-
metry, it becomes challenging to maximize the utility of
GC. Therefore, we have integrated contract theory with
the blockchain-based tendering scheme proposed in (Ah-
madisheykhsarmast et al., 2023).

2https://ethereum.org/whitepaper
3ne{l1,2}

Supplier model

For clarity exposition, we assume S, with only two pos-
sible identity types, 8y and 6;. We define 6y > 6,4, and
each identity type corresponds to a different extent of ad-
vance delivery requirement with respect to 7,"*, repre-
sented by T/ and T, in which TH > TL. For the sake
of modeling, we will drop the subscript k and use 7; to in-
dicate advance delivery requirement, i.e., i € {H,L}.

In addition, we assume that the tendering will use the
comprehensive tendering method, a commonplace bidding
model in the construction industry (van der Meer et al.,
2022). As per our initial assumption, the GC follows Steps
1-4 of the framework depicted in Figure 1 to compre-
hensively evaluate and shortlist several suppliers. Subse-
quently, the GC implements Steps 5-8 to identify the ideal
supplier using a multilateral contract theory-based (Bolton
and Dewatripont, 2004)> tendering scheme. We assume
that the average bid of selected suppliers in Figure 1 is R.
The utility function of S,, can be defined as follows:

Us, ZCO(B,R)—Qb(T,-)—p(Sk)-l-r(R), (D

where ®(-) represents the profit that S, can earn for this
project. ¢(-) denotes the cost function for the supplier
to transport the construction materials. p(-) represents
the penalty imposed on the supplier if they fail to de-
liver within the delivery time specified in the signed con-
tract. Finally, r(-) represents the revenue generated by the
blockchain platform for §,,.

As this paper adopts the comprehensive tendering model,
the GC only needs to pay the successful bidder with R.
The difference in profit among suppliers is primarily de-
termined by their identity type 6. Specifically, the better
the delivery, the more intangible wealth the supplier will
gain, such as a relatively high probability of getting the
next order. Therefore, we define the profit function that S,
can obtain from the project as:

®(6,,R) = O;R. 2)

In light of the stricter delivery time requirement, i.e., T;,
the supplier will possess a lower concurrent delivery order
or necessitate the supplier to set GC as a high priority, po-
tentially impacting its profit. Therefore, we define the cost
of S, is related to T;:

9(T)) = (T +T)), (€)

where « is the coefficient of suppliers’ cost, and T is the
initial cost when suppliers’ delivery time requirement is
Tmax
k ) . . . .

The penalty function for construction material not deliv-
ered before the delivery time requirement imposed on S,
is related to the importance of the materials and the punc-
tuality of delivery, which is defined as:

4Due to the Oy type supplier with fewer concurrent delivery orders
and will set GC’s delivery order as the high priority.

SThe multilateral contract theory is akin to the bidding process, where
the winner takes all.
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p(8) = P x 1, “

where Py represents the penalty charged for the breach, in
which P is a constant coefficient, and T denotes the proba-
bility of a supplier breaching the contract.

The payoff function of operating a blockchain platform in-
cludes two main components: the revenue generated by the
blockchain platform and the expenses required to operate
it (e.g., human resources and hardware equipment). Ac-
cording to (Griffiths et al., 2017), the benefits derived from
using a blockchain platform are typically associated with
the project’s bid R. As a result, we define the blockchain
payoff function as:

r(R)=AR—C, )

where AR represents the reduced transaction cost gener-
ated by the blockchain, and C denotes the cost of operating
the blockchain.

Following the above analysis, the utility function of S, can
be summarized as:

Us,=OR—a(T+T;)— o +p, ©)

For clarity, we use ¢ to denote p(J), and p to represent
r(R).

General Contractor Model
The utility function of the GC is defined as follows:

Ugc = n(T;) — E(R) + p(&) +r(R), (7

where 7(-) represents the revenue function of the GC, and
&(+) denotes the project funds that the GC pays to the sup-
plier.

The revenue function of the GC is defined by

7n(T;) = a'In(D+€T;), 8)

where o is a coefficient and D represents the revenue
earned when the material delivery time is 7,""**. Also, GC
can proactively control the delivery time of M, earlier than
the default delivery time setting 7}, so as to effectively
reduce the risks of delayed delivery, thus we utilize €7; to
denote the additional revenue earned by GC.

The remuneration function paid by the GC to the supplier
is defined as follows:

&(R) = BR, ©)

where f is the project remuneration coefficient due to mar-
ket fluctuations. In this article, assuming that the supply
and demand in the market are in equilibrium, we set § = 1.
In summary, the utility function of the GC can be ex-
pressed as:

Usc =a'In(D+€T;) —R+ @ +p. (10)

Contract definition and problem formulation
Definitions of contract theory

Analogous to (Li et al., 2024), we assume that the GC faces
competition from two risk-neutral suppliers® for an indivis-
ible material supply order, without loss of generality and
for the sake of simplicity. The cases with multiple risk-
neutral suppliers can be studied similarly. As discussed
earlier, each supplier S, may have two identity type for
supplying My, given by:

_ eHa )Lna
9‘{ o, 1—Au, (10

where 4, denotes the probability that the GC evaluates the
identity type of S, as 8y, which can be determined by using
empirical-based methods or data mining techniques. Con-
sistent with (Bolton and Dewatripont, 2004), we assume
that A, = A, and all suppliers are identical ex-ante. With-
out loss of generality, we can restrict the GC to symmetric
auctions where suppliers are treated equally.

During the tendering process, suppliers compete with each
other to secure a contract and maximize their profits. In
such a competitive scenario, suppliers take into account
not only the contract bundles they choose but also the con-
tract bundles that their competitors may opt for. To re-
flect this scenario, we present the types of contracts that
the GC will offer during the tendering process in the fol-
lowing Definition 1.

Definition 1 (Competed Delivery Time Requirement).
Suppliers’ delivery time requirements will depend on
their respective potential identity type, denoted by T =
{Tun, Tar, Tow Tor}-

To illustrate, Ty denotes the contract variable designed
by GC for S,, when the identity types of both suppliers are
0y. Nevertheless, Tyy is a temporary variable set by GC
during contract design, and the actual contracts issued are
based on the potential identity type of each supplier. Con-
sequently, in this study, only two types of contracts are is-
sued by the GC, namely, Ty and 7.

During the tendering process, suppliers have the freedom
to choose either the same or different contracts. However,
it is worth noting that their bid success rate may differ de-
pending on the contracts they opt for. To provide clarity
on this matter, Definition 2 is presented:

Definition 2 (Bidding Success Rate). Suppliers’ prob-
ability of winning the material delivery order de-
pends on their potential identity type, denoted by x =
{xum, Xm0, %00, X0}

For instance, xyy represents the probability that supplier
S, wins the order when the identity type of both suppliers
is GH.

6The supplier will be indifferent to risk when making decisions, i.e.,
the supplier is rational.
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As there is only one indivisible construction project, the
GC can only select one successful bidder among all sup-
pliers. As a result, it is essential to ensure that the proba-
bility of successful bidding for all suppliers, who choose
different types of contracts, must be less than or equal to
1. To formalize this requirement, Definition 3 is proposed:

Definition 3 (Feasibility). Supplier S, has feasibility con-
straints on the probability of winning the order, i.e.,
2 < 2xpp < Lixpr +xow < 1

For example, xyp represents the identity type of both sup-
pliers as Oy. In this case, xyy is the bid success rate for
both suppliers, and only one supplier will ultimately suc-
ceed in the tendering process, leading to the constraint
ZXHH S 1.

With the previous definitions, we have established a math-
ematical framework for tendering scenarios. However, it
is important to note that a rational supplier will only par-
ticipate in a tendering project if it is profitable for them.
Therefore, GC needs to design contracts in a way that en-
sures positive utility for suppliers. This idea is represented
mathematically through Definition 4.

Definition 4 (Individual Rationality, IR). IR denotes that
the GC designs the contract in a manner that S, agrees to
it only if there are guaranteed positive benefits.

Considering the competition among suppliers, we rede-
fined the utility function of S, as:

Z l,-(@,-l?xij - a(T+Zj) - (P+P>7 (12)
j=H,L

Us(ox,1) =

where Ay = A, and Ay = 1 — A. The physical meaning
of (12) is that since there is only one indivisible material
delivery order, the probability of S, bidding success will
depend on the contract chosen by other suppliers. Con-
cretely, if the other supplier chooses the H-type contract
with probability Ay and the L-type contract with probabil-
ity Az, S,, will have different probabilities of bid success,
as defined in Definition 2. It is important to note that the
effect of x is only on the supplier reward function. This is
because the probability of receiving a reward for a success-
ful bid is dependent on another supplier, even if they select
the contract of their type and devote their best efforts.
Therefore, we can express the IR constraint as:

Usx,1;) =0, i=H,L. (13)
While the IR constraint ensures supplier participation in
tendering, it does not guarantee that each supplier will
choose the contract specifically designed for them, which
would not maximize GC’s utility. To ensure that each sup-
plier selects only contracts suitable for their identity type,
we introduce Definition 5.

Definition 5 (Incentive Compatibility, IC). IC denotes that
suppliers can only maximize their benefits if they choose
the contract that matches their identity type, i.e.,

Us@ity) > Us(o1y)s i=H,Lij#i (14)

From (14), we can intuitively see that when a supplier
chooses a contract that does not match its identity type, it
will result in lower revenue. Therefore, a rational supplier
will choose only the contract that meets its identity type,
maximizing its benefits and satisfying GC’s requirements.

Problem formulation

This paper proposes that the GC maximizes its profit by
formulating a series of contracts. Specifically, the opti-
mization problem of the GC is formulated as P1:

P1 mle Igc=2 Z Z Ai(ljUGC(T,v/)) (15a)
i=H,L j=H,L :

i=H,L, (15b)
i=H,Lj#i,
(15¢)
2xr < 1,2x00 < 1oxpr +xm < 1, (15d)
0<T<T{™, i=H,Lj+#i  (I5)

st Us(g,.1) 2 0;

Us(o,,x,,1) > US(GivxjvTﬂ’

The optimization objective of P1 is to maximize the ex-
pected benefit of the GC. Constraint (15b) is the IR con-
straint on the supplier. Constraint (15c) represents the /IC
constraint on the supplier. Constraint (15d) is the feasi-
bility constraint in the tendering process, and finally, con-
straint (15e) sets a limit on the material delivery time re-
quirements of the supplier that should be met by the GC.

Optimal contract

Due to the presence of multiple non-convex constraints,
solving P1 is computationally intractable (Zhan et al.,
2023). To overcome this issue, we aim to simplify P1 by
leveraging Propositions 1, 2, and 3, the detailed proof can
be referred to (Bolton and Dewatripont, 2004).

PI’OpOSitiOﬂ 1. XHH = XL = %,XHL = 17XLH =0.
Proposition 2. If IR constraint of type 6 hold, IR con-

straint of type 0y will automatically hold.

Us(9,..1) = 0= Us( ) > 0. (16)

O xy Ty

Proposition 3. [fIC constraint of type Oy is binding, then
IC constraint of type 0 will automatically hold.

Us(oy n.1i) = U's(6p 0,11 17)

=Us(opx.,11) > Us(6p 1)+

By using Propositions 1, 2, and 3, and temporarily relaxing
constraint (15e), we can transform the intractable problem
P1 into a tractable one, denoted as P2.

P2 max Mec=2 ) Y Ai(AjUgc(r,))  (18a)
i i=H,L j=H,L '

st Usigpupz) =05 (18b)

Us 6y x1.1i) = Us(0y 20.71) - (18¢)
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By observing the two equality constraints in P2, we can
obtain expressions for Ty y and Tyy in terms of Tr; and
Ty, respectively. Specifically, we have

1-2)(L6R—aly)—aT —
TLH:( (361 Z;L) a (P+P’ (19)

loyR+ %GLR— (1-MNoTy,—oT —o+p
Tug = .

rAa

(20)

For convenience, we define Try = g(Ty.) and Tyy =

Sf(Tyy) and substitute these expressions into the objective

function of the optimization problem. Hence, the opti-

mal contract can be obtained by solving the following op-
timization problem, given by (21):

T;j = argmax 2[Au (AnUsc(1(11)) + MUcc (11))
ij (21)
+ A (AuUsc(e(my, ) + MUcey))-

First, we obtain the second-order derivatives of the op-
timization function with respect to Ty and 7y, respec-
tively. Specifically, we have

82H . (Sg/(TLL))Z 82
o(Tu)? [ "(D+eg(Tis))? p (D+€TLL)2] ’
(22)
321_1 _ (Sf/(THL))Z 82
I(Tur)? — [”3 D+ef(Ta)? V! <D+eTHL>2] ’

(23)
where pi, py, and p3 are defined as (1 —A)A, (1 71)2,
and A2, respectively.
Then, since both second-order derivatives are negative, we
can determine Tl-j by taking the first-order derivatives of
Tyy, and Ty p. Specifically, we have

%(I—A)GLR—(XT—(P—FP

T =Ty = o ) 24
Tar =Tau = o + 17 (25)

Finally, we should also check whether Tl; satisfies con-
straint (15¢) in P1. If this constraint is not satisfied, we
can use various convex optimization tools such as Gurobi
or CVX in Matlab to obtain the optimal solution.

Results

Comparison methods

To provide a comprehensive evaluation of our proposed
blockchain-enabled and multilateral contract-based ten-
dering scheme, we compare it with the following bench-
mark methods.

1. Multilateral Contract in Complete Information Sce-
nario (Bolton and Dewatripont, 2004): This method
assumes that the GC possesses complete information
about the supplier’s identity type and, as a result, de-
signs contracts that can extract all the profits of the
supplier. As such, we employ this method as an up-
per bound for performance evaluation.

2. Bilateral Contract in Incomplete Information Sce-
nario (Doe et al., 2023): This method assumes that
multiple material shipping orders are simultaneously
available for the GC, enabling them to issue exclusive
shipping order contracts to each supplier.

3. Multilateral Contract without blockchain in Incom-
plete Information Scenario: This scheme differs from
the one proposed in this paper only in that it excludes
blockchain; all other parameters remain identical.

4. Traditional Tendering Scheme in Incomplete In-
formation Scenario (Ahmadisheykhsarmast et al.,
2023): This scheme leverages the conventional ten-
dering method employed in the construction sec-
tor to identify material suppliers for the GC on the
blockchain platform.

For ease of reference in subsequent discussions, we refer to
our proposed scheme and the four benchmark comparison
methods as Optimal contract, Complete contract, Bilateral
contract, WoBC contract, and No contract, respectively.

Experiment parameters

To indicate the high and low identity type of S, with re-
spect to My, we set 6, and 6 as 0.1 and 0.02, respectively.
We categorize the importance levels of M; into five cat-
egories, namely extremely low, low, medium, high, and
extremely high, and represent them using {1, 2, 3, 4, 5}.
We use key parameters with reference to studies involving
blockchain-based construction payment management and
blockchain-based tendering scheme (Ahmadisheykhsar-
mast et al., 2023; Griffiths et al., 2017; Bidhive, 2018;
Brown et al., 2006).

Discussion and result analysis
Contract analysis

In Figure 2, we depict the trend of utility changes for the
GC, 6, type supplier, and 6y type supplier when varying
key parameters. Notably, the utility of the 6, type supplier
remains at O for all four parameter variations due to the
contract theory extracting the entire profit of the lowest-
rated supplier, which aligns with previous research (Zhang
and Han, 2017; Li et al., 2022; Doe et al., 2023).

As shown in Figure 2a, when the identity types of Oy in-
creases, the utility of the GC also increases while that of 6y
type suppliers decreases. This result is intuitive as a higher
A value causes the GC to tailor contracts exclusively to Oy
type suppliers, extracting more profit.

Figure 2b reveals that when material importance §; in-
creases, the GC’s utility gradually increases. This outcome
arises because heightened &, values necessitate a stricter
delivery time requirement for materials, enabling the GC
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Figure 2: Contract-based tendering scheme for comparison of
GC, 6y and 0y, type suppliers’ utilities as parameters vary.

to extract more profit and thereby reduce risk. Notably, the
utility of O type suppliers remains constant across & vari-
ations. This result stems primarily from the supplier’s lead
time increasing alongside 8. In other words, although the
supplier’s cost coefficient increases, the GC also obtains a
more lenient delivery requirement, thereby reducing sup-
plier delivery costs and leaving the utility of 68y type sup-
pliers unchanged.

Utility of GC

In Figure 3a, it is evident that the Optimal contract, Com-
plete contract, and WoBC contract lead to an increasing
trend for the GC’s utility as A increases. This result arises
from varying the supplier’s delivery time requirement as A
increases. In contrast, the Bilateral contract and No con-
tract exhibit no change when A increases since these meth-
ods do not affect the supplier’s delivery time requirement.
Specifically, in the Bilateral contract, the GC formulates
designated contracts for suppliers with different identity
types. Therefore, varying A does not impact the supplier’s
delivery time requirement or the GC’s utility. As for the
No contract, it is intuitive that the supplier’s delivery time
requirement will not change irrespective of A.

The reasons for the increase in GC’s utility depicted in Fig-
ure 3b are similar to our analysis of Figure 2b, where an
increase in 0 leads to the extraction of more profit from
the supplier by the GC. This increased profit stems from
tailoring the contract to mitigate GC’s own risk, resulting
in an increase in the GC’s utility as & increase.

Based on the findings presented in Figure 3, we can deter-
mine the effectiveness ranking of the different contracts
for GC’s utility as follows: Complete contract > Opti-
mal contract > Bilateral contract > No contract > WoBC
contract. The Complete contract outperforms all other
methods because the GC is aware of the supplier’s identity
type before contract formulation and can extract the maxi-
mum profit possible. Next, the Optimal contract generates
more profit for the GC than the Bilateral contract by in-
corporating a competition mechanism during the contract
formulation. Information asymmetry is the reason why
the No contract method is inferior to the other three con-
tract theory-enabled methods. Finally, the reason why the
WoBC contract ranks last is that conventional tendering in-
curs an excessive amount of administration cost compared
to the blockchain-based approach. Typically, administra-
tion costs range from 2% to 3% of the contract value (Bid-
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Figure 3: Contract-based tendering scheme for comparison
with other four benchmark methods as parameters vary.

hive, 2018; Brown et al., 2006), whereas blockchain cost
remains fixed, which typically amounts to around $750, in-
cluding the cost of smart contract deployment and invoca-
tion, prequalification files submission, and evaluation and
contract awarding, etc., for completing a tendering project
on Ethereum. (Ahmadisheykhsarmast et al., 2023). Con-
sequently, blockchain will generate more revenue as the
contract value increases.

Conclusion

Considering information asymmetry and bid-rigging un-
dermining the GC’s utility, this paper proposed a
blockchain and multilateral contract theory-based con-
struction tendering framework. To promise the effective-
ness of multilateral contract theory, the GC first utilized
the blockchain to acquire trustworthy data. Then, with the
utilization of contract theory, the GC can provide precise
material delivery time via the smart contract for suppliers
to opt for. The simulation results demonstrated that the
proposed multilateral contract theory-based method im-
proves the GC’s profit by approximately 20.7% in compar-
ison with the traditional bidding method, with only a 5%
profit difference displayed compared to the performance-
optimized upper bound complete information scenario,
the ideal situation. Furthermore, the proposed framework
benefits the scenarios where information asymmetry is
prevalent, such as construction payment management and
material transportation processes. In future work, we will
take the continuity of different materials into considera-
tion, and will not assume the tolerance for advanced and
delayed delivery are identical since delayed delivery will
cause more severe consequences.
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Abstract

A token is a cryptoeconomic entity on a blockchain that
can be used to digitally secure, represent, and trade as-
sets. Existing research does not sufficiently explore the
use of tokenization as digital representations of physical
construction assets within the context of circular supply
chains. Thus, this research explores why tokenization for
circular construction may be helpful by employing a mixed
methods approach via quantitative and qualitative analysis
of expert surveys and a technical review of tokens. The
contribution proposes scenarios of tokenization’s potential
for blockchain-based product tracking and product pass-
ports for AEC.

Introduction

The built environment is facing two major transformations:
a circular economy transformation and a digital transfor-
mation, and both are critical paradigms that can target en-
hancing sustainability (Cetin et al., 2021). Digitization
for the architecture, engineering, and construction (AEC)
industry is known to be slow because of general resis-
tance to changing processes and adopting new technolo-
gies. Changing our built environment from a linear to a
circular model is also inhibited by resistance to changing
processes, resistance to upfront added costs, and informa-
tion deficits (Byers et al., 2024).

In the built environment, implementing a circular economy
primarily deals with the complexity of the supply chain.
This includes the procurement and specification of mate-
rials, involving numerous participants, and the certifica-
tion of material quality. Circular construction supply chain
(CCSC) compared to typical construction supply chains
also include connecting the materials from disassembly in
one life cycle to a use case for additional life cycles as well
as preserving information on the materials over time (Wi-
jewickramaetal.,2021). Additional challenges include the
presumed added costs of component reuse, though it ap-
pears this depends primarily on local regulation, culture,
and precedent (Mollaei et al., 2023). Other challenges
for reusing materials include product liability and the pro-
ducer’s responsibility for the circulation of the materials
at the end of use, particularly if the original information
on them is unknown (Farooque et al., 2019). Therefore,
research is growing on how to track construction products
over time, what information to track, and where to store it.
Blockchain technology is considered useful for tracking
and tracing information in supply chains and construc-

tion (Wang et al., 2020; Qian and Papadonikolaki, 2020).
Though there is an overlap of tracking product informa-
tion with the concept of Digital Product Passports (DPPs)
European Commission (2022), there is insufficient work
on their application for AEC. In particular, the use of to-
kenization to represent circular supply chain assets with a
tokenized product passport (TPP) seems a promising con-
cept. TPPs may help ensure data continuity and availabil-
ity through multiple stakeholders and life cycles. Yet, this
application is nascent and there is a gap in research and
practice. Therefore, this research addresses the question:
why would tokenization be useful for product passports for
a circular built environment? The paper begins with a
background on relevant concepts, states the methods used,
analyzes survey responses, provides a technical review of
token features, proposes resulting applications of tokens,
and finally discusses existing challenges and future work.

Background

To contextualize the research objective of this work, some
background is provided on product passports, blockchain
tokens, and existing applications in both academia and in-
dustry.

Product Passports

Recent legislation in the EU pushes for Digital Product
Passports (DPPs), which will be used to inform prod-
uct supply chains and environmental impact (Cetin et al.,
2023; Honic et al., 2024; European Commission, 2022).
Within AEC, Material Passports (MP) are similar to DPPs
and describe characteristics of materials in products re-
garding their constituents, recyclability, and reuse poten-
tial, which have been found to support circularity (Honic
et al., 2021) and reuse (Byers and De Wolf, 2023). While
MPs and building logbooks apply to the built environment,
DPPs are a cross-sectoral concept shaped by the regula-
tory framework “setting eco-design requirements for sus-
tainable products” of the European Commission (2022). A
report from the Wuppertal Institute by Jansen et al. (2022)
reviews 76 corporate, policy, and research initiatives for
DPPs. Though several of these initiatives do look at build-
ings, many are focused on batteries, textiles, machinery,
and automotive products and discuss the challenges of het-
erogeneous industries and stakeholders. Interestingly, nine
of these implemented blockchains for immutability, trans-
parency, and decentralization along the supply chain.
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Blockchain Tokenization

Blockchain technology is a type of distributed ledger tech-
nology (DLT) that is run over a decentralized set of com-
puter nodes and ensures secure and transparent peer-to-
peer transactions without intermediaries. Blockchain’s po-
tential application for construction is well-researched (Li
et al., 2019), including supply chain and lifecycle applica-
tions (Scott et al., 2021).

This paper concentrates on Ethereum, which is among the
most widely used blockchains, chosen for its capabilities in
handling smart contracts, offering distributed computing
solutions, and having a robust developer community. To-
kens can be programmed through smart contracts, which
are executable code stored on the blockchain that can in-
teract with and define transaction logic. Smart contracts
are used to specify token features (e.g., destroyable, own-
able, metadata, etc.), supply count, and transfer mecha-
nisms. On a blockchain, tokens provide a critical role
as a medium of exchange and a way to represent digi-
tal or real-world asset ownership. Tokens have already
been integrated into various digital ecosystems (e.g., gam-
ing, decentralized markets of digital goods, and real estate
fractionalization) reshaping industries through innovative
business models on new forms of ownership and transac-
tions (Sazandrishvili, 2020).

Because tokens are produced through smart contracts
and are customizable, token standards are used to ensure
interoperability and secure implementation through stan-
dardized building blocks in the network. In the Ethereum
ecosystem, this standardization happens through an
Ethereum Request for Comment (ERC). An ERC is a
proposed protocol for suggesting a new standard defining
rules and specifications for tokens or smart contracts to
be adopted by individual developers and projects. The
most common token standards are ERC-20 and ERC-721.
ERC-20 establishes a fungible token that is tradable
and dividable into discretized shares. ERC-721 is a
non-fungible token (NFT) that is tradeable, non-divisible,
and used to represent unique values. Tokens often consist
of links within the metadata to the storage of data too large
to be stored on-chain as shown in Figure 1. A token, often
constituted as a JSON-LD entity, combines principles of
the semantic web with interoperability and is readable by
both humans and machines.

The general benefits of tokenization are greater liquid-

"name": "DT4C2 MP NFT",
"symbol": "NFTPro",
"description”: "NFT of a material passport of a truss for exchange in
the course Digital Transformation for Circular Construction at ETH",
"seller_fee_basis_points": 100,
"image": "https://www.arweave.net/
E301gseMN45@vaFzDI1lgaYLvuIW-4AfyGiwyzs-ru8?ext=PNG",
"attributes": [
{
"trait_type": "wood truss",
"value": "physical asset"
3,
{
"trait_type": "material passport”,
"value": "circular construction"
}
1

Figure 1: Example of a Material Passport NFT as a JSON

ity, global access, reduced intermediaries, faster transac-
tions, increased transparency, and immutability. The as-
sociated challenges are legal, regulatory compliance and
uncertainty, cybersecurity, and absence of public sec-
tor involvement (Tian et al., 2020; Sazandrishvili, 2020).
This is similar to the report from McKinsey & Company
that discusses the impact of tokenization including im-
proved capital efficiency; democratization of access; op-
erational cost savings; enhanced compliance, auditability,
and transparency; and, cheaper infrastructure (Banerjee
et al., 2023).

Tokenization Applications

In the context of using tokens within markets, Ferrara et al.
(2022) states, “tokens of digital assets are indeed defined
as digital objects in which the relevant information are
stored to guarantee a single, unique matching between as-
set and token.” The work proposed two processes for us-
ing blockchain in digital markets of physical assets: to-
kenization and legitimacy of ownership. Additional re-
search from Weingirtner (2019) states the advantage of
tokens is they facilitate the self-sovereignty of data and
proposes three types: payment tokens (currency), utility
tokens (rights or services), and assets or security tokens
(represents a share).

A report from the consulting firm EY discusses tokeniza-
tion of real-world assets for the transparency and improved
traceability and trust in the chain of ownership. (EY,
2020). Tokens can be considered software with a unique
asset reference connected to properties or legal rights.
The report discusses three token standards and their ideal
implementation: ERC-20 for transferring value between
users, ERC-1400 for transferring asset or security tokens
requiring a certificate, and ERC-721 for transferring own-
ership of a specific asset.

A recent position paper on the value of tokens for AEC pro-
vides a slightly modified token classification noting that
the applications are either economic or technical: util-
ity (governance), security (object representation), pegged
(stablecoins), and direct (payments) (Kifokeris et al.,
2023). The paper provides recommendations for a clas-
sification of tokenization opportunities by thematic area
(e.g., circularity), and the associated benefits, challenges,
issues, and opportunities.

Tezel et al. (2021) explored blockchain implementation
in construction and suggested three primary supply chain
management models: project bank accounts, reverse
auction-based tendering, and asset tokenization for financ-
ing (crowdfunding). Wu et al. (2023) developed a proto-
type of an NFT-based construction waste material pass-
port using a design science research approach. The pro-
totype was built using Hyperledger, a private and permis-
sioned blockchain. Additional research overlaps the con-
cepts of smart construction objects and blockchain ora-
cles for recording information around the construction pro-
cesses on a blockchain (Lu et al., 2021).

Within the context of AEC, tokens have often been
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Figure 2: Visualization of Nested Token Hierarchy Representing
Nested Component Assembly

proposed as an incentivization mechanism between
stakeholders (Kouhizadeh et al., 2022). However, work
from Dounas et al. (2021) proposed a system of orga-
nizing topology graph representation of a building as
Ethereum tokens. Research from Hunhevicz et al. (2023)
demonstrates a prototype of using tokens for Web3-based
data access roles for material passports. Earlier work from
2019 proposes a framework for supply chain traceability
based on tokenizing the bill of materials and component
IDs (Dasaklis et al., 2019). Different tokens for source
materials, elemental tokens, and compound tokens can be
used to build up a tree structure of the data, emulating the
similar hierarchy of assemblies in construction. Figure 2
symbolically represents this relationship of nested tokens
for an assembly.

Boston Consulting Group and Arianee (2023) created a
report on DPP tokenization that provided five main util-
ities: access to product information, a certificate of au-
thenticity and ownership, a product lifecycle management
tool, a customer relationship management tool, and a vir-
tual replica of a physical object. Additionally, the three
main proposed architectures are centralized DPPs, permis-
sioned blockchain DPPs, and tokenized DPPs. Though in
the short term, and for low-value products, tokenized DPP
adoption is not as advantageous as other solutions, it is ex-
pected to provide much greater value in the long-term and
for high-value products.

Methods

This paper is an exploratory paper on the overlap between
tokenization and CCSC, therefore a mixed-methods ap-
proach was used including the exploratory data analysis
of a survey of researchers and practitioners and a techni-
cal review of token features relevant to CCSC. The survey
was issued to explore interest and elicit context on current
challenges, perceptions, and suggestions for blockchain in
CCSC. A more detailed description of the survey distri-
bution and analysis is found in the respective section. In
addition, technical standards were reviewed to better un-

derstand what features tokens can offer for product pass-
ports within AEC. Lastly, the mixed-methods approach
combines the findings from each step into proposed sce-
nario applications for tokenized product passports.

Survey on Exploring TPPs
Survey Approach and Overview

The survey distributed had 30 questions to gauge proxi-
mal knowledge on product passports for CCSC, techni-
cal requirements, and blockchain and tokenization appli-
cations. The survey was built online using Qualtrics and
distributed via email through a convenience sampling of
experts known by the authors with relevant experience
in at least two of the three topics: sustainable construc-
tion, blockchain technologies, and circular economy. The
submissions were analyzed anonymously using the lan-
guage R. A total of 30 respondents completed the sur-
vey, though not all respondents answered every question.
This paper shows the analyses of the most relevant ques-
tions for this work. The anonymized responses are a pub-
lished dataset (https://doi.org/10.3929/ethz-b-000656624)
and the code for the analysis can be found on github:
https://github.com/cea-eth/TPP-EDA.

The format of the questions included five-point Likert-
response, multi-select multiple-choice questions, and
open-response questions. The open-response questions
were analyzed using a natural language processing tech-
nique called latent Dirichlet allocation (LDA) for topic
modeling. LDA is a generative probabilistic model for
extracting similar topics over multiple documents (in this
case, the documents are individual survey responses). The
set of words for each extracted topic and the frequency of
the topic are plotted and then interpreted by the authors for
their meaning.

The respondents were asked to report in which countries
they have projects. The highest reported country was
Switzerland with 24% (nine responses), then the US tied
with the UK with 13% (five responses), two responses in
the Middle East, one response in Asia-Pacific, and the rest
of the responses (n=16) were across Europe. About 40% of
the respondents have 1-5 years of experience, about 23%
have 5-10 years of experience, and 37% have greater than
10 years of experience. Of all the respondents, twelve
work in academia, two for a government entity, and the
rest within the private industry (in a combination of AEC
firms, startups, and consultants).

Responses on DPP and Product Tracking

Of the 30 responses, four stated they were slightly familiar
or not familiar with product passports, and two were left
blank. Yet, 40% stated it is “Extremely Important” to track
construction and building products over time, 40% stated
it’s “Very Important”, and 13% stated it’s “Moderately Im-
portant”. The other two responses were blank.

Some of the questions asked were on potential issues re-
lated to data in the respondent’s field and are displayed in
Figure 3. The most striking results show a 100% positive
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Q14_In your field, how important are issues with
data persistence and data storage over building 0%
life cycle(s)?

Q16_In your field, how important are issues with

0/
updating or adding data over time? 4%
Q17_In your field, how important are issues with 7%
trust or data authenticity?
Q19_In your field, how important are issues with 4%
data interoperability?
Q15_In your field, how important are issues with 0%
data access between stakeholders?
Q20_In your field, how important are issues with 7%
costs?
Q18_In your field, how important are issues with 320
privacy? q
100 50
Response Not at all important

Slightly important

% 89%
11% 82%
18% 79%
25% 75%
21% 71%
21% 46%

1
0 00
Percentage

Moderately important Very important . Extremely important

Figure 3: Responses on Importance of Issues on Data
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Figure 4: Responses on Ideal Use Cases for Product Passports

response for the importance of data persistence and stor-
age over the building life cycle, and about one-third state
issues with data privacy are only slightly or not important
at all.

Among the various phases of the traditional product life-
cycle, the three selected as having the greatest potential for
implementing a product passport are B1-B3: Use, Main-
tenance, and Repair; B4-B5: Replacement and Refurbish-
ment; and C1-C4: End of Life Stage. These responses
are validated by another question on potential use cases
for product passports shown in Figure 4.

The results from the LDA topic modeling on the problems
and challenges inhibiting the use of product passports in
AEC are shown in Figure 5. The y-axis shows the words
in the topics produced from the model and the x-axis is
their frequency found in responses. There are two topics
on the challenges found eight times from the responses.
The first topic is on the challenge of having complete in-
formation for tracking and reuse, the other major topic is
on the resistance to data models and lack of assured data.
Additional topics allude to challenges of product passport
standardization and data fragmentation.

information, data, challenge,
track, reuse, complete

—~
(%]
2
o data, lack, systems,
=< resistance, models, assured
Q
e
Z data, passport, product,
© fragmentation, digital,
g_ standard
i
bim, labels, structural, data,
change, accurately
0 2 4 6 8

Number of Responses

Figure 5: LDA Topics on the Challenges Inhibiting Product
Passports for AEC

Responses on the Use of Blockchain and Tokenization
Figure 6 is a color-based correlation matrix from the
Likert-based responses in the survey. The individual ques-
tions have been simplified to their topic and shown in the
axes. A question has a perfect positive correlation with
itself and is illustrated as dark green and a negative corre-
lation is colored brown.

One of the questions asked the respondent how useful tok-
enizing product passports would be. The results from Fig-
ure 6 show that there is a slight positive correlation be-
tween tokenizing product passports and the questions ask-
ing about the applicability of blockchain and tokenization.

Product Tracking Importance

Product Tracking Importance . Product Passport Familiarity
Product Passport Familiarity | 0.19 . Blockchain Familiarity

Blockchain Familiarity = 0.29  0.36 Blockchain Applicability

Blockchain Applicability | 0.38  0.03 .. Tokenization Familiarity

. 0.43 . Tokenization Applicability
Tokenization Applicabilty  0.37 -0.27 0.26 . 0.31 . Tokenizing Product Passports
Q 002 029 013 ..

-1 -0.82-064-045-0.27-0.09 0.09 0.27 0.45 0.64 0.82 1

Tokenization Familiarity 02 026

Tokenizing Product Passports

Figure 6: Correlation Matrix between Blockchain,
Tokenization, Product Passports, and Product Tracking
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Table 1: Features of Tokens Relevant for Designing CCSC Systems

Category Token Features

Feature Description

Product Identification Metadata Capacity

Asset Linkage

Data Authenticity
Metadata Flexibility
Interoperability

Data Update Mechanism
Queryable

Metadata Storage location
Composability

Supply Chain Integration

Lifecycle Management

Compliance & Privacy Regulatory Compliance

Data Privacy
Business Proposition Tradeability

Cost Efficiency
Product End-of-Life Data Handling

Asset Linkage

Amount of storage to hold product information
Connecting the token to the product it represents
Verification of unaltered product data

Different types of data to be stored

Integration across platforms, actors, and file type
Modifying data as the product moves or changes
Ease in searching for and retrieving token data
Considering on-chain or off-chain storage
Combining and nesting tokens for assemblies or
sub-products

Adhering to reporting regulations and other norms
Public or private chain for sensitive information
Facilitating B2B/B2C transactions by token transfer
Evaluating overheads against its ROI

Handling or burning of data at the end of its lifecycle
Connecting the token to the product it represents

Topic (Top Words)

4
Number of Responses

Figure 7: LDA Topics from the Potential Use Cases of
Tokenization for AEC

Nevertheless, there is a slight negative correlation between
the usefulness of tokenizing product passports and the fa-
miliarity level with product passports.

From the question of how might blockchain be used, the
largest topic (n=13) extracted from the LDA was as the
underlying technology for data transparency and tracking
technology for building materials. From the question of
how might tokenization be used for circular construction
or circular supply chain management, only 19 responses
were given as shown in Figure 7. Of those, the most fre-
quent topic (n=8) discussed an application to introduce a
system to award incentives for material information. Six
responses discussed the topic of using tokens for owner-
ship or representation of building assets. The third largest
topic with five responses was on financing data for infor-
mation in circular supply chains.

Review of Technical Token Features for CCSC

This section explores token standards for Ethereum and
provides a table constructed from examined token stan-
dards that can be used to guide the applicability of a spe-
cific token for CCSC. Beyond ERC-20 and ERC-721, ad-
ditional token standards have added functionality and po-

tential relevance for this domain. Some are briefly listed
below but this list is not exhaustive, which inspired the ab-
straction of token attributes from these ERC standards in
Table 1.

* ERC-1155: Enables fungible and non-fungible to-
kens in one contract

e ERC-998: Composable NFTs that can own other
NFTs and ERC-20 tokens

* ERC-6960: Dual Layer Tokens for asset classifica-
tion, aiding in fractional and versatile ownership

* ERC-994: Delegated NFTs that register a geo-
location of land and property

* ERC-5791: Physical-Backed Tokens representing
physical item ownership and authenticity

* ERC-6551: Token-Bound Accounts are NFTs with
unique Ethereum accounts for asset ownership and
multi-chain application interaction

e ERC-5114: Soul-Bound Token, a non-transferable
token permanently attached to a soul or address

Table 1 proposes features from various token standards
that are relevant for applications to CCSC. The cate-
gories of token features should be considered by stake-
holders interested in designing and implementing token-
based systems. A similar classification approach was pre-
viously conducted on designing blockchain oracles for
AEC (Dounas et al., 2023).

Resulting Scenarios

This section offers detailed scenarios for tokenized product
passports, derived from a mixed-methods approach. The
approach is a result from the analysis of token features, the
review of relevant literature, and insights from the survey
on blockchain’s utility and use cases for CCSC. Tokens
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have broadly been shown to be used for asset represen-
tation, payment and incentive systems, or utilitarian and
governance systems as defined in Kifokeris et al. (2023);
Weingirtner (2019); Boston Consulting Group and Aria-
nee (2023). The proposed scenarios examine the poten-
tial utility of tokens in CCSC by focusing on how tokens
can serve as a means for representing objects. Proposing
payment, incentive, or governance systems, although ex-
pressed from the survey results in Figure 7, is beyond the
interest of this study.

These scenarios are not direct responses from the ques-
tionnaire but a synthesis of all results. Additionally,
some token features are universally relevant for CCSC
applications including Asset Linkage, Metadata Storage
Location, Cost Efficiency, Data Authenticity, Compos-
ability, and Metadata Capacity.

Scenario 1) Tokenize the Material DPP: Drawing
from industry proposals and the results from the survey,
this scenario proposes a TPP system where each token
acts as a representation for the DPP of the construction
assets. The TPP can be connected directly to tracking
hardware installed into the asset and used for streamlining
compliance and transparency along the supply chain.
Tokens could serve to create a unique digital identity
for the provenance of each component, similar to Wu
et al. (2023); Boston Consulting Group and Arianee
(2023). According to DPP regulation, these tokens could
facilitate accurate tracking and verification of the origin,
composition, and recycling credentials of materials, which
is essential for the integrity of a circular supply chain.
Specific token features from Table 1 include: Regulatory
Compliance, Queryable, and Interoperability.

Scenario 2) Tokenize the Material Asset: 1In this
scenario, an asset tokenization platform for the CCSC can
be developed for tokenizing the asset and supported by the
results shown in Figure 7. Tokenizing a real-world asset
reflects ownership within the real world and economic
markets. Tokenized assets could allow the transparent
traceability and management of material (EY, 2020)
as well as their physical relationship to other materials
(Dasaklis et al., 2019). An example of a preliminary
implementation of this scenario and its integration with
building modeling is proposed by Dounas et al. (2021).
The token features from Table 1 important for this ar-
chitecture include Tradeability, Metadata Flexibility, and
Interoperability.

Scenario 3) Tokenize the Material Ownership: While
the first scenario tokenizes the material information, the
second scenario tokenizes the asset, and this third scenario
utilizes tokens as a security for the ownership of the asset.
This token security is a subset of asset tokenization that
uses tokens to represent its value contractually, which
can be reflected along the CCSC, particularly for material
exchange, leasing, or purchasing in decentralized mar-

ketplaces (Hunhevicz et al., 2023; Ferrara et al., 2022).
Though similar to the other scenarios, the financial and
business considerations are more of an emphasis EY
(2020); Boston Consulting Group and Arianee (2023).
Using tokens as a mechanism for material asset securities
also introduces new sustainable finance mechanisms
for investing in circular economy solutions. Because of
the legal and financial implications, the specific token
features in the scenario include Regulatory Compliance,
Tradeability, and Data Privacy from Table 1.

Discussion

One of the most interesting results from the survey is found
in Figure 6, which shows a negative correlation between fa-
miliarity with product passports and the utility of tokeniz-
ing product passports. This implies either that those very
familiar with product passports do not think there is much
utility with TPPs, or that those who think there is high util-
ity with TPP aren’t very familiar with product passports.
Nevertheless, there is a stronger positive correlation be-
tween TPP utility and those who believe tokenization has
high potential for CCSC. These results align with Figure 7,
where the most frequently mentioned topic was using to-
kens as incentives, not as representations of the asset itself.
Although this supports the direct and utility cases found in
Kifokeris et al. (2023), those cases are out of scope as this
paper focuses on the object representation case.

Storing product passports on-chain ensures their accessi-
bility and permanence for any stakeholder through time.
This approach secures the data and also potentially en-
ables new ecosystem interactions, such as unique wallets
assigned to physical assets and the possibility for tokens
to be held by non-human entities. The proposed scenar-
ios for token usage are directional but grounded in existing
research and survey findings. They require further devel-
opment and verification through technical implementation
and stakeholder engagement. Although this research pri-
marily examines tokens on the Ethereum blockchain, other
blockchains also employ tokens, which could be leveraged
for DPP applications.

Challenges and Limitations

Blockchain in construction, in addition to product life cy-
cle tracking, is a cyber-physical-social systems problem.
To abate this challenge, the researched scenarios should be
able to integrate first with existing systems for business-as-
usual. Thus the use of a common data format and metadata
schema is critical. Additionally, linking data in tokens to
external servers is often critiqued because of the challenges
associated with the maintenance of hosting externally.

This study is limited by not yet testing implementations of
the proposed scenarios. For the survey, the respondents
primarily work across Europe, with some in the UK and
the US. Responses may vary based on geographical region.
There is a natural selection bias from the method of ap-
proaching the respondents and cannot be taken as a gener-
alizable state of knowledge. There are inherent limitations
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to using a questionnaire as it is more likely respondents
will provide brief or no answers at all. The use of more
exhaustive methods, like interviews or the Delphi method,
may produce more informed responses.

Given the heterogeneity of experiences of the survey re-
spondents, a deeper statistical analysis can be used for
analyzing results. For instance, the results can be parti-
tioned and analyzed separately based on the categories of
responses (e.g., familiarity level with product passports,
familiarity level with tokenization, or country of work).

Future Work

The survey included additional open-ended questions that
were not covered in this study. Additional work can ex-
plore these other inputs from the respondents on hard-
ware approaches, ideal stakeholders, and challenges and
use cases. A few of the respondents noted the importance
of analyzing the value-add of tokenizing product pass-
ports and an understanding of the environmental trade-
offs. These are valid concerns and though they are out of
the scope of this study, stand as points for future work.

This work sets the exploratory and theoretical under-
pinning for future hypothesis development and research
on qualitative implementation and quantitative testing of
these new processes. Future efforts by the researchers will
address the how-to for technical implementation and aim
to quantify impacts. Further work will use a design sci-
ence research approach for an exploration of TPP in a real
building. The survey findings in this study will inform the
goals and design of such a system.

Conclusions

This research investigated the application of tokenization
for product passports in CCSC. The authors employ a
mixed methods approach via a technical review and survey
of experts to frame the potential value of tokenization in
circular construction. The results extend the understand-
ing of blockchain-based product tracking for AEC by fo-
cusing on the potential of using tokens for object represen-
tation of a product passport.

The academic literature confirmed general interest in
blockchain and tokenization for product tracking, although
with limited CCSC applications tested. Survey results sup-
ported the need for product tracking and blockchain for
data transparency, while also noting challenges such as
data gaps and system integration. Features extracted from
various Ethereum tokens were explored for their poten-
tial relevance for product passports. Lastly, these results
were combined for three proposed scenarios of tokeniza-
tion within the CCSC: tokenizing the material DPP, to-
kenizing the material asset, and tokenizing the material
ownership. Future research intends to expand upon this
theoretical foundation by testing the specified scenarios.
This study’s findings suggest that tokens could serve as a
comprehensive information repository, providing innova-
tive application possibilities for CCSC.
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Abstract

The digitization and automation of contracts within the
built environment through blockchain has demonstrated
potential. Nonetheless, the use of on-chain smart con-
tracts can amount to substantial costs. This study pro-
poses a blockchain-governed approach to individually as-
sess whether and how to use blockchain for different com-
ponents of contracts. We explain the rationale behind the
concept and implement a pilot prototype of a performance-
based, blockchain-governed contract. The results promise
an alternative and more cost-effective approach to smart or
intelligent contracts in the built environment, while still al-
lowing for trusted verification of key contract parts through
blockchain.

Introduction

Contracts are important to the collaborative built envi-
ronment and for interactions between its actors. With
the ongoing digital transformation, the digitization and
automation of contracts is increasingly being discussed.
In particular, blockchain technology promises to enable
“smart legal”, sometimes also termed “intelligent” con-
tracts (Mason, 2017; McNamara and Sepasgozar, 2021;
Allen and Hunn, 2022). Independent of the term, we re-
fer here to the idea to encode contract terms in so-called
blockchain smart contracts, which are scripts deployed on
a blockchain that can then enforce interaction logic with
any blockchain transactions, for example to execute a pay-
ment. Blockchain as an immutable ledger of peer-to-peer
transactions ensures that contract terms are executed in a
transparent and trustworthy manner without the need for a
third-party institution. The applications of smart contracts
for the built environment are diverse (Li and Kassem,
2021). Examples include the automatic execution of coded
terms for contract management (Msawil et al., 2022), au-
tomated contracting for construction projects (Gupta and
Jha, 2023), or performance-based contracts for lifecycle
services based on IoT data (Hunhevicz et al., 2022).

Although a very promising technology for contracting, the
use of blockchain smart contracts also creates challenges
and risks (Mezquita et al., 2019). Most relevant to this
study, their use can amount to substantial costs (Zou et al.,
2021; Hunhevicz et al., 2022). As discussed later in this
paper, potential solutions are to use a blockchain with low
transaction costs or permissioned blockchains. However,

we suggest that a more unexplored option is to decouple
the functionality of smart contracts and use blockchain
only for parts of a contract.

Therefore, we introduce the concept of “blockchain-
governed” contracts in the built environment, and why
it could be a way to reduce the costs associated with
blockchain-based contract management with reasonable
trade-offs. To do so, we first cover the necessary back-
ground in the point of departure, then introduce the con-
cept of the chosen approach, and show an exemplary im-
plementation of a performance-based contract. Finally, we
discuss our contribution by comparing it to a previous on-
chain implementation of a similar smart contract and point
out limitations and further research.

Point of Departure

Smart Contract Components

As already mentioned in the introduction, smart contracts
encode interaction logic with blockchain transactions. In
simple terms, a smart contract performs tasks like "if this
happens on the blockchain, then execute this transaction
logic”. Smart contract can be abstracted into four key
components (Hunhevicz et al., 2022), as shown in the up-
per part of Figure 1 and further described below. Although
they can be combined into complex contract constructs, for
the scope of this paper, we can focus on these components
individually.

Identity: Blockchain identifies users with a pair of pub-
lic / private keys. The public key serves as an address to
identify a blockchain user on the network. The private key
acts as a password to sign transaction to prove control of
the respective address. Smart contracts require informa-
tion about which public address is allowed to interact or is
affected by the smart contract functionality.

Payment: Smart contracts can initiate payment transac-
tions in native cryptocurrency or another token. They can
also hold funds and act as bank accounts. Even if the func-
tionality of a smart contract is not related to finance, smart
contract functionality still involves a monetary fee to ex-
ecute transactions. Therefore, for the scope of this paper,
we refer to payments as any use of a token or cryptocur-
rency, both for contract payments or fees.

Data: Smart contracts can store and act on data. Depend-
ing on the blockchain, data is stored through available data
primitives, for example, in the case of Ethereum, state vari-
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Figure 1: Smart contracts involve identity, payment, logic, and
data; a blockchain-governed contract assesses individually
whether and how to use blockchain for each category.

ables, arrays, structs, or mappings!. To add data to a smart
contract, executing a transaction is required to pay the net-
work for storing the data.

Logic: The key part of a smart contract is its logic related
to transaction execution and interaction, possibly interact-
ing with and connecting the other described components
of identity, payment, and data.

Current Approaches to Smart Contracts

This section reviews current approaches to smart contracts
and, where applicable, provides examples of research in
the context of the built environment.

On-Chain Smart Contracts

In this paper, we refer to on-chain smart contracts as what
is most often meant with the concept of blockchain smart
contracts. They include all the above-introduced compo-
nents in one construct. Once deployed on the blockchain,
the logic is deterministic and fully transparent. Ethereum
piloted the use of such Turing-complete smart contracts
(Buterin, 2014). Several studies in the built environment
use on-chain smart contracts, e.g. on Ethereum (Yang
et al., 2020; Hamledari and Fischer, 2021; Hunhevicz
et al., 2022).

Depending on the used blockchain, the speed of transac-
tion execution can be slow and the associated transaction
costs can amount to large sums (Zou et al., 2021). To re-
duce the costs associated with on-chain contracts, we iden-
tified two main options.

First, a blockchain with cheaper transaction costs can be
used. For example, new generations of blockchain net-

'https://docs.soliditylang.org/en/latest/internals/
layout_in_storage.html, accessed 30.01.2024

works optimize and market themselves for high transac-
tion throughput and low transaction cost, e.g. the Solana
blockchain?2. Moreover, existing blockchain networks,
such as Bitcoin and Ethereum, promote the use of second-
layer protocols to process transactions faster and cheaper
(Gangwal et al., 2023). A potential trade-off to faster trans-
action can concern the security of the blockchain (Kiayias,
2016). Furthermore, transaction costs can also increase
as a function of growing network usage. For now, we are
not aware of much research discussing this approach in the
built environment. Examples include Naderi et al. (2023)
and Scott et al. (2024).

The second option is a permissioned blockchain, also
known as a consortium blockchain, e.g. Hyperledger Fab-
ric3. This type of blockchain is run by a set of trusted
actors who operate the blockchain nodes. Permissioned
blockchains offer high throughput and no transaction fees,
as the consensus mechanisms are fast and overhead costs
are typically paid and shared by the consortium. As a po-
tential downside, permissioned blockchains rely on trusted
actors to run the nodes, who have the ability to exclude
transactions and users and even shut down the network
at their discretion. Furthermore, ensuring the availability
of nodes can be challenging over long time periods and
changing stakeholders. Nevertheless, due to its project-
based nature, a consortium approach is often considered
in the built environment (Yang et al., 2020).

Off-chain Approaches to Contracts

A second way to reduce the costs associated with smart
contracts involves moving parts of the smart contract
off-chain, meaning not stored or implemented on the
blockchain. One reason is that the transaction cost of
an on-chain smart contract is typically determined by the
transaction size and involved computation of a smart con-
tract execution. Especially in the context of networks like
Ethereum, moving data off-chain e.g. to external data net-
works like IPFS4, is becoming increasingly common, also
for applications explored in the built environment (Tao
et al., 2021; Adel et al., 2023).

Another reason to research off-chain contracts is that some
networks, e.g. Bitcoin, do not support Turing complete
smart contracts. Therefore, different approaches are sug-
gested to move data and logic off-chain, e.g. outsourcing to
service providers (Wiist et al., 2019), trusted execution en-
vironments (TEEs) (Das et al., 2019), or off-chain schemas
using blockchain as a state commitment layer and owner-
ship control. We are not yet aware of research in the built
environment exploring such contract approaches.

Finally, governance platforms can facilitate trusted process
execution through a blockchain-verified and secure semi-
automated process (Dursun and Ustiindag, 2021). “Po-
litea”® is an example for such a platform used as a pro-

?https://solana.com/
Shttps://www.hyperledger.org/projects/fabric
“https://ipfs.tech/
Shttps://rgb-org.github.io/
Shttps://proposals.decred.org/
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posal and payment system for the Decred blockchain con-
tractors. Although no formal on-chain logic is utilized,
it makes use of timestamps to allow for checking and re-
evaluating the process in case of disputes. Timestamping
is inherent to blockchains; each block and transaction has
a timestamp for clear recognition. Using this mechanisms,
data can be attached to a transaction to create a fingerprint
for off-chain data as a proof of existence.

Motivation and Scope of This Study

The previous sections showed that there are different ap-
proaches to smart contracts. An alternative to on-chain
smart contracts is moving parts or all of the contract com-
ponents off-chain. We see these approaches as a viable
alternative for smart or intelligent contracts in the built en-
vironment for the following reasons.

Known actors: Construction and the built environment
rely on established processes. The decision to use
blockchain involves a trade-off between trusting the tech-
nical system vs. trusting the involved actors (Hunhevicz
and Hall, 2020). If actors are known and accountable, the
cost premium of a fully decentralized on-chain smart con-
tract may not be justified.

Time spans: Construction contracts usually span duration
of several years of individual project phases, e.g., for de-
sign and construction. Even though such contracts can
benefit from a blockchain approach, it might not be jus-
tified to pay for an on-chain contract that lasts as long as a
blockchain exists.

Physical nature: Blockchain-based contracts need to rely
on trusted feedback loops of physical processes and prod-
ucts. Although the logic of an on-chain smart contract is
trustworthy, wrong input data could jeopardize a correct
execution. A partial off-chain approach could be a practi-
cal middle ground with reasonable trust and transparency.

Trust in existing systems: The construction industry is
known for slow technology adoption. In many cases, the
possibility of traditional identity verification, FIAT pay-
ments, or the possibility for more data privacy has pri-
ority. A blockchain-governed approach could better con-
sider these aspects than a pure on-chain smart contract.

Therefore, this study proposes the concept of ’blockchain-
governed” contracts for the built environment, and pi-
lots an off-chain governance system for an exemplary
performance-based contract.

Blockchain-Governed Contracts

The term “’blockchain-governed” contract is proposed in
this paper for contracts that use blockchain in one of the
four components introduced (identity, payment, logic, or
data), but at the same time also do not use blockchain
with an off-chain approach in at least one category. As
shown in Figure 1, such a blockchain-governed approach
allows to individually evaluate for use cases whether and
how blockchain is used for each component. Table 1 pro-
vides non-exhaustive examples of the differences between
an on-chain and an off-chain approach for each component.

Proposed Off-Chain Governance System

To illustrate the concept of blockchain-governed contracts
in the built environment, we propose an off-chain gover-
nance system for a contract in the built environment in Fig-
ure 2. The figure is organized in a matrix structure, with
the four components of identity, payment, and logic ar-
ranged vertically, and the physical built environment, the
off-chain governance system, and blockchain (on-chain)
arranged horizontally. The proposed system is inspired by
the aforementioned Decred governance system, which has
been operational since 2017. Therefore, this system is al-
ready proven in the context of managing the development

Table 1: Exemplary differences in choosing an on-chain vs. off-chain approach for the four contract components. The proposed
concept of blockchain-governed contracts could then use either option, but at least one on-chain, and one off-chain component.

On-Chain

Off-Chain

Identity

Payment

Logic

Data

To execute an on-chain transaction, actors need a
blockchain address, e.g. for payments, logic execu-
tion, or storing data. Each transaction needs to be
signed with the corresponding private key.

Cryptocurrency and tokens can be used as a means
of payment. Execution guarantee, censorship resis-
tance, and customization of the monetary asset can
be advantages of using on-chain payments. Costs re-
fer to network transaction costs.

On-chain logic provides several benefits, including
direct interaction with the blockchain state (such
as executing a payment), transparent and verifiable
logic, and censorship resistant logic that cannot be
changed unnoticed.

Data stored on a blockchain is transparent, im-
mutable, and available as long as the blockchain ex-
ists. These characteristics ensure the data cannot be
altered or deleted unnoticed.

Traditional credentials such as username and pass-
word can be used as means of identification for off-
chain contract applications, timestamping, or read-
only functionality of blockchain state.

Traditional third-party payment methods in FIAT
currencies such as EUR can be linked to the con-
tract, e.g. via application interfaces (APIs). Bene-
fits include compliance with traditional systems and
regulations. Costs relate to service fees.

Off-chain logic can be transparent and verifiable by
using accessible (public or distributed local) code
repositories combined with timestamping. This en-
ables the logic to be recalculated and verified. It may
also be possible to use other approaches (e.g. TEEs).

Moving data to external storage locations can reduce
on-chain computation costs. The smart contract can
reference the data’s location and timestamp to verify
its authenticity.
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Figure 2: Exemplary blockchain-governed contract system for the built environment.

of the Decred ecosystem, making it a good starting point
for investigating blockchain-governed systems in the built
environment. In addition, it demonstrates the interaction
between the different components using both on- and off-
chain approaches.

A typical process would work as follows (see Figure 2):
(1) All stakeholders create both login credentials for the
governance platform, as well as an address so that the con-
tract payout terms can be defined and encoded. (2) The
parties negotiate the contractual agreement. (3) The con-
tract terms are encoded. (4) The contract is stored in the
off-chain governance database. (5) The contract is times-
tamped so that it can later be verified as authentic. (6) The
responsible stakeholders create and fund the project ac-
count from which the payments will be released. (7) The
required data is captured, streamed, and stored off-chain in
the project database. All stakeholders should have a local
copy, or at least access to the data. (8) The data is period-
ically timestamped so that it can be verified at a later time
based on the locally stored copies. (9) At defined intervals,
performance is automatically evaluated based on the input
data and contract terms. All results are published transpar-
ently to stakeholders. (10) Stakeholders can confirm the
evaluation. Only in the case of an error or disagreement, a
dispute resolution process would start to verify the correct
performance logic and data based on timestamps (dotted
line in Figure 2). (11) If there is no disagreement, or af-
ter the dispute is resolved, the generated invoices are con-
firmed and signed by the necessary stakeholders. (12) Pay-
outs are made in cryptocurrency to the defined addresses.

Implementation

We developed a pilot prototype to obtain first insights into
the feasibility and challenges of the proposed blockchain-
governed contract approach. After introducing the tested
process, we outline for each component (identity, payment,
logic, and data) the chosen approach for our prototype, in
line with the proposed governance system in Figure 2.

Tested Process

The example follows the use case of a performance-based
contract that rewards stakeholders for meeting the energy
performance targets of operating a building. A similar pro-
cess was implemented and evaluated in a previous study
(Hunhevicz et al., 2022), allowing for a good comparison
regarding process, cost, and efficiency. For the interested
reader, the referenced study also gives more details on the
rationale of performance based contracting.

Figure 3 shows the interaction between the technical parts
implemented, as well as the stakeholders. The general idea
is that a building owner initiates the use of a blockchain-
governed contract to issue automatic payments to a con-
tractor responsible for operating and managing the en-
ergy system. The exact logic of the contract is not im-
portant for the scope of this work; in this example we
used historic temperature data from the NEST building at
EMPA Diibendorf, Switzerland’, issuing payments when
the managed temperature stays within a defined range
around the set-point temperature.

"https://www.empa.ch/web/nest/
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Figure 3: Implemented process of the temperature performance contract. In the tested process, both the owner and the contractor
accept the evaluation and sign the invoice transaction.

Logic

The core of the prototype is a web application built with
Next.js® that manages the main contract governance pro-
cess. The stakeholders can define a new data set, as well
as the contract logic with the main parameters of the con-
tract (see Figure 4). In our case, we defined the sensor data
set, the payout address, the set point temperature, the al-
lowed deviation and threshold for penalties, and the payout
amount of the performance based contract.

The contract will be time-stamped after its creation, an-
choring the hash of the JSON contract file to the Decred
blockchain (see Figure 4). We chose dcrtime®, because the
service is open source and freely accessible via API. Dcr-
time timestamps approximately every hour, called anchor-
ing. To indicate the status of the process, the application
changes from “not timestamped”, to “waiting for anchor-
ing time”, to “timestamped”. Once timestamped, the di-
gest can be retrieved from the application and checked for
the timestamp and transaction hash on Timestamply'©. In
Decred’s blockchain explorer!!, the transaction details can
be displayed.

8https://nextjs.org/
%https://github.com/decred/dcrtime
Ohttps://timestamp.decred.org
Uhttps://dcrdata.decred.org

After a defined evaluation period, the results can be com-
puted for the specified data set and defined contract logic.
To make this evaluation trustworthy, the data and results
are visualized in the application (see Figure 5). In case
there are concerns about the validity of the process, the
code and data can be checked against local copies or copies
stored in an open source repository, and if needed, even re-
deployed and recalculated with the timestamped data and
contract logic to check for authenticity.

Payment

Payouts are released from a separate project account,
which is set up as a multi-sig wallet by the owner and
contractor, meaning that both the owner’s and contractor’s
blockchain signatures are required to move funds. This
was implemented so that neither party could spend the
funds without the other’s approval. After calculation of the
payouts, the invoice to credit the project account is auto-
matically created based on the specified payout addresses.
If both parties agree, they can import the proposed trans-
action to their respective wallets and sign for execution.

Identity

The above described web application requires a standard
username and password for identity verification. How-
ever, the application could also have used blockchain-
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(3) The transaction was included in block 839168 (https://dcrdata.decred.org/).

Figure 4: Contracts can be created in the application with the needed parameters for the evaluation and payout. After creation, they
can be timestamped to ensure verifiability at a later point.

based access verification (Hunhevicz et al., 2023). This
demonstrates that there can be different identity proce-
dures within one blockchain-governed contract.

For the payouts, a blockchain wallet is needed. Since we
chose the Bitcoin blockchain for payments, we used the
Electrum!? wallet to create the public/private key pairs,
since it allows for easy multi-sig capabilities. The owner
and the contractor each need their own wallet.

Data

Data is stored off-chain in a relational SQL database ac-
cessed by the application. In our example, the application
used historical temperature tiime series of the NEST build-
ing from the ehub platform!3 through the available APIs.
In addition to the main off-chain storage, the data is times-
tamped in weekly intervals, as introduced above for the
contract logic (see also Figure 4). Therefore, the hashes
of the data are stored on-chain on the Decred blockchain.

Discussion and Conclusion

This study is a first attempt to find practical alternatives
to pure on-chain smart contracts in the built environ-
ment. The proposed decoupling and individual evaluation
of whether and how to use blockchain for identity, pay-
ment, logic, and data was termed “blockchain-governed

—httpst//etectrumorg/

Bhttps://info.nestcollaboration.ch/wikipediapublic/

contract”. The then proposed and evaluated exemplary
contract governance system combines on- and off-chain
approach, mainly using blockchain for proofing authentic-
ity of data through timestamping, as well as payouts.

One of the most interesting consequences of this approach
is that it forces an implementer to think about the indi-
vidual parts of a contract and whether blockchain makes
sense. With a complete on-chain approach, the entire con-
tract is usually implemented on-chain, although only a sub-
set would benefit from it. This means that blockchain
could be used for only parts of a contract and that dif-
ferent parts of the contract may use different features of
blockchain, possibly even different blockchains. For ex-
ample, timestamping could benefit from the free services
offered by e.g. the Decred dcrtime!4 library or Bitcoin’s
opentimestamps!, while other features that require on-
chain smart contracts could use a fast blockchain layer for
high throughput and reasonable transaction costs. A more
extensive and systematic analysis on when to use which
blockchain would be interesting future research.

In addition, more work is needed to complete an imple-
mentation and validate it in a real-world contracting sce-
nario. One of the missing pieces of the here tested sys-
tem is the dispute resolution process, in case the par-
ties do not accept the evaluation and payments performed.

4nttps://github. com/decred/dcrtime
Shttps://opentimestamps.org/
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Results

23.4°

21.65°
11-12-23 13-12-23 15-12-23 17-12-23

o NEST_Week_2 -o- UpperBoundaries -o- LowerBoundaries

Summary

Check Interval: 2d Allowed Deviation 1% Threshold: 5%
Set Point: 22.5° Reward: 100$ Penalty: 10$
Violations

Percentage of Datapoints above your deviation 23.3%
Percentage of Datapoints below your deviation 37.2%
Payouts Penalty applied

Eligible payout is 90$ and can be transferred to bc1q...zngl
Check QR-Code

Necessary Signatures for Transfer from Multi-Sig (2/2)

Figure 5: Evaluation of data in the application based on the contract terms and data set to calculate payouts. Authenticity of the data
and contract can be checked against the timestamps. The invoice is created and needs to be signed by both the contractor and owner.

Other works have already proposed blockchain-based dis-
pute resolution platforms for the built environment (Say-
gili et al., 2021; Son and Lien, 2022), which could serve
as inspiration. We are confident that a suitable mecha-
nism could be designed and implemented. Furthermore,
while the proposed system seems like a reasonable ap-
proach, it is only one of many possible combinations be-
tween on- and off-chain for the different contract compo-
nents as described in the departure section. Other combi-
nations should be designed and tested for comparison.

A blockchain-governed contract approach appears to of-
fer more flexibility and the potential for cost savings com-
pared to an on-chain smart contract. In addition, we be-
lieve it could also improve the usability of smart contracts,
since only parts of the contract require a blockchain, which
is currently a mostly new technology unfamiliar to most
stakeholders in the built environment. Complicated smart
contract applications could be avoided. In our case, the
proposed governance platform is similar to current web ap-
plications, except that payment execution requires a wal-
let. Another interesting observation is that a blockchain-
governed approach requires more manual and human in-
put than a full on-chain smart contract. In this sense,
it can be considered less automated then previously pro-
posed smart or intelligent contracts, but is potentially sim-
pler and closer to existing practice. However, the verifica-

tion process is likely to take longer to resolve than a fully
transparent and deterministic on-chain approach, partic-
ularly in the event of a dispute. More detailed research
is needed to evaluate user experience aspects, the indus-
try requirements and readiness for different blockchain-
governed smart contract platforms, as well as a quantitative
comparison of cost and performance, e.g. under what cir-
cumstances the cost of on-chain smart contracts compared
to a blockchain-governed approach is justified. Overall, a
blockchain-governed contract approach seems a solution
worth exploring in the built environment.
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Abstract

Construction project governance (CPG) offers a
strategic framework to guide participants through
complex construction projects. Emphasizing the trust
mechanism within CPG is crucial for managing inter-
organizational relationships. Blockchain (BC) can
serve as an enabler for trust-based CPG by facilitating
and regulating relationships at the project level.
Accordingly, this paper aims to identify CPG's trust
requirements and assess the relationship between
CPG's trust requirements and BC's characteristics
through a state-of-the-art review. The results indicate
that integrating BC’s distinctive characteristics across
project delivery can enhance CPG's trust requirements.
This study presents comprehensive guidelines for
developing a trust-based CPG model.

Introduction

Construction projects face temporal constraints,
including limited duration, unique tasks, ambiguous
hierarchies, diversity, and ad-hoc coordination
(Sergeeva, 2019). These temporal aspects negatively
impact long-term engagement, crucial for establishing
trust among project stakeholders (Yan and Zhang,
2020). Trust describes relational aspects such as
shared confidence and positive expectations that each
organization will act in a mutually beneficial way (Li
et al.,2021). Trust between project stakeholders is one
of the most critical factors for successful construction
projects (Qian and Papadonikolaki, 2020). To
establish trust, a comprehensive construction contract
should clearly outline the requirements, obligations,
and specifications of all project stakeholders.
However, incomplete contracts arise during
construction projects due to project stakeholders'
bounded rationality and asymmetric information
(Winch, 2010). As a result, continuous adjustment
between project stakeholders is necessary throughout
the project life cycle (Mansor and Rashid, 2016). As
such, incomplete formal contracts with transactional
relationships and informal agreements governing
complex construction projects failed to ensure high
trust at the project level, leading to issues like time
delays, cost overruns, and compromised project
quality (Liu et al., 2022).

Construction project governance (CPG) offers new
insights into the trust challenge from a broader
perspective (Lin et al, 2020). It aims to guide
construction projects toward meeting stakeholders’

goals by inducing collective behaviors through
efficient regulation and principles (Miiller and
Martinsuo, 2015). Providing structures, processes,
decision-making frameworks, and project
management tools, CPG aligns objectives with each
stakeholder’s organizational governance models
(PMI, 2017). However, the current CPG’s rigid
monitoring, strict contractual management, and
rigorous audit mechanisms decrease communication,
transparency, cooperation, and motivation, leading to
low trust in construction projects (Lin et al., 2020).

Blockchain (BC) has the potential to establish a trust-
based CPG (Xu et al., 2022). BC can facilitate the trust
mechanism of CPG by directing network participants’
behaviors through autonomous services and
effectively governing relationships among BC
network participants by enabling reliable information
sharing (Lumineau et al., 2021). As a digital ledger
technology, BC chronologically records transactions
across a peer-to-peer network (Das et al., 2020). It
provides real-time transmission for synchronized and
immutable data through predetermined consensus
algorithms, securing block-linked databases via
cryptography and hashing algorithms (Perera et al.,
2020). However, existing research has not revealed the
relationship between CPG’s trust requirements and BC
(Xu et al., 2022). Therefore, this research aims to
explore the trust requirements of CPG and assess the
relationship between these requirements and BC
characteristics through a state-of-the-art review.

Research Methodology

This study employed a state-of-the-art literature
review to provide insights into current scientific
advancements (Barry et al., 2022) and fresh
viewpoints on the association between BC
characteristics and trust requirements in CPG.

Table 1: Database, inclusion criteria, and search terms for
a state-of-the-art review

Category Details

Database Scopus and Web of Science

Inclusion criteria ~ Academic journal papers

Search terms (“trust”  OR

“relational

“governance” OR
governance” OR
“relational norm” OR “construction”)
AND “blockchain”
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The Scopus and Web of Science academic databases
were used to source high-quality scholarly articles.
Details regarding inclusion criteria and specific search
terms are outlined in Table 1.

Figure 1 outlines the methodology of the
comprehensive review carried out in this study.
) _
Scoping and Formulation of keywords and
Identification Scopus AND inclusion criteria tailored to the
Web of Science research objectives
(4716)
Screening Screened paper after reviewing the abstract (98)
Eligibility Selected papers after reviewing the full text (52)
Number of papers for analysis: 32
Blockchain
characteristics Trust, CPG, BT, Trust,
Inclusion for trust Construction Construction
requirements of projects projects
CPG
| Number of | | 15 | | 17 ‘
Papers

Figure 1: The state-of-the-art review process (devised by
authors)

Specifically, the initial step involved a preliminary
examination and identification of pertinent literature
using specific keywords and inclusion criteria within
the chosen database. The second step entailed a
screening phase conducted through an abstract
analysis. The final selection of 32 papers for in-depth
analysis was made after an eligibility assessment based
on a full-text review. Hence, the thorough review
identified a gap in the existing literature, particularly
its lack of exploration into the connection between BC
characteristics and trust requirements of CPG.

Trust in Construction Project Governance

A common-pool resource is a shared resource that can
be used without causing any harm under favorable
conditions (Ostrom, 2019). A construction project can
be regarded as a common resource scenario with a
shared resource pool, decision-making rights, and
risk/reward. Common-pool resource scenarios
governed by a top-down governance approach exhibit
multiple systematic failures (Hall and Bonanomi,
2021). However, the current CPG is biased towards
top-down project governance using contractual project
governance rather than bottom-up project governance.
This top-down governance approach using rigorous
monitoring processes and strict contract terms and
conditions decreases trust at the project level
(Sergeeva, 2019).

Additionally, according to agency theory and
transaction cost economics, construction project
stakeholders can be opportunistic, selfish, and possess
bounded rationality in the common-pool resource
contexts (Winch, 2010; Hall and Bonanomi, 2021).
Trust is critical to limit these negative features of
legally intertwined entities by facilitating mutual
benefits, knowledge sharing, and emotional bonds
(Laan et al., 2012). As such, trust can improve project
performance by achieving unique objectives within a
set period and controlling uncertainty and
fragmentation in complicated construction processes
(Lu et al., 2021b). In particular, trust is essential when
uncertain situations and issues bearing risk occur. It
can lead to a reliable relationship based on practical
cooperation (Lakusic, 2021). However, fragmented
construction processes, the temporality of projects,
and project stakeholders’ opportunistic behaviors
hinder the establishment of trust in the construction
project environments (Ke et al., 2015).

Furthermore,  self-organization  explains  the
phenomenon where many agents interact with each
other in a disordered complex situation but increase
order and regularity through the interaction between
spontancous agents. Due to the uncertainties of the
construction contract system, the agents participating
in the construction project voluntarily form a self-
organizing network to address these uncertainties
(Steen et al., 2018). Specifically, stigmergy is an
example of self-organization involving indirect
communication and learning processes through non-
linear rules and methods. This provides a basis for
understanding social agent interaction that induces
complex patterns (Ramos and Abraham, 2004).
Stigmergic principles need more flexible project
governance structures and play an important role in
building trust in construction projects by providing
reliable coordination solutions and inducing collective
actions within limited information-sharing
environments (e.g., construction projects) (Dounas et
al., 2022).

Trust Requirements of Construction

Project Governance

While agency theory and transaction cost economics
as project governance theories provide the contexts of
low trust in construction projects involving multiple
project stakeholders, contingency and network
theories provide the foundation for conceptualizing
and understanding CPG’s three trust requirements
(mutuality, flexibility, and solidarity) derived from
relational norms (Lu et al., 2015; Musawir et al.,
2020):

e  Mutuality: Willingness to mutually improve the
current situation compared to the previous
situation.
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e Flexibility: Willingness to accept adjustments and
modifications according to changed circumstances.

e Solidarity: Willingness to maintain and stabilize
partner relationships.

Table 2 collates trust requirements underpinned by
contingency and network theories, from the 15 reviewed
papers on Trust CPG, Construction projects.

Table 2: Research on trust requirements of CPG contexts

Authors Trust requirements
Mutuality  Flexibility — Solidarity

(Tian et al., 2023) v v
(Paswan et al.,2017) v v
(Liu et al., 2022) 4 v
(Benitez-Avila et al., v v
2019)
(Zheng et al., 2008) v v
(Chakkol et al., 4
2018)
Xu et al., 2022) v v v
(Lu et al., 2015) v v v
(Yang et al., 2022) v v v
(Lin et al., 2020) v
(Haq et al., 2019) 4 v
(Miiller and v v
Martinsuo, 2015)
(Benitez-Avila et al., v v
2018)
(Bonatto et al., v v
2020)
(Cao and Lumineau, v v
2015)

Contingency  theory focuses on  organizational

effectiveness, described as the degree of alignment
between the organizational characteristics and
contingencies reflecting an organization’s internal and
external environment (Lizarralde et al, 2011).
Contingency theory posits that contingency variables
(such as governance, size, culture, strategies, stakeholder
motivations, or legal frames) align with the changing
internal and external environment to improve
organizational performance (such as time, cost, quality,
scope, and benefit) and thus facilitate mutuality and
solidarity (Deng and Smyth, 2013). The dynamic and
flexible nature of contingency theory through its continual
response to changing environments, suits the examination

of various types of construction projects from diverse and
complex backgrounds (Hanisch and Wald, 2012).
However, construction project’s temporality including
limited duration, featuring ambiguous hierarchies,
diversity, and informal coordination hinders the
establishment of trust at the project level (Deng and
Smyth, 2013). According to the contingency, CPG should
highlight three relational norms: mutuality, flexibility,
and solidarity among construction project stakeholders.
These relational norms enhance trust by increasing
responsiveness to the internal and external environments
at the project level (Musawir et al., 2020; Xu et al., 2022).
In addition to contingency theory, network theory
emphasizes the efficiency of a network comprising
multiple stakeholders participating in a construction
project (Wang and Yin, 2023). Like the contingency
theory, the network theory emphasizes flexibility,
solidarity, and mutuality of relational norms as trust
requirements through networking and a network’s
efficiency (Musawir et al., 2020). Network theory is a
subset of graph theory, which is the study of the properties
of graphs and the mathematical definition of networks. In
general terms, a graph is composed of nodes (objects that
constitute the graph) and edges, representing the
relationship between the nodes. Graph theory is used to
analyze connected node data through various graph
algorithms, such as basic statistics, graph data queries,
visual exploration, and machine learning (Needham and
Hodler, 2019). Similarly, network theory focuses on
research into the connection patterns, network structures,
node positions, and node outcomes of actors
corresponding to the nodes in the graph. Accordingly,
network theory is used in social science to study the
characteristics of human society, such as group
phenomena and human communications (Lu et al,
2015b). Hence, network theory is widely used in project
governance, requiring network thinking to study complex
construction project networks (Li et al., 2020). However,
the non-linear execution of the construction project
network, self-organization of multiple stakeholders
within that network, and various emergent project
situations can decrease network efficiency.

In response to these trust requirements, BC has been
focused on as a potential solution to meet CPG’s trust
requirements (Lumineau et al., 2021; Xu et al., 2022).

Fundamentals of Blockchain Technology

BC consists of four fundamental technologies (Nawari
and Ravindran, 2019; Perera et al., 2020):

e  P2P networks enable nodes to efficiently store, share,
and manage files in a decentralized manner,
enhancing speed and security in various digital
services without requiring a central server.

e Hashing algorithms assure consistent outputs for
identical inputs and resistance to reverse calculation,
linking multiple transactions within a BC.
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e Cryptography secures data in BC networks,
employing either symmetric methods (fast but less
secure) or asymmetric methods (more secure but
computationally intensive).

o Consensus algorithms aim to maintain transaction
orders even in adversarial environments by ensuring
agreement among nodes on a single piece of data.
These algorithms prevent malicious actions,
addressing the Byzantine Generals’ Problem,
describing how Byzantine troops attacked a
completely enclosed city.

Characteristics of Blockchain Technology in
Construction Project Governance Contexts

A permissioned blockchain, known as a consortium
blockchain, is appropriate for governance contexts in
construction projects (Zhong et al., 2020). A synthesis of
literature from the 17 reviewed papers on BC, trust and
CPG revealed the fundamentals of BC lead to six
significant BC characteristics (see Table 3) in the
permissioned BC contexts:

Table 3: The characteristics of blockchain in the construction
project governance contexts

Characteristics Details

Autonomy Blockchain  offers a range of
autonomous services using smart
contracts, which function as
computerized protocols for business
logics (Nawari and Ravindran, 2019).

Decentralization Blockchain, as a digital ledger system,

operates without a central
administrator and a centralized data
storage framework (Perera et al.,

2020).

Immutability Once data are added in the blockchain

networks,  transactions on  the
blockchain cannot be canceled or

altered (Das et al., 2020).

Security Blockchain protects data and prevents
fraud by using public keys for network
transactions and private keys for
managing confidential information

(Ciotta et al., 2021).

Traceability Every transaction on the blockchain is
accurately recorded and timestamped,
allowing network participants to
access and track these records on any

node (Msawil et al., 2022).

Transparency Authorized  participants in  the
blockchain networks or channels have
access to the same version of data

(Teisserenc and Sepasgozar, 2021).

The Relationship Between Trust
Requirements of Construction Project
Governance and  Characteristics  of
Blockchain Technology

There are strong relationships between CPG trust
requirements and BC characteristics in construction
project contexts characterized by a common pool resource
and stigmergy (see Figure 2).

Construction Project
(conceptualized by a common pool resource and stigmergy)

Blockchain
Characteristics

Construction
D lizati Project
ecentralization Governance

Trust
Immutability [ Requirements

Mutuality
Security

/

Flexibility
Traceability i

Solidarity
Transparency o
Autonomy d

Figure 2: Blockchain characteristics and trust requirements
of construction project governance (devised by authors)

First, decentralization, transparency, traceability,
immutability, and autonomy are key factors that can
enhance mutual relationships among project stakeholders.
Decentralization can promote mutuality by creating
interconnected networks that are directly operated by
distributed entities without any central authority at the
project level (Ciotta et al., 2021). Transparency and
traceability allow authorized project stakeholders to
verify the actions of other network participants, thus
promoting mutual trust (Das ef al., 2022). Immutability is
also vital in mutual relationships, as it ensures that data is
not altered or tampered with (Lu et al., 2021b). Autonomy
can positively impact mutuality by enabling transparent
obligations and increasing the commitment of network
participants through smart contracts with coded terms (Xu
et al., 2022). These transparent obligations and increased
commitments align with the principle of mutuality
(Nawari and Ravindran, 2019). Thus, blockchain
technology can help establish mutual relationships that
are based on a willingness to improve the current situation
at the project level (Perera et al, 2020). Second,
decentralization, transparency, security, and autonomy
can significantly improve flexibility in the context of CPG
(Ciotta et al., 2021). Compared to centralized systems,
BC’s decentralized architecture enhances flexibility in
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terms of response time against the risk of system failures
or attacks (Fiorentino and Bartolucci, 2021). On the other
hand, transparency and security enable reliable and secure
information sharing, which positively impacts behavioral
flexibility by allowing project stakeholders to respond
quickly and efficiently to internal and external changes
(Wang and Yang, 2022). Likewise, autonomy increases
flexibility for data integration into a secure network by
governing data access control within the construction
project network (Msawil et al., 2022). As a result,
blockchain-enabled flexibility can help construction
project stakeholders adapt effectively to any adjustments
against rapidly changing external environments (Perera et
al., 2020).

Finally, decentralization, transparency, traceability, and
autonomy are important factors that contribute to
solidarity among stakeholders in construction projects
(Xu et al., 2022). Decentralization and autonomy enable
the democratization of control in the CPG context, which
promotes equal and participatory decision-making
processes (Das et al., 2022). This, in turn, leads to better
solidarity  through collaboration —among project
stakeholders (Perera et al, 2020). For example,
decentralized autonomous organizations and voting
applications through BC ensure that stakeholders work
together through a fair democratic system for collective
decision-making (Nawari and Ravindran, 2019).
Transparency and traceability are essential for promoting
ethical practices and establishing an accountable cultural
system in construction projects. This positive culture
promotes solidarity from the project stakeholders at the
project level (Li et al., 2019). As a result, the strengthened
solidarity positively impacts stakeholders’ willingness to
maintain and stabilize relationships (Yang et al., 2022).

Hence, focusing on CPG trust requirements (mutuality,
flexibility, and solidarity) through BC enables flexible
bottom-up rather than top-down governance, enhancing
trust at the project level (Xu et al., 2022). Accordingly,
the network-based bottom-up project governance through
BC aligns with the stigmergy of construction projects as a
common pool resource (Dounas ef al., 2022; Hall and
Bonanomi, 2021).

Discussion

The first objective of this study was to explore CPG's trust
requirements. The findings of this research indicated that
mutuality, flexibility, and solidarity derived from
relational norms are significant trust requirements in the
CPG context. These results are aligned with those of
previous studies about relational norms in the CPG
context. For instance, Benitez-Avila et al. (2018) argued
that the CPG trust can be enhanced by mediating the
effect of formal CPG designs and increasing project
coalitions’ capacity to coordinate tasks and reach high
levels of cooperation. Similarly, mutual association
through established normative practices and expectations
in construction projects facilitates trust. The relational
norms underpinning trust requirements yield positive

outcomes and foster a high degree of trust by curbing
opportunistic behaviors in CPG environments (Xu et al.,
2021). However, previous studies have failed to define
CPG trust requirements and the theories underpinning
them. The study highlights the importance of utilizing a
flexible bottom-up project governance approach for
construction projects conceptualized as a common-pool
resource and stigmergy instead of top-down governance
approaches. Additionally, the examination of contingency
theory as a governance theory revealed that the current
CPG system diminishes trust in construction projects due
to its inability to swiftly adapt to rapid changes in the
construction project’s internal and external environments.
Likewise, network theory suggests that traditional CPG
systems fall short in facilitating effective communication
among project stakeholders in the intricate networks of
construction projects, which erodes trust. In particular,
project clients and main contractors (Li et al., 2020),
dealing with intricate interests involving multiple
stakeholders, prioritize efficient and rapid decision-
making in CPG. They should also emphasize network-
based project management, scrutinizing network
connection patterns, structures, node positions, and
outcomes within the multifaceted networks of
construction projects.

Nevertheless, previous research on blockchain-based
CPG tended to focus on the control aspects of CPG,
which emphasizes the relationship between BC and the
tools of control-based CPG: contract management (Kim
et al., 2022), procurement management (Gupta and Jha,
2023), project assurance (Lu et al., 2021a; Das et al.,
2022) and quality assurance (Lu et al., 2022) — to limit
opportunism in the construction network. In response to
the limitations of previous studies, this study aimed to
assess the relationship between CPG trust requirements
and BC characteristics. This state-of-the-art review
introduces new knowledge to CPG research by
identifying that BC’s six distinctive characteristics can
increase CPG’s three trust requirements. According to
Ostrom (2019), there are many instances of common-pool
resource situations where top-down governance has led to
significant and consistent failures. In response to this
project governance challenge, the result theoretically
presents a basis for establishing a BC-aided relational
CPG that can guide the reliable coordination and
collective behaviors of construction project stakeholders
through the bottom-up approach. The relational CPG
through BC leads to structural relationships between
network  participants, enhancing trust through
collaborative project networks under uncertain project
environments (Liu et al., 2022).

However, developing relational governance under
complex construction environments demands significant
time investment and resource-intensive social processes
from project stakeholders (Xu ef al., 2022). In response to
these challenges, this study provided the practical trust-
based CPG model through BC (see Figure 3). The
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Figure 3: Trust-Based Construction Project Governance Model

findings indicate the possibility of developing a practical
trust-based CPG model. Specifically, BC channels, nodes,
orderers, and ledgers (Zhong et al, 2020) can be
configured, taking into account the unique context of each
construction project. Additionally, a common data
environment (CDE) can be used to connect existing CPG
systems using construction contracts, project assurance,
quality assurance and key performance indicators (KPIs).
Trust among project stakeholders can be improved by
securely storing, validating, and accessing project
information using smart contracts. Ultimately, this trust-
based CPG with BC can satisfy three trust requirements
(mutuality, flexibility, and solidarity) of CPG. Therefore,
this blockchain-enabled CPG, which is characterized by
reliable decentralization, can efficiently govern and direct
construction projects by enabling systematic self-
organization and stigmagy environments. In particular,
this system can provide novel insights allowing key
project stakeholders (clients, main contractors, and
consultants) to establish a trust CPG system while
maintaining the existing governance system, including
construction contracts and project assurance (Sergeeva,
2019).

Conclusions

This study, which adopted a state-of-the-art review, aimed
to explore CPG’s trust requirements and assess the
relationship between CPG’s trust requirements and BC’s
characteristics in construction projects distinguished by a
common pool resource and stigmergy. The study revealed
that CPG has three trust requirements: mutuality,
flexibility, and solidarity. The distinctive six
characteristics of BC; autonomy, decentralization,
immutability, security, traceability and transparency can

improve these trust requirements. Consequently, the
findings bridge the knowledge gap concerning the trust
requirements of CPG and their association with BC. The
result theoretically lays the groundwork for establishing a
BC-supported relational CPG, guiding stakeholder
behavior in construction projects. The findings also
indicate the potential for a practical, trust-based CPG
model by using BC. This research serves as a foundational
step toward achieving fully automated, trust-based CPG
systems.
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