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Abstract This chapter outlines the promise of blockchain for the construction
industry. Blockchain is an opportunity to create novel forms of economic coordi-
nation toward better collaboration within and across the built asset life cycle phases.
Ongoing research tends to focus on blockchain to increase trust in existing processes.
Instead, we argue blockchain’s disruptive potential is the creation of novel economic
coordination. Therefore, we intend to advance the thinking around the promise
of blockchain as an institutional innovation in the construction industry. First, we
explain how the underlying cryptoeconomic governance mechanisms of blockchain
can facilitate new decentralized coordination mechanisms between both humans and
machines. Next, we provide an alternative vision for the governance of construction
4.0 to explain how cryptoeconomic coordination can address long-standing prob-
lems in the construction industry. Finally, we propose an adoption framework that
can guide researchers and practitioners to explore the promise of blockchain and
cryptoeconomics for the construction industry.

1 Introduction

One of the most exciting aspects of blockchain is that it is an institutional innovation
with the potential to disrupt and substitute existing economic coordination [1, 2].
However, many ongoing research projects develop blockchain solutions to increase
trust in existing processes. While these are valid and beneficial in the short term, they
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can miss the opportunity to redesign processes and systems to the full potential of
this new technology.

Blockchain allows for the creation of new ecosystems, where the benefits from
network effects and shared digital infrastructure do not come at the cost of increased
market power and data access by platform operators [3]. This is achieved through
blockchain governance, where cryptoeconomics incentivizes participants through the
exchange and distribution of tokens to secure the network. Cryptoeconomics enables
new forms of economic activity beyond existing forms of monetary incentives by
taking into account both endogenic and exogenic system variables [4]. This is a
feature that might be particularly useful for more efficient means of coordination in
the construction industry. Such new cryptoeconomic systems can be created by indi-
viduals for any economic system, independent of the traditional makers of economies
[5]. Despite this new opportunity to individually tailor coordination mechanisms for
the construction industry, less thinking has been done to imagine implications on a
longer time horizon.

Therefore, we intend to advance the thinking around the promise of blockchain as
an institutional innovation in the construction industry. We outline why blockchain
can be an opportunity to foster collaboration through new economic coordination
within and across the built asset life cycle phases by describing the connection of
blockchain governance with the characteristics of the construction industry. First,
we introduce how blockchain governance is an inherent feature of blockchain,
enabling the specific affordances associated with the technology. We then discuss how
those affordances can facilitate new decentralized governance mechanisms between
humans and machines built on the underlying blockchain networks. Afterward, we
highlight why blockchain-based governance is especially promising for the construc-
tion industry. We then introduce a framework to structure the adoption of blockchain
in construction on three levels through a blockchain-based governance lens. Finally,
we discuss the contribution, limitations, and outlook.

2 Governance of Blockchains

First, it is important to understand that governance mechanisms are an inherent
feature of blockchains. Therefore, this section outlines how governance of public
permissionless blockchains such as Bitcoin [6] enables the typical affordances asso-
ciated with the technology for novel forms of economic coordination. However, we
only explain these concepts on a high level. For the curious reader, there are many
excellent publications available that give more technical details [7, 8].
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2.1 The Three Technical Layers of a Blockchain Protocol

A blockchain consists of three main parts: a ledger to record transactions, the distri-
bution of this ledger forming a network, and a governance layer that defines how
participants interact with the ledger [9]. Together they form what is sometimes called
the protocol layer of a blockchain (Fig. 1).

The ledger represents the data structure of a blockchain, where transactions are
recorded. The main role of the ledger is to ensure integrity (i.e., explicit verifiability
of the uniqueness of transactions) through timestamping transactions with the crypto-
graphic process of hashing, and applying one-way mathematical functions repeatedly
to the transaction data. These unique hashes are included in a block together with the
hash of the previous block. This forms a growing sequential chain of transactions
that allows noticing if past transaction data has been tampered. All data in the ledger
is public, transparent, and accessible to everyone in the network.

The ledger runs then simultaneously on different computers, forming a distributed
network of so-called nodes. This creates the possibility to cross-check the ledger
among all copies in the network to detect malicious versions. It also ensures the
decentralization of the network. It is very difficult to attack the network by taking
down nodes since operations will still be ensured by all other nodes distributed across
the globe.

Finally, the real challenge is coordinating how nodes in the network validate, agree,
and write transactions to the ledger without relying on centralized coordinators. This
was solved for the first time with Bitcoin using a cryptoeconomic governance mech-
anism—the real innovation behind blockchain. On the protocol level of a blockchain,
this governance process is called the consensus mechanism. In the specific case of
Bitcoin, a mechanism called proof-of-work protects the network effectively from
attacks [11]. A native coin, e.g., bitcoin in Bitcoin or ether in Ethereum, incentivizes
participants to behave in the interest of the blockchain network by compensating
nodes that correctly validate and add transactions. As long as the majority of these
so-called miners are more profitable to behave honestly, the chain is protected.

Overall, blockchain enables direct peer-to-peer transactions of value across a
decentralized network. The network is not controlled by any single actor but by
consensus code protocols that incentivize the participants toward coordination.
Blockchains only work because of their cryptoeconomic governance mechanisms—a
new way of trust-minimized social coordination. Bitcoin, a new decentralized mone-
tary system and asset class, was the first and most popular example of such a network
that has proven to be very secure and resilient.
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2.2 Blockchain Affordances

When blockchains have a transparent ledger, run in a distributed network, and have
working cryptoeconomic governance mechanisms, they build confidence [12] in the
affordances typically associated with the technology:

Immutable P2P Transactions (Fig. 2, [A1]) Transactions happen directly between
users of the network. Services of third parties that previously enabled these functions
are not needed anymore. This effect is sometimes referred to as “disintermediation”.
The network inherently ensures trust between the users through the implemented
consensus mechanisms. They check transaction compliance and ensure immutability.
Transactions are very hard to alter once agreed and written to the ledger.

Transparency (Fig. 2, [A2]) Transactions and data are visible to all participants in
the network and can be verified for their integrity, meaning if they are still in the
condition as initially written to the blockchain. Furthermore, the entire transaction
history can be checked. Also, the underlying code is open source and can be verified
by anyone.

Scalability (Fig. 2, [A3]) Blockchain networks can be scaled to large decentral-
ized networks that connect many users. This contributes to the robustness of the
network and its trustworthiness since many independent participants (especially
running nodes) reduce the possibility of a single point of failure and keep each
other in check.

Logic (Smart Contracts) (Fig. 2, [A4], [B2]) Smart contracts are composed of the
logic of a prearranged agreement that can be encoded to interact with transactions
on a blockchain network. Once deployed on the network, smart contracts execute
automatically (anonymous and trustless) as soon as the defined conditions are met.
The presence of smart contracts on a blockchain transforms it into a Turing complete
state machine [15, 16]. Smart contracts can be used to create autonomous workflows

feedback
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Fig. 2 Blockchain affordances allow to establish trusted digital processes (a) and incentive
mechanisms (b) for decentralized governance mechanisms. Adapted from Hunhevicz et al. [13,
14]
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for any process that can be formalized into programmable rules. In essence, smart
contracts encode custom rules on the blockchain. Often these are conditional state-
ments that will execute when predefined network state conditions are met. Since the
code runs on a blockchain, it will perform exactly as specified, with no intermediary
stopping the process.

Incentives (Tokens) (Fig. 2, [B1]) Smart contracts can also be used to create so-called
tokens. Tokens represent value containers such as currencies, securities, utilities, or
others [7, 17]. Tokens can then be transferred among users or smart contracts to
move value across the network. Thus, through tokens, it becomes possible to create
incentive systems that influence network participants in their behavior.

2.3 Short Excursion to Private Permissioned Blockchains

For now, we only talked about public permissionless blockchains such as Bitcoin
that are open to all (permissionless), and transactions can be verified by anyone
(public). They only exist because of the cryptoeconomic governance mechanisms
that enforce the network rules between all anonymous network participants. Such
blockchains are generally slow and expensive to use. On the upside, they provide the
introduced affordances. When referring to blockchain without further specification
in this chapter, we mean public permissionless blockchains.

Because it will be insightful to compare the potential path of blockchain-based
governance adoption in the built environment with the different types of blockchains,
we make here a short excursion to private permissioned blockchains.

Sometimes institutions are enticed by some blockchain characteristics, but the
envisioned applications conflict with other affordances of public permissionless
blockchains. This is often because they want to apply blockchain to existing use
cases or industry particularities that require restricted infrastructure control or data
visibility for only a known group. Setting up a blockchain so that only this group
can join the network and verify transactions results in what is called a permissioned
blockchain. If the network only allows this group to see the transactions, it is referred
to as a private blockchain. If the use case indeed needs one of these properties, private
permissioned blockchains could be a suitable solution [9].

Nevertheless, private permissioned blockchains replicate in some sense existing
systems with their limitations and curtail possible new forms of economic coor-
dination. This is because the rules and operation of the network are ensured and
coordinated by known actors. Therefore, no cryptoeconomic governance is needed.
This makes these networks typically faster than public permissionless blockchains. '
It is also possible to launch smart contracts and tokens on private permissioned
blockchains. However, such applications will always need to trust the operators of
the network. Users must be confident that the operators will not shut down the

! This argument becomes less relevant as scaling solutions for public systems are showing increasing
maturity.
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system or that the system could be manipulated by a few actors [12]. Of course,
dependent on the number and diversity of stakeholders running the network, private
blockchains can still be more trustworthy than traditional centralized platforms. In
the end, the chosen system should reflect the requirements of a given use case by
assessing whether and which blockchain is needed [9].

2.4 Blockchain-Based Governance for New Economic
Systems

After introducing governance of blockchains, we now look at how blockchain-based
governance can be leveraged to build applications on top of these networks: the
application layer.

2.5 Trusted Digital Processes

The introduced affordances make the application of blockchain interesting for a
wide selection of use cases. On the one hand, immutable P2P transactions (Fig. 2,
[A1]), transparency (Fig. 2, [A2]), and scalability (Fig. 2, [A3]) allow creation of
trusted digital processes to coordinate the global economic activity of actors in a
decentralized way. Transactions can be conducted directly between parties and are
not subject to control by other actors (Fig. 2, [A]). The simplest use case is transferring
protocol native coins (e.g., bitcoin or ether) between users. However, other use cases
can profit from reaching a consensus about individual transactions at the system
level. To implement more advanced logic on-chain, smart contracts (Fig. 2, [A4]) can
encode processes on the application layer for various purposes. Since blockchains
identify network actors only through addresses, both humans and machines can
trade with each other without the need to disclose their identities. The blockchain
ensures confidence between pseudonymous (only address is known) actors to trade
value peer-to-peer — facilitating decentralized market structures not controlled by
anyone. For now, such decentralized applications (termed dApp’s) are predominantly
decentralized financial applications (termed DeFi) that replicate existing financial
services without the need for intermediaries [18].

2.6 Incentive Mechanisms

Such trusted digital processes can be complemented with incentive mechanisms
(Fig. 2, [B]) that define new economic systems through the use of tokens (Fig. 2, [B1])
and their associated system logic encoded with smart contracts (Fig. 2, [B2]). With
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that, it is possible to create economic activity on the application level, similar to how
the underlying blockchain protocols use cryptoeconomics to incentivize the opera-
tion of their networks. Applications can create their own networks with comparable
blockchain characteristics, without the need to run their own network infrastructure.

2.7 New Forms of Economic Activity

Overall, cryptoeconomic systems can provide an institutional infrastructure that facil-
itates a wide range of socioeconomic interactions [19]. Cryptoeconomic systems
have the potential to disrupt and substitute existing economic coordination [1, 2].
They leverage the innovation of blockchain for trust-minimized social coordination
to create new forms of economic activity beyond the processes we can facilitate
nowadays. There is an ongoing exploration of what forms of economic activity can
be supported or replaced through cryptoeconomic systems. Within this chapter, it
is impossible to cover all aspects of this new and rapidly evolving research field.
Instead, we focus on two often mentioned concepts that we find aligned with the
challenges of the construction industry: crypto-commons and DAOs.

3 Crypto-Commons

The alignment of stakeholders without any hierarchical management structures using
cryptoeconomic governance is notably parallel to theories of common-pool resource
(CPR) governance.

CPRs are natural (e.g., forests, pastures, or fishing grounds) or man-made (e.g.,
irrigation systems or wiki libraries) resources, which are freely shared among many
users [20]. The tragedy of the commons occurs when users of a CPR “overuse”, e.g.,
“overfish” in the case of fishing grounds, by appropriating resources at a higher than
the optimal rate in self-interested behavior, resulting in a downward spiral of total
resource availability [21]. Historically, the common belief was that only centralized
and top-down control can coordinate optimal resource appropriation, e.g. govern-
ment interventions. More recent work pioneered by economist Elinor Ostrom [22—
24] and others [25] showed that local actors without a central authority could be more
successful in sustaining the commons. This self-coordination of resource appropria-
tion can be guided by governance design principles—referred to as the eight Ostrom
principles. The Ostrom principles have been successfully used in many commons-
based communities to craft effective governance rules without any top-down control
[26]. However, bottom-up coordination incurs a high cost of information exchange.
It is tough to scale community governance based on the Ostrom principles to large
and global systems [27].

Various scholars demonstrate how the governance of blockchain networks is very
much aligned with the lens of CPR theory and the Ostrom principles [28, 29].
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Blockchains have been described as commons-based peer production of free and
open-source software [30]. Consequently, blockchains can be seen as early evidence
of the successful scaling of real-world commons (software) on a global scale through
new forms of bottom-up economic coordination.

Therefore, it is not surprising that emerging literature suggests blockchain as
a tool to build applications that can scale real-world examples of commons [31].
The potential lies in overcoming collective action problems by using blockchain’s
transparency and incentive systems to build bottom-up coordination. Because of
their cryptoeconomic governance mechanisms, blockchains decrease the cost of
information exchange by minimizing opportunism and uncertainty by combining
transparency with cryptographic enforcement [32, 33]. The adoption of blockchain-
based transparent decision-making procedures and decentralized incentive systems
for community governance in commons could help avoid the tragedy of the commons
[34]. The Ostrom principles could guide such applications by encoding respective
governance rules [35, 36]. With that blockchain could create networked governance
to scale real-world commons, similar to how the stock market enabled corporations
to scale [37]. Such crypto commons could allow new types of value creation with
crypto assets rather than shares of stock, contributors rather than employees, and
decentralized collaboration rather than centralized ownership [37]. Overall, collec-
tive action use cases might be more efficiently governed by crypto-commons rather
than existing forms of centralized and top-down forms of coordination.

3.1 Decentralized Autonomous Organizations (DAOs)

One of the most interesting new organizational designs proposed to leverage cryptoe-
conomic coordination on the blockchain is called a decentralized autonomous orga-
nization (DAO). A DAO is a blockchain-powered organization that can run without
any central authority [38]. The decentralized governance of a DAO is facilitated by
a set of self-executing rules deployed with smart contracts on a blockchain to enable
self-coordination and governance of people [39]. By defining governance mecha-
nisms in smart contracts, the DAO can self-operate, self-govern, and self-evolve
[38]. It is essential to note the difference between a DAO and operations that use
artificial intelligence (AI) [15, 16]. An Al system is often designed to make internal
autonomous decisions. By contrast, a DAO defines its own coordination rules and
governance system. In this way, it can make decisions based on the external input of
participating actors. These actors only need to own a recognized address, so the actors
can be machines, another DAO, or a distributed group of human decision-makers.

DAOs are not just a theoretical concept. They exist already in various forms. Since
there is no strict definition of a DAO beyond an organization governed by smart
contracts, there is room for interpretation when such an organization is independent
enough to be called a DAO. For now, we find it helpful to think about two high-level
sorts of DAOs: protocol and application level DAOs.
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Protocol-level DAQs are permissionless blockchains governed by code to coordi-
nate stakeholders. Early versions of blockchain such as Bitcoin and Ethereum encode
coordination mechanisms to create and protect the blockchain through cryptoeco-
nomics. However, these blockchains only implement off-chain governance mecha-
nisms for decision-making [32]. Newer blockchains like Decred, Polkadot, or Tezos
attempt to also implement on-chain governance mechanisms for decision making
[32]. These decisions can include how to evolve the protocol or what to spend the
network-owned treasury. With that protocol-level DAOs increase their independence
from external funding sources and decision-makers.

Application-level DAOs live on a blockchain encoding their governance rules
with smart contracts. The first-ever application DAO was likely “the DAO” on
Ethereum, which resulted in a catastrophic failure after a successful attack had stolen
funds worth millions of US dollars [40]. Learning from this failure, new application-
level DAO:s are often based on frameworks like Aragon or The DAO stack [41]. They
provide reviewed code building blocks that can be assembled to reduce the risk of
similar fates as in “the DAO”.

To the construction industry, application-level DAOs are probably more inter-
esting. But blockchain applications should also choose the underlying network
resembling their own characteristics. Application-level DAOs will likely use
protocol-level DAOs as a secure foundation to build such organizations.

Finally, DAOs are not decoupled from the previous idea of scaling common pool
resource scenarios. A DAO can be used to set up coordination mechanisms so that a
community can co-create the respective organizational system in line with ideas of the
sharing economy or CPR theory. Once the experimentation with DAOs moves past
replicating existing corporate structures, the ideas of crypto commons and DAOs
eventually blend. In the long run, DAOs might shift power structures away from
centralized corporations toward user communities that decide on their own system’s
purpose and governance rules, fundamentally changing the structure and dynamics
of organizations [42].

4 Cryptoeconomic Governance for the Construction
Industry

After introducing the origin, characteristics, and applications of blockchain gover-
nance, we outline our thinking to spark ideas on the potential of blockchain-based
governance in the construction industry. We discuss the observed potential alignment
of cryptoeconomic governance with the construction industry through three lenses:
fragmentation, complexity, and loosely coupled systems.



The Promise of Blockchain for the Construction Industry ... 15

5 Lens 1—Cryptoeconomic Incentives to Embrace
Fragmentation?

The construction industry has been described with three dimensions of fragmenta-
tion: horizontal, vertical, and longitudinal fragmentation [43], as depicted in Fig. 3.
Vertical fragmentation occurs between project phases [44]. Each phase has a different
set of stakeholders, decision-makers, and values. This creates a “broken agency”—
where involved parties will engage in self-interested behavior and pass costs off
to others in the supply chain in a subsequent phase [45]. Horizontal fragmentation
occurs in the trade-by-trade competitive bidding environment of traditional project
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deliveries. Because it is difficult to cross-subsidize changes across trades, globally
optimal innovations cannot compete with traditional solutions that are more cost-
effective from the perspective of a particular building element or phase [46]. Longi-
tudinal fragmentation occurs when project teams disband at the end of projects and
select future projects by competitive bidding. They are thus unlikely to work with the
same set of partner firms on future projects. Consequently, team members lose tacit
knowledge about how to work together effectively [47], and organizations cannot
build long-term trusting relationships across firm boundaries.

The prevailing fragmented structure is one of the reasons why the uptake of many
systemic innovations such as BIM is challenging in the construction industry [48,
49]. Without addressing the structural issues related to the construction industry, the
immense potential of digitalization will not yield better collaborations [50]. New
digital technologies must be integrated with adaptations in management, contracts,
and collaboration forms [51]. Blockchain can build new incentive systems to influ-
ence human behavior based on trusted digital processes (see Fig. 2). Cryptoeconomic
incentives are promising to align stakeholders across phases, trades, and projects to
reduce the impact of fragmentation.

The idea to incentivize better collaboration in a construction project is not new.
For example, integrated project delivery (IPD) is a project delivery model that creates
inter-organizational governance structures to jointly manage complex projects across
firm boundaries [46]. While some project delivery models use only informal mech-
anisms of collaboration [46, 52, 53], the current trend has been the development of
formalized incentive structures through the use of multi-party relational contracts.
Project clients, contractors, and planners collaborate on equal standing with their own
decision-making power and autonomy [54], yet are incentivized to make decisions for
the collective good. Target Value Design and Shared Risk Rewards are examples of
such performance-oriented bottom-up incentive structures [55, 56]. Cryptoeconomic
governance could improve and extend such incentive structures with tokenization and
smart legal contracts. In the longer term, embracing cryptoeconomic incentives could
slowly reduce the negative impacts of fragmentation without the need to integrate
the value chain through centralized approaches.

6 Lens 2—Guided Self-organization to Manage a Complex
Construction Industry?

Complex systems are characterized by many interacting subsystems, where depen-
dencies and interactions among these influence the functioning of the overall system
[57, 58]. System-level characteristics cannot be understood as a simple sum of
subsystem behaviors. Instead, properties such as emergence, adaptation, sponta-
neous order, feedback loops, and nonlinear behavior of the overall system need to
be expected [57]. The internal interactions of the networked subsystems are often
stronger than external control attempts [58]. This is why complex systems behave
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strangely in the eyes of humans that are used to think in linear ways with a propor-
tional outcome to a given input, and therefore governance of such systems is often
perceived as very difficult [59].

Construction projects have many complex system characteristics. They involve
many multidisciplinary individuals and firms equally valuable in the system’s oper-
ation [60, 61]. The construction workflow has high interdependence between stake-
holders and many overlaps of construction stages and elements [62]. Design and coor-
dination tasks often require reciprocal interdependence between the involved parties
[63, 64]. Project outcomes and performance indicators must be already defined at
the initial stage of a project, so they are likely to change throughout the project [65].
Finally, there are many uncertainties from external parties (e.g., from authorities,
governments, or law), resources (labor, equipment, material), or the environment
(e.g., weather, traffic) [62].

Construction projects are typically governed and managed using a project delivery
model. Over the past several decades, the classical project delivery is managed using
“command-and-control” project management with layers of contractual and organi-
zational hierarchies [54]. A typical construction project hierarchy will spread across
multiple vertical tiers and can include hundreds of subcontracted specialty firms
across the supply chain. Even though cooperation would be crucial to deal with the
mentioned challenges, insufficient and untimely communication is more the norm
than the exception [66]. Contentious behavior and lack of cooperation reduce the
system’s efficiency compared to the sum of individual efforts [46]. Over time, this
can result in sub-optimization and self-interest to the detriment of the overall project
[65]. We can find indications of the failure of hierarchical management structures in
many construction projects that ended up in court to resolve disputes over “unforeseen
problems leading to cost and time overruns” [67].

According to Helbing and Lammer [59], we must accept that a complex system
does not always do what is desired. The internal nonlinear interactions often domi-
nate the external control attempts. Sometimes small but right changes cause the
system to change, while large efforts might remain useless. Classical, hierarchical
control attempts are likely to fail. Instead, one should use self-organization as part
of the management strategy. Self-organized networks need room to establish with
increased flexibility of participants. Detailed regulations hardly ever create an effect.
They rather reduce flexibility and make the required processes inefficient, compli-
cated, and expensive. Harmonic overall dynamics is more important than individual
performance at their limit, and faster end up to be often slower in complex systems.

In natural self-organizing systems, the agents act and interact with other agents
based on some simple rules at the individual level, behaving towards an optimal
overall system state. A well-known example in nature is bee hives, where simple rules
govern the behavior of individual bees [68], but at the population level, maximize the
payoff of foraging [69]. Even though self-organization works very well in nature, it
will likely not meet the targeted outcome in many artificial systems. In most cases, it
is not possible to find such simple rules at the individual level that optimize the overall
system state. Therefore, complex engineered systems need to be directed minimally
invasive to create desired outcomes with “guided self-organization” by changing
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the interactions in complex systems [70] through approaches of mechanism design
or complexity science to guide individuals towards optimizing the overall system
state. Guided self-organization can successfully optimize production systems [71],
logistics [72, 73], traffic flow with bottom-up traffic light control [74], or the overall
system output of wind farms [75]. Furthermore, changing human interactions can
turn the so-called “madness of the crowd” into a “wisdom of the crowd” [76-78].

Consequently, guided self-organization is, in theory, an optimal management
approach for a complex system like the construction industry. This is also in line with
scholars [79] suggesting to use bottom-up control in construction projects to deal
with its complex nature, instead of formalizing top-down control to plan for a linear
and sequential process. The question arises of how such guided self-organization
could be achieved in the construction industry?

Even though this question will need more investigation, governance of systems
through cryptoeconomics can be an enabler for bottom-up coordination [42] toward
self-organization. In decentralized systems, decreasing the cost of coordination
is extremely important through real-time and transparent information feedback
distributed to all relevant parties. This allows informed and coordinated bottom-
up reactions to unexpected events. Currently, these information flows are passed
through the hierarchical systems, leading to slow responses. New technological
advances enable these needed fast feedback loops by providing an extensive real-
time data baseline [70]. Blockchain-based governance processes are promising to
support data-driven bottom-up and collective decision-making by creating cryptoe-
conomic incentives to guide individual actors toward behavior that optimizes the
overall project.

7 Lens 3—Decentralized Governance for a Decentralized
Industry?

Since the construction industry is mainly organized around projects, Dubois and
Gadde [47] described the construction industry as a “loosely coupled system”. Firms
in the industry are usually involved in different projects, where they contribute
resources of various kinds (Fig. 4a). While they maintain loose couplings in the
permanent network embedded in the community of practice, they need to keep tight
couplings in the individual projects to perform and coordinate their activities with
the many actors regarding resources, space, and time. The resulting networks are
very similar to a decentralized network structure [80] (Fig. 4b).

Recent mapping of construction firm networks seems to confirm the decentralized
nature of construction collaboration. Graser et al. [§1] map the information network
of a construction project showing this very typical form of collaboration with many
coordinating smaller internal and external actors (Fig. 4c). Also, the network analysis
of Bouck [82] shows that construction firms communicate extensively with outside
players in their ecosystem, resembling again a decentralized network structure.
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Overall, decentralized network structures seem typical to the construction
industry. Other industries have mostly bigger players that integrate and coordinate
large parts of the value chain [82]. Since industries with more integrated and central-
ized structures have often higher productivity than construction, efforts under the
term of industrialized construction trying to adopt these approaches have attracted
major investments lately [83]. Industrialized construction tightens couplings of firms
across construction projects, an approach that is successful in manufacturing. While
this can also be successful strategies in the built environment, it involves restruc-
turing a whole industry toward more vertical integration of the supply chain. Could
decentralized collaboration mechanisms enabled by cryptoeconomic governance
approaches provide an alternative pathway to make the prevalent decentralized and
loosely coupled industry structure more efficient by decreasing cost of coordination?
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7.1 Aligning Governance with the Industry Structure

The three different lenses indicate the potential for cryptoeconomic governance in the
construction industry. The construction industry is characterized by complexity and
can be described as a loosely coupled network managed with top-down approaches
(Fig. 5, light gray dots). However, an efficient overall system should be either targeted
toward hierarchies or networks [84]. Hypothetically, one option is to move the
industry structure towards vertical integration, removing complexity through more
streamlined supply chains (Fig. 5, industry structure arrow). This would lead to less
fragmentation with the same actors across phases and trades and standardization
across projects. The other option would be to move governance approaches toward
bottom-up management and embrace complex aspects of the industry (Fig. 5, gover-
nance arrow). Both approaches are feasible if assuming that it is indeed possible
to reduce complexity. However, it is somewhat hard to believe that all the complex
aspects of the industry can be eliminated. Additionally, industrialization and digital-
ization will only increase in our world, directing global systems towards new socio-
technical paradigms with inevitable cascading effects on interconnected and complex
ecosystems [85]. As our world’s complexity and interaction strengths increase,
centralized and controlled systems can become unstable, and highly skilled, well-
informed, and well-intentioned system managers can still lose control [85]. With
this in mind, the decentralized nature of the construction industry could also be
perceived as a strength that makes the industry more resilient to such risks. With
the increased adoption of technology in the construction industry, cryptoeconomic
governance provides an opportunity to build bottom-up coordination mechanisms
towards “peer-production” of the built environment to better handle complex aspects
of construction aligned with its decentralized and fragmented nature.
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Fig. 5 Approaches to deal with complexity in construction. Light gray dots: the predominant
situation today—a misalignment between top-down management and decentralized project organi-
zation (loosely coupled networks). The organization can either be adapted towards vertical integra-
tion (reducing complexity), or the governance can shift towards bottom-up approaches (embracing
complexity)
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Fig. 6 Three steps of blockchain adoption through a blockchain-based governance lens

7.2 Blockchain Adoption Framework

Even though cryptoeconomic mechanisms are an opportunity to govern a complex
construction industry, the industry is unlikely to move all at once towards blockchain-
based governance. We imagine a stepwise exploration of blockchain applications,
starting from applying the technology to existing processes, potentially adopting
more affordances toward new economic systems governed by blockchain-based
mechanisms. To lay out a potential pathway for research and industry alike, we
introduce an adoption framework through the lens of blockchain-based governance
and try to support it with emerging examples (Fig. 6).

7.3 Step 1—Blockchain for Existing Processes

In a first step, blockchain is used as an assurance layer for existing processes in the
built environment (Fig. 6). Such use cases rely on blockchain-based governance to
ensure confidence in the needed blockchain affordances. Blockchain affordances like
immutability and transparency secure transactions, while smart contracts allow for
interaction logic if needed (see Fig. 2, trusted digital processes). This can shift trust
from relational to system-based and cognition-based, providing stakeholders in the
construction supply chain with protection mechanisms to avoid the risk and costs of
opportunistic behavior in collaboration [86].

Most current research and implementations fall under this adoption step [9].
Examining more recently published literature [87, 88] confirms this. Below we list
the literature that we categorize into this first adoption level.

One of the most prominent affordances of blockchain is tracking and securing
data. In its purest form, this means hashing and timestamping data. Research suggests
blockchain records for construction-related data for liability control of design data
[89], assurance of construction quality information [90-92], versioning and authen-
ticity of construction documents [93], and tracing data from digital twins for account-
able project-related [94] and life-cycle related [95] information. Tracking of construc-
tion data can then be combined with the automatic execution of construction contract
clauses through smart contracts [96, 97].
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Many papers also explore the tracing of information in a more specific construction
supply chain context to assure reliable information about built assets [98], construc-
tion materials, and products [99-101], information in the precast supply chain [102],
the facility management procurement process [ 103], construction logistics in Sweden
[104], production of off-site modular housing [105], or for more transparency in
construction waste management [106].

Finally, one of the most often mentioned use cases in the current literature is
blockchain and smart contract enabled payments to make existing financial processes
more transparent, secure, and efficient [107-114].

Since blockchain is applied to existing processes, all participants are generally
known. Therefore, also private permissioned blockchains would be possible to use. In
fact, they might be even better suited to test applications since they offer more control
over the infrastructure, transaction privacy, involve no transaction costs for the user,
and are usually faster without the need to use additional scaling solutions. Most of
the above research uses a private permissioned blockchain. However, private permis-
sioned blockchains make no use of blockchain governance mechanisms to create
confidence in the affordances but rely on trusting the parties operating and running
the network. Use cases in the built environment often have long time horizons, so
trusting a system that actors can shut down is likely less of an option with real-world
implementations and more capital involved. Consequently, we also expect uptake of
use cases that rely on public permissionless blockchains as a trusted settlement layer
in this first category.

Overall, this first step builds confidence in blockchain as a technology and is
needed as a foundation for more advanced use cases leveraging blockchain-based
governance for new economic systems through decentralized market structures and
incentive mechanisms.

7.4 Step 2—Blockchain-Based Governance for New
Incentives and Markets

In a second step, use cases will explore cryptoeconomic incentives to realign the
economic interests of existing processes toward better collaboration and new busi-
ness models (Fig. 6). Tokens and smart contracts (Fig. 2, incentive systems) can
be used to move financial rewards, reputation, or ownership across space and time
between industry participants to create new economic systems. Such performance
and target-oriented incentives can increase cross-phase, cross-trade, and cross-project
collaboration towards reducing the impact of fragmentation.

For this second blockchain adoption step, we see considerably less literature
related to the construction industry. Some research goes in this direction by exploring
how crypto assets can integrate the physical and financial supply chains [115] or
enable novel financial mechanisms such as project bank accounts, reverse auction-
based tendering for bidding, and asset tokenization for project financing [116]. Also,
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Tian et al. [117] explored new possibilities to finance infrastructure through tokeniza-
tion, and Dounas et al. [118] how to use non-fungible tokens (NFTs) to represent
physical building components in the digital world.

Related to cryptoeconomic incentives, O’Reilly and Mathews [119] propose
blockchain incentivizing multidisciplinary design teams to design for the best
possible building performance. Along these lines, Hunhevicz et al. [120] explored
performance-based smart contracts to incentivize the design and building for the best
possible performance across phases. Producers and owners might provide their built
assets with publicly available service contracts on the blockchain, while other service
providers and users can evaluate available offers and directly sign these contracts on
the blockchain, getting paid or paying for services anonymously and peer-to-peer.
Blockchain-based incentive mechanisms are further proposed for complete data sets
in construction projects to prevent data loss, incentivize data quality across phases
and trades [14], and create new economically profitable use cases to manage and
reuse construction waste [121].

We believe that current research only scratched the surface of what will be possible
with new tokenized economic systems. And with increasing tokenization, there is also
an opportunity to build decentralized market structures for trading and exchanging
assets directly between project participants or across projects. But so far, we are not
aware of any decentralized marketplace research in a construction context.

With the use of governance on the blockchain for incentives, predominantly
permissionless blockchains will be used. Trust at this point has shifted from interper-
sonal relations to confidence in the deterministic behavior of the technical infrastruc-
ture, opening the door for pseudonymous participation in processes. With that, the
industry is ready to embrace new forms of decentralized coordination and ownership
models that could replace current organizational structures.

7.5 Step 3—Decentralized Coordination Through
Blockchain-Based Governance

In a third step, the industry could start to coordinate activities decentralized through
blockchain-based governance mechanisms with commons like community gover-
nance, potentially in the form of a DAO (Fig. 6). Decentralized coordination can
be more scalable and efficient in dealing with complexity aspects of the construc-
tion industry compared to current centralized approaches. It can integrate with other
emerging technologies such as digital twins to create fast feedback loops for decision-
making, potentially similar to concepts of guided self-organization. Public permis-
sionless blockchains allow pseudonymous actors and machines to participate. Owner-
ship and coordination will shift toward flexible and pseudonymous communities, or
potentially even towards the built assets themselves.
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Even though this sounds futuristic, early research proposes the evolution of AEC
organization toward DAOs conceptually [122] and also investigates potential appli-
cations for the design, construction, and operation of built assets. These early exam-
ples give a glimpse into the possibilities of a future construction industry embracing
blockchain-based governance for decentralized coordination.

Lombardi et al. [123] and Dounas et al. [124] envision a new collaboration orga-
nized through a DAO for the design process. The envisioned scenario simulates
designers proposing multiple solutions for a given task and adopting shape grammars
and environmental analysis and regulations as design drivers. Proposed solutions are
uploaded, stored, presented, and evaluated in a DAO in which the decision process
gets validated via the reputation of the participants and its governance system.

Furthermore, blockchain-based governance mechanisms could facilitate future
forms of project delivery models [13]. The argument is based on the theoretical
fit between new forms of delivery models such as IPD with CPR theory [125],
and the alignment of blockchain-based governance to scale CPR scenarios. The
Ostrom principles could be used as a guide to create blockchain-based governance
building blocks to manage construction projects in a decentralized way on the crypto-
commons [126].

Finally, the ongoing research project nolsl explores the concept of decentralized
autonomous space to create self-owing built assets [127]. The prototype nols1?
demonstrates and explores how self-ownership of physical space would allow a
self-sustaining and non-rent seeking built environment that could replace current
organizational structures. The idea is that funds are owned by the house itself on its
own blockchain address, while the decision-making of nols1 is coordinated through
a DAO.

7.6 Discussion

The chapter outlines the value proposition of blockchain-based governance for the
construction industry. We are aware that the introduced concepts and the proposed
roadmap need further confirmation and refinement. Nevertheless, we felt it is worth-
while sharing this holistic and long-term view to motivate and guide thinking around
the development of blockchain use cases.

Overall, we see blockchain-based governance as a well-suited and simple lens
to grasp the potential impact of blockchain on the construction industry. It helps
to understand the core affordance of blockchain towards new forms of economic
coordination, how these are aligned with the construction industry, and how the
industry might adopt it. It also provides a novel and alternative way to classify
blockchain use cases for the construction industry, focusing on how the applica-
tions leverage blockchain-based governance. While we find the focus on blockchain
governance helps to grasp the future potential of blockchain in the construction

2 www.nolsl.space, accessed October 15th 2021.
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industry, it neglects the interdependence with the industry’s overall development,
both technologically and organizationally.

From a technical viewpoint, the adoption of blockchain-based governance highly
depends on the overall technology adoption rate of the industry, as well as the maturity
of the blockchain ecosystem. Until now the construction industry has embraced
digitalization at a slower rate than other industries [51, 128]. However, there is now
hope that the construction industry will see a transformative change with the recent
increasing maturity of technical advancements [129]. The new movement is often
termed construction 4.0 — embracing industry 4.0 concepts within the construction
industry [130-133]. The term industry 4.0 describes the overarching concepts to
leverage digital and automation technologies to create interconnected, intelligent,
autonomous, and self-learning cyber-physical systems [134].

Cryptoeconomic governance mechanisms for new incentives and coordination
depend heavily on the adoption of construction 4.0 concepts. In contrast to other
industries such as finance that can be shifted to a mostly digital environment, the
construction industry will always build physical products. The interconnection and
feedback loops from the physical to the digital world and the integration with existing
software stacks need to be ensured. To build effective incentive and coordination
systems, data need to reflect the physical state of the project and the asset to be
governed. For that, the role of sensors (IoT), virtual reality capturing technolo-
gies, and digital twins will play a vital role [94, 120, 135]. Having said that, the
construction industry is only at the beginning of its journey towards construction
4.0. According to the industry 4.0 maturity model developed by Reuter et al. [136],
the construction industry is only at the initial stage to realize industry-wide informa-
tion generation (digital models and sensors) and saving generated data accessible to
all relevant industry stakeholders across phases, trades, and projects (common data
environments).

It needs to be seen at what rate fast and reliable feedback data loops can be
realized within the construction industry. Given that this can be achieved in the
coming years, there are also many unanswered questions on efficiently connecting
and using available blockchain technologies. What data needs to be stored on-chain?
How to achieve trusted connections to off-chain data sources? Are existing scaling
solutions sufficient for construction use cases? How can the financial transaction
costs of blockchains be optimized so use cases become viable? These and many more
technical questions need to be addressed towards the vision of blockchain-governed
collaboration processes.

From an organizational viewpoint, the emergence of the above-mentioned
construction 4.0 concepts comes at an interesting time given industry trends. Industry
4.0 creates opportunities to disintermediate physical supply chains, increase servi-
tization, and create “light” firms with more local and regional assets [137]. By
contrast, recent momentum in the construction industry trends toward vertically
integrated firms [138] and increased conceptualization of the building as a product
([139], p. 391). The current vision of construction 4.0 seems very much oriented
toward the adoption of successful concepts in the manufacturing industry, promising
higher productivity levels for construction. Potential bottom-up coordination targeted
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toward a more decentralized industry structure organized around smaller firms and
projects seems somewhat contrarian to this approach. More research should investi-
gate how current visions of construction 4.0, such as platformization and producti-
zation, are connected to this vision. How would the construction industry organize
through crypto-commons-based community structures and DAOs? Is this an alter-
native vision to current construction 4.0 roadmaps? Or is it a similar approach, just
enabled through many smaller actors rather than big vertically integrated players?
To motivate more research toward building decentralized and bottom-up coordina-
tion, the industry needs to perceive blockchain as valuable for the overall vision of
construction 4.0. It is an opportunity to rethink the organizational relationships of
the construction industry in the context of the ongoing cyber-physical convergence
[140].

Summarized, we believe that the construction industry is very aligned with the
potential of cryptoeconomic governance to overcome collective action problems as
in CPR scenarios, potentially in the organizational form of a DAO. Commons-like
structures for construction could enable new ways for individuals and communities
of practice to contribute to value creation without formal affiliation to a centralized
project organization or firm. Business ecosystems that bundle the expertise of highly
innovative smaller actors such as individuals and SMEs could also thrive in such
an organizational context. They could potentially match presumed benefits of verti-
cally integrated large companies such as reduced transaction costs and inter-project
knowledge preservation, without associated disadvantages such as lack of flexibility
and high cost of new knowledge acquisition. Decentralized bottom-up coordina-
tion supported by cryptoeconomic governance mechanisms could be an alternative
vision toward a decentralized construction 4.0 to better deal with its complexity and
fragmentation characteristics.
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