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Construction enterprises’ adoption of green
development behaviors: an agent-based modeling
approach
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Many previous studies have used performance evaluation to explore the impact of envir-

onmental regulation on the green development of enterprises. However, there are few studies

on the process by which enterprises adopt green development behavior. Here, we aim to

simulate the whole process by which Chinese construction enterprises adopt green devel-

opment. We also consider impact of environmental regulation and industry clusters in this

process. Using agent-based modeling, we construct a computational experimental simulation

model for the adoption of green development behavior by construction enterprises. The

model considers the organizational behavior characteristics of construction enterprises and

the evolutionary characteristics of the renewable construction materials market. Our results

show that in terms of renewable building materials, construction enterprises that actively

adopt green development behavior are more sustainable than those that do not. Moreover,

with the implementation of sustainable environmental regulations, more enterprises are

passively adopting green development behaviors. However, unsustainable environmental

regulations do not have a positive effect. The formation of industrial clusters is also conducive

to promoting companies’ adoption of green development behaviors. Therefore, construction

enterprises should take the initiative to adopt green development behavior and migrate to

industrial agglomerations. This practice is not only beneficial to the sustainable operation of

the enterprise and the expansion of the enterprise scale, it will also have an optimization

effect on the external environment. Here, we take construction enterprises as the break-

through point and expand research on enterprise green development. We also provide a

theoretical basis and insights for enterprises with environmental responsibility to engage in

green development behavior.
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Introduction

Phenomena such as natural resources being consumed by
humans and frequent environmental pollution incidents
can affect the production and operation of businesses. Since

green development emphasizes the systematization of the natural
environment and social economy (Li et al., 2020), green devel-
opment can effectively solve the contradiction between enterprise
development and environmental protection.

In 2020, U.S. residential output was 4.3% of gross domestic
product (GDP) (US Bureau of Economic Analysis, 2020).
Meanwhile, Chinese construction output accounted for 7.2% of
GDP (National Bureau of Statistics, 2021). The contribution of
the construction industry, which is a pillar industry of the
national economy, to global GDP cannot be underestimated.
Especially in the extremely dynamic process of globalization,
developing countries such as China and India are increasing their
economic power at an unprecedented rate (Balsa-Barreiro et al.,
2019). However, as economic growth and urbanization advance
in developing countries, the enormous potential of internal
markets also leads to a “decoupling” of economic development
and ecological civilization (Wang et al., 2019). China has pro-
duced 46.4% of the world’s output of coal and has used 50.1% of
it. India has produced 7.7% of coal and has consumed 10.2% of it
(United States Energy Information Agency, 2022). In recent
years, the excessive use of fossil energy has produced large
amounts of carbon dioxide and greenhouse gases, causing serious
air pollution problems. In developed countries, there is also a
conflict between human progress and the ecological environment.
The United Kingdom has experienced serious contaminant leaks
during the completion of a $56 billion construction project, and
these leaks are likely to negatively impact underground aquifers
and water supplies (Engineering News Record, 2021). Construc-
tion sites in the United States accounted for less than 1% of the
national land area (Belayutham et al., 2016). However, the
amount of sediment released into water bodies was 10% of the
total sediment in the such bodies. Therefore, this sediment poses
a serious risk of water pollution. Hence, the development of the
construction industry cannot avoid pollution, either directly or
indirectly. In other words, construction enterprises urgently need
to achieve a balance between economic development and envir-
onmental protection through green development. What factors
will promote or inhibit the adoption of green development by
construction enterprises? How do factors influence construction
enterprises’ adoption of green development? What external or
internal conditions are involved in this process? To answer these
questions, the purpose of our study is to reveal the evolutionary
mechanism of the green development behaviors adopted by
construction enterprises through agent-based modeling (ABM).

At present, computers can describe the evolution of behavior
through programming and simulation (Xiang et al., 2021). As an
extension of distributed artificial intelligence, ABM is a collection
of two or more agents with homogeneous or heterogeneous
architecture (Lv et al., 2021). ABM can not only be applied to
simulate social and natural phenomena but also promote current
research in physical science and engineering systems (Macal and
North, 2014).

Therefore, we take construction enterprises as the object of
study and uses ABM as the research method. Different from other
empirical studies, we build a new computational experimental
model of the green development behaviors of construction
enterprises based on the game of life model. Moreover, the model
considers the characteristics of the organizational behavior of
construction enterprises and the evolving characteristics of the
market for renewable construction materials. Moreover, NetLogo
6.2.0 software is used to carry out a numerical simulation based
on computational experiments, and the applicability of the model

is verified. Unlike other studies on green development behavior,
we reveal the evolutionary mechanism of the green development
behaviors adopted by construction enterprises under the influ-
ence of environmental regulations and industrial clusters. Clearly,
we provide a new perspective for studying the green development
behaviors of enterprises.

Literature review
Green development behaviors of construction enterprises. As
the name of this paper implies, the agent of green development
behavior is a construction enterprise. The green development
behaviors of construction enterprises involve green development,
green behavior and enterprise behavior. Li et al. (2018) were the first
to draw a knowledge map of green development in China and
abroad. Their study pointed out that the international green devel-
opment research hot spots are the green economy, frameworks,
cities and supply chain management. The research frontier of green
development in China was regional and urban development, the
ecological environment and green development concepts. With the
deepening of research, green behavior has become a nonnegligible
part of green development research (Li et al., 2019a). In general,
green behavior refers to clean production, energy conservation,
green consumption, and the recycling and disposal of household
waste, which benefits the natural environment (Mantovani et al.,
2017; Zhang et al., 2018). In addition, enterprise behavior is a kind of
organizational behavior that refers to the regular activities carried
out by enterprises from the perspective of organizational groups to
achieve certain business goals. Theory on the green development
behavior and performance of industrial enterprises regards industrial
enterprises as organizational carriers. Such theory refers to industrial
enterprises’ green practices in response to environmental protection
and enterprise development as the green development behaviors of
industrial enterprises (Li et al., 2019b). By developing and verifying
the theoretical scale, research has found that the green development
behaviors of industrial enterprises consist of two dimensions: clean
production behavior and green supply chain management practices
(Li et al., 2020). Clearly, the green development behaviors of con-
struction enterprises are organizational behaviors formed by con-
struction enterprises to realize economic development and
environmental protection goals.

The literature provides a basis for explaining the green
development behaviors of enterprises. To verify the importance
and necessity of green development behaviors in the process of
achieving sustainable development goals, scholars have made a
series of efforts. Researchers have studied the green development
behaviors of enterprises by establishing various types of
dynamical models, such as replicated factor dynamic systems,
system dynamics models and differential equations (Ji et al., 2015;
Li et al., 2021). In the modeling process, most existing studies
abstractly quantify the interactions within the real-world as a
direct functional representation. Unfortunately, studies have not
sufficiently considered the nonlinear relationships of dynamic
interaction processes among agents and have failed to depict
agents with multiple heterogeneous characteristics. In addition,
the research methods used may not be able to adequately show
the role of many interacting agents in a complex system at the
micro and macro levels. Therefore, there is an urgent need for a
research method that is closer to the reality of social evolution.
Such a methodology should be able to explore the dynamic
impact of enterprise green development behaviors on the outside
world and the enterprise at both the macro and micro levels.

Environmental regulation. Early studies on environmental reg-
ulation focused on institutional improvement (Lathrop and
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Centner, 1998) and foreign direct investment (Naughton, 2014).
With the gradual maturity of environmental regulation, studies in
this field mainly include works that (1) explore the practical
effects of environmental regulation and (2) classify and compare
environmental regulations. In general, many studies have devel-
oped spatial Durbin models with provinces/states or cities as
study areas to explore the effects of environmental regulations on
environmental performance and regional eco-efficiency (Hao
et al., 2018; Ren et al., 2018). Studies in this category have mainly
verified the positive effects of environmental regulation, with only
a few researchers questioning the effectiveness of such regulation
(Hao et al., 2018). In addition, the heterogeneity of study areas
provides an opportunity to verify the mechanism of environ-
mental regulation. Furthermore, existing studies have not formed
a uniform classification of types of environmental regulations.
Considering different classification criteria, some studies have
compared the advantages and disadvantages of different types of
environmental regulations. The classifications include formal and
informal environmental regulations (Xiong and Wang, 2020) and
command-based, market-based, and voluntary environmental
regulations (Ren et al., 2018). These classifications have provided
an opportunity to reclassify environmental regulations because of
the diversity of classifications.

Industrial clusters. The industrial cluster, also known as a
competitive cluster or Porter cluster, was first proposed by Porter
(1990). He believed that an industrial cluster refers to a group of
related institutions that have a relationship of competition and
cooperation in a specific geographical area in which they are
adjacent to each other, and he also believed that there are com-
monalities and differences between organizations. Industrial
clusters are also the product of a Darwinian process, where only
market-competitive enterprises will survive and subsequent suc-
cessful enterprises will be derived from the existing enterprises in
a region (Gompers et al., 2005). Researchers have had different
terms for industrial clusters. However, most of the literature
emphasizes that the enterprises within a specific range can
improve their market competitiveness through vertical integra-
tion from an organizational perspective. The early literature in the
field focused on the evolutionary nature of local industrial clusters
and the prerequisites for cluster formation (Brenner and Mühlig,
2013). However, the optimization and upgrading of industries
leading to the original cluster concept are no longer able to meet
the needs of existing industrial clusters. As a result, many studies
have introduced new criteria, such as environmental support
capacity, into regional innovation evaluation based on cluster
innovation (Yan et al., 2021). Studies have also explored the
impact of industrial clusters on regional innovation specialization
and diversification (Mo et al., 2020).

In summary, existing studies regard industrial clusters as an
inevitable trend of industrial development. Most studies have
pointed out the positive effects of industrial clusters on the
outside world, but a few studies have also suggested that
industrial clusters have negative effects, especially in terms of
environmental pollution (Rodriguez-Villamizar et al., 2020).
Moreover, Kim et al. (2022) emphasized the importance of
cluster dynamics for corporate strategy. In practice, it is necessary
to use ABM to dynamically analyze the impact of industrial
clusters on the green development behaviors of construction
enterprises.

Game of life. The game of life, also known as Conway’s chess of
life, was proposed by the British mathematician John Horton
Conway. It was originally a single-player computer game that was
a self-running simulation game. Since the game of life has the

ability to transform discrete state patterns into dynamic patterns
and dynamic structures after following certain evolutionary rules,
it can also be regarded as a kind of cellular automaton (Kip-
penberger et al., 2013). A spatial model consisting of a series of
cells with the same properties is called a cellular automaton (CA)
(Kemeny, 1967). A CA is a discrete model and a dynamic system
that is discrete in both time and space. It consists of several cells
of the same size, and cells change over time based on specific rules
(Gong, 2017). In essence, a CA is a general term for a type of
model or a methodological framework that can transform a dis-
ordered, irregular and unbalanced state into an orderly, regular
and balanced state through the constraints imposed by
specific rules.

Therefore, the literature on the game of life has not only
studied the dynamic processes of cellular derivation in a medical
context (Kippenberger et al., 2013) but also explored the
evolutionary patterns of resource distribution within complex
social systems (Del et al., 2020). However, there is a paucity of
research that exploits the characteristics of the market environ-
ment from disorderly change to orderly change to explore the
dynamic evolutionary process.

Methodology
Research method. The research method employed in our study is
ABM in the context of computational experiments. Since ABM
can provide a sophisticated integrated environment for multia-
gent modeling and simulation, it is able to reproduce various real-
world interaction phenomena based on the heterogeneous char-
acteristics and nonlinear interaction rules of different agents
(Macal, 2016). Therefore, ABM has been applied to study com-
plex systems in various domains, such as corporate behavior
(Rzeszutek et al., 2021), supply chains (Rouzafzoon and Helo,
2016), and infectious disease outbreaks (Hunter et al., 2020).
First, as a bottom-up approach, the agent perspective of ABM is
its most important and unique feature (Lv et al., 2021). The
method can consider the individual characteristics of each agent,
the various behaviors of an agent, and the multifrequency inter-
action processes with other agents in a dynamic environment.
Since the agents that interact in the model of this study
are construction enterprises with different characteristics, there
are complex and multiple interaction processes between the same
types of agents. Therefore, ABM aids this research in studying
the evolution of the green development behaviors adopted by
construction enterprises. Second, ABM is used to simulate the
interaction between microscopic individuals in a finite space to
show some natural or social phenomena in the evolutionary
process and to reveal some scientific laws. It provides a scientific
platform for exploring the interactions between the macroscopic
environment and microscopic individual behavior (Xiang et al.,
2021). We aim to explore the interaction between the macrolevel
market environment and the microlevel construction enterprises
adopting green development behavior. Thus, the applicability of
the method to this study is supported. Finally, since ABM can
capture the interaction of agents within a complex system at any
moment, emergent phenomena are no exception. Moreover, the
emergent situations that arise during system evolution may be
counterintuitive and lead to new discoveries that are different
from the usual situation (Bonabeau, 2002). Therefore, simulation
analysis using ABM not only minimizes the impact of the
research process on the limitations of human cognitive ability but
also may uncover innovative information and values. Based on
this feature, ABM is suitable for exploring how the green devel-
opment behaviors of construction enterprises have unanticipated
relationships with the internal and external environments during
the evolutionary process. This study uses NetLogo 6.2.0 software
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to realize model construction. In summary, we explore the evo-
lutionary mechanism of the green development behaviors adop-
ted by construction enterprises through ABM, which may provide
a new idea for future research in this field.

Model construction
Process design. The ABM model described by NetLogo 6.2.0
includes “world” and “agent”. In the simulation model we
established, “world” refers to a specific real geographic space.
Since the “world” is composed of multiple square “patches” that
form a network, we consider each “patch” to be fixed ground
where renewable construction materials can be randomly gener-
ated. In this environment, if the ground appears black, this state
indicates that the area has not met the condition of recycled
construction materials. If the ground appears green, this state
indicates that the area has reached the condition of recycled
construction materials. “Agent” refers to an individual con-
struction enterprise that uses renewable construction materials as
raw materials in the “world”. This model chooses to use circles to
represent action agents. A red circle symbolizes a construction
enterprise that does not adopt green development behavior, and a
blue circle symbolizes a construction enterprise that adopts green
development behavior. The rules of interaction between the
agents and the property changes of the “patches” within the
“world” are based on the game of life model. Moreover, this
model takes into account the characteristics of the organizational
behavior of construction enterprises and the evolving character-
istics of the market for renewable construction materials. Figure 1
shows the main view interface of the simulation model after
initialization.

To make the model constructed in this study more closely
resemble the evolution of real society, each simulation experiment
was controlled to be within 30 cycles. In relation to reality, if one
cycle of each experiment corresponds to one year of enterprise
development, the whole experiment is equivalent to simulating
the dynamic process of construction enterprise development in 30
years. The process of simulating the green development behaviors
adopted by construction enterprises is shown in Fig. 2.

In Fig. 2, first, the construction enterprises are divided into two
categories based on whether they adopt green development
behaviors: Category X enterprises adopt green development
behaviors, whereas category Y enterprises do not. The enterprises
in categories X and Y carry out production and operation
activities after entering the market. In the process of operations
management, due to the significant relationship between
environmental behavior and profit (Guan et al., 2005), both
types of construction enterprises may be driven by a profit
orientation and choose to ignore or weaken as much as possible
the decision to adopt green development behavior. However,
doing so may result in an excessive production and emission of
pollutants. In addition, despite the government’s support for
green development in the construction industry, construction
enterprises may still have carbon emissions that exceed the
standard and other phenomena that affect the achievement of the
carbon neutrality goal (Central People’s Government of the
People’s Republic of China, 2022). Therefore, the government will
combat poor phenomena through a series of environmental
regulation instruments (Li et al., 2022). Since environmental
conditions, economic development, and regulatory intensity vary
from region to region, the enterprises in a region may reach a
threshold of environmental administrative penalties at a certain
point in time (Deng et al., 2019). On the one hand, under the
effect of environmental regulation, category X enterprises
adopting green development behaviors relocate to other regions
or make green transformation adjustments. After migration,

category X enterprises may form industrial clusters to increase
their competitive potential and re-enter the market by opening
subsidiaries (Yoon and Nadvi, 2018). However, category X
enterprises may also fail in the transition process, which will
cause these companies to fail to operate properly and finally exit
the market. On the other hand, category Y enterprises that do not
adopt green development behaviors will continue their daily
activities and make profits based on their original production and
operation methods. Therefore, category Y enterprises may use the
additional unlawful profits gained from poor environmental
practices to complete business expansion and re-enter the market
after opening subsidiaries. However, due to environmental
violations, these enterprises may be subject to severe environ-
mental regulatory penalties, which will prevent them from
operating normally and cause them to withdraw from the market.

Parameter selection. In this model, the selection of variables is
represented by sliders within the software. Researchers can adjust
the number of interacting “agents” or “patches” and other
properties from the “God” perspective in the operator interface.
Thus, the model is configurable. The specific settings and
meaning of each slider in the main view panel are described
below.

(1) Percentage of construction enterprises adopting green
development behaviors A%

Fig. 1 The main view interface of the simulation model after initialization.
It shows the random distribution of construction enterprises adopting green
development behaviors and not adopting green development behaviors in
the “world” at the initial state of the simulation model.

Fig. 2 Simulation flow design diagram of agent-based modeling. It shows
the operation process of construction enterprises adopting GDB and those
not adopting GDB in the simulation model through dotted boxes. The solid
arrows represent the general operation process of enterprises. Note: GDB
means green development behaviors.
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When making decisions on whether to adopt green
development behaviors, construction enterprises not only
consider the additional costs generated in the process of
transformation but also face high silent costs (Shao et al.,
2018). Therefore, each enterprise agent has different
attitudes toward adopting green development behavior.
After determining the total number of construction
enterprises in the model, it is necessary to distinguish the
construction enterprises that adopt green development
behaviors from those that do not (Yang and Jia, 2019).
Therefore, this model assumes that A% of construction
enterprises in this model adopt green development
behavior.

(2) The rewards of choosing renewable construction materials
for enterprise B
As global environmental problems worsen, many environ-
mental organizations are calling for sustainable develop-
ment. An increasing number of enterprises have chosen to
use renewable and biodegradable green materials to replace
nonrenewable resources (Kargupta et al., 2021). This
practice can not only reduce energy consumption and
carbon dioxide emissions but also reduce material costs
(Wieland et al., 2007). It is clear that the choice of
renewable construction materials can pay off for construc-
tion enterprises. Therefore, this model assumes that a
construction enterprise can generate more return B by
choosing one unit of renewable construction materials
compared to choosing ordinary materials.

(3) The variance tolerance of differences in construction
enterprises C%
In our study, a cluster that is formed by construction
enterprises using similar renewable construction materials
in a region is considered an industrial cluster. The
industrial ecology framework shows that a cluster of
producers can reduce environmentally uneconomical
production behaviors, while enterprises can improve their
competitive potential through cluster actions (Yoon and
Nadvi, 2018). Therefore, some construction enterprises will
actively choose to relocate to a cluster area to enhance their
competitiveness. However, some construction enterprises
that consider profit growth to be their main goal will not be
willing to pay additional migration costs to complete this
relocation behavior. Therefore, this model assumes that if at
least C% of the surrounding agents are in line with an
enterprise’s attitudes toward adopting green development
behaviors, the enterprise has finished agglomeration.
Conversely, the agent is still outside the industrial cluster
and will migrate.

Analysis and discussion
This section aims to analyze and discuss the evolutionary process
of the simulation model. In this study, the following initial values
will be used to set each parameter, and an initial environment will
be randomly generated. The initial parameters of the simulation
model were determined mainly based on the literature and the
full-text database of important Chinese newspapers. First, there
are no direct data on the adoption of green development beha-
viors by construction enterprises. Therefore, this study extra-
polates the proportion of construction enterprises adopting green
development behaviors as A= 25%. This proportion is based on
the number of pollution-related events in construction enterprises
published in the China Building Materials News, China Con-
struction News, China Economic Times, and China Mining News
from January 2017 to December 2021 (Tsinghua Holdings
Limited, 2022). Then, based on Liu and Ye (2012), we set

parameter B to 1 (low), 2 (middle) and 3 (high) to more clearly
explore the evolution of the green development behaviors of
construction enterprises in different contexts. In addition, Zhu
et al. (2019) verified that a significant “segregation” phenomenon
emerges when the variance tolerance is 60%. This result is
internally consistent with the industrial clustering phenomenon
in this study; thus, C%= 60% is set. To ensure the reliability of
the output results, the number of iterations in this study is set
to 100.

Analysis of the research results
Construction enterprises adopting green development behaviors.
The impact of the percentage of construction enterprises adopting
green development behaviors on external factors can be effec-
tively verified only over a longer period. Thus, information from
continuous tracking surveys is needed to support the data, but
panel data on this aspect are not easily available. Therefore, this
study simulates the evolutionary trend of the green development
behaviors adopted by construction enterprises through the ABM
model. In this section, a set of comparative experiments is
designed. The proportion of construction enterprises adopting
green development behaviors in the control group is 25%, and
that in the experimental group is 35%. The specific evolution of
the two groups is shown in Figs. 3 and 4.

As shown in Figs. 3 and 4, the proportion of construction
enterprises adopting green development behaviors in the industry
shows an S-shaped growth trend in both contexts. The results of
the control group show that when the proportion of construction
enterprises adopting green development behaviors is 25%,
compared with the experimental group, other construction
enterprises in the industry adopt green development behaviors
at a slower speed. That is, the “intrusion process” of green
development behavior becomes more difficult. It is not until the
11th evolutionary cycle that the number of construction
enterprises adopting green development behaviors exceeds that
of those not adopting green development behaviors. Then,
adopting green development behaviors gradually becomes the
mainstream development trend of the industry.

Fig. 3 The dynamic process of adopting green development behaviors in
construction enterprises in the control group. The moment marked with
dotted line in the figure represents that in the initial situation of A= 25%,
the proportion of construction enterprises adopting green development
behavior in the model is consistent with that of those not adopting green
development behavior.
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In the experimental group, the proportion of construction
enterprises adopting green development behaviors in the industry
fluctuates and increases at the beginning of the evolution,
followed by a period of rapid increase until the vast majority of
construction enterprises adopt green development behaviors.
Then, it gradually plateaus. Around the 6th cycle, the number of
construction enterprises adopting green development behaviors
exceeds the number of construction enterprises not adopting
green development behaviors. In the 16th evolutionary cycle, the
proportion adopting green development behaviors in a region
reaches 90%. The final moments show that green development
behaviors are embraced by the majority of enterprises in the
industry.

This group of comparative experiments shows that in the
evolution of the operation and management of construction
enterprises, the increase in the proportion of construction
enterprises adopting green development behaviors plays an
important role in promoting the sustainable development of
enterprises. The higher the proportion of construction enterprises
adopting green development behaviors is, the faster the speed of
other enterprises in the industry adopting green development
behaviors and the more conducive to the subsequent general
adoption of green development behaviors in the construction
industry. In other words, the process of construction enterprises
embracing green development behaviors takes less time than
expected.

In addition, this study aims to investigate the role of the
adoption of green development behaviors by construction
enterprises in the external environment. Therefore, Fig. 5 reflects
the dynamic process of the influence of the proportion of
construction enterprises’ adoption of green development beha-
viors on the renewable construction materials market.

In Fig. 5, the trend changes in the control and experimental
groups are almost identical during cycles 1–5. This result
indicates that the proportional advantage of construction
enterprises adopting green development behaviors in a short
period does not have a large impact on the renewable
construction materials market. Then, the amount of renewable
construction materials available in the control group is higher
than that in the experimental group during the 6th–16th period.
There are several intersections in the graph, which indicates that
the number of renewable construction materials available for the
two sets of scenarios reaches the same amount at this moment.
During the final 23–30 cycles, the experimental group shows a
faster rate of fluctuating rise, while the control group shows a
slow increase. Overall, the higher the proportion of construction
enterprises adopting green development behaviors is, the more
beneficial it is to the long-term improvement of the market
environment. The change in the adoption proportion in a short
period does not cause a significant impact on the renewable
construction materials market.

Fig. 4 The dynamic process of adopting green development behaviors in
construction enterprises in the experimental group. The moment marked
with dotted line in the figure represents that in the initial situation of
A= 35%, the proportion of construction enterprises adopting green
development behaviors in the model is consistent with that of those not
adopting green development behaviors.

Fig. 5 The process of the influence of changing the percentage of
construction enterprises adopting green development behaviors on the
renewable construction materials market. The moments marked by
dashed lines in the graph represent the same amount of renewable
construction materials generated under different scenarios.

Fig. 6 The process of the influence of unsustainable environmental
regulations on the scale of the green development behaviors adopted by
construction enterprises. The illustration shows the growth over time of
the number of construction enterprises that adopt green development
behaviors and those who do not adopt green development behaviors in the
“world” under the influence of unsustainable environmental regulations.
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Unsustainable and sustainable environmental regulations.
Figure 6 and 7 reflect the impact of unsustainable and sustainable
environmental regulations on the adoption of green development
behaviors by construction enterprises in a region, respectively. In
this study, the environmental regulation behaviors within the
1st–5th cycles of evolution are considered unsustainable envir-
onmental regulations, whereas the environmental regulation
behaviors within the 1st–30th cycles are considered sustainable
environmental regulations.

First, Fig. 6 shows construction enterprises that adopt green
development behaviors and those that do not are less affected by
unsustainable environmental regulations in the 1st cycle. The
number of construction enterprises in both categories grows
steadily. However, in the subsequent period, the total number of
construction enterprises adopting green development behaviors
remains constant for 1 cycle, followed by stable growth for 1
cycle. Finally, there is a fluctuating balance. The total number of
construction enterprises that do not adopt green development
behaviors does not show a clear trend from the 3rd cycle onward,
and it subsequently shows a fluctuating balance. The analysis
shows that unsustainable environmental regulations inhibit the
scale of adoption of green development behaviors by all
construction enterprises in a region.

Second, Fig. 7 shows that the total number of construction
enterprises that adopt green development behaviors presents an
extremely slow growth trend when sustainable environmental
regulations are implemented in a region. Then, Fig. 7 shows a
rapid decreasing trend in 8 cycles. Finally, stable growth is
maintained. The total number of construction enterprises that do
not adopt green development behaviors continues to slowly
decrease from the 1st to the 6th cycles. In the 6th cycle, the
number of construction enterprises adopting and not adopting
green development behaviors is the same. However, starting in
the 7th cycle, the total number of construction enterprises that do
not adopt green development behaviors decreases at a fast speed.
Although there is a short period of flatness, the state still does not
change the general trend of downsizing of this category of
construction enterprises. In general, sustainable environmental

regulations promote the scale of adoption of green development
behaviors by construction enterprises in a region. Conversely,
sustainable environmental regulations inhibit the growth in
construction enterprises that do not adopt green development
behaviors.

Industrial clusters. Construction enterprises with different atti-
tudes toward green development behavior will make decisions
about whether to migrate based on the business situation.
Therefore, Fig. 8 reflects the changes in industrial clustering
during the evolution of the green development behaviors adopted
by construction enterprises.

As illustrated in Fig. 8, the proportion of construction
enterprises forming industrial clusters in a region shows a
U-shaped growth trend over time. At the initial moment, the
proportion of construction enterprises forming clusters is 50%. In
the early stage of evolution, the proportion begins to decline
unevenly until the lowest point. Subsequently, the proportion of
industrial clusters bottoms out and rebounds, gradually rising to
85% and presenting a fluctuating balance. Throughout the
evolution, the number of construction enterprises that adopt
green development behaviors increases slowly, then intermittently
appears to be flat, and finally increases steadily. The number of
construction enterprises that do not adopt green development
behaviors also increases slowly at the beginning of the evolution.
However, after a long period of flatness, the number of
construction enterprises in this category decreases rapidly until
the number finally reaches a fluctuating equilibrium. The results
show that an increase in the industrial cluster proportion
promotes the adoption of green development behaviors by
construction enterprises and inhibits the development of
construction enterprises that do not adopt such behaviors.

Discussion
The previous section analyzed the results of the output graphics
of the simulation analysis. However, there are differences between
the relevant conclusions drawn from existing studies and the
findings of this study. Therefore, this section aims to conduct an
in-depth discussion of three aspects related to the adoption of
green development behaviors by construction enterprises.

Fig. 7 The process of the influence of sustainable environmental
regulations on the scale of the green development behaviors adopted by
construction enterprises. The moment marked by dotted lines in the
picture represents the same number of construction enterprises that adopt
green development behaviors and those who do not adopt green
development behaviors under the effect of sustainable environmental
regulations.

Fig. 8 The process of the influence of industrial clusters on the scale of
the green development behaviors adopted by construction enterprises. It
shows the impact of industrial clusters on the green development behaviors
of construction enterprises and the external environment from two aspects:
the proportion of construction enterprises that adopt different behaviors
and the generation of renewable construction materials.
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Construction enterprises adopting green development beha-
viors. With the conflict between environmental protection and
economic development becoming increasingly prominent, many
countries are simultaneously facing the double test of the exces-
sive consumption of resources and frequent environmental pro-
blems. A global consensus on the comprehensive implementation
of the concept of green development has been reached. According
to calculations by the relevant industry associations in China, the
annual output of urban construction waste in China in recent
years has exceeded 2 billion tons. This output has accounted for
40% of total municipal household waste and even reached 10
times the output of household waste (Ministry of Housing and
urban-rural development of the People’s Republic of China,
2020). Therefore, construction enterprises play an extremely
important role in the whole process of green transformation.
China is not the only country that urgently needs to accelerate
green development in urban and rural construction. The United
States, the United Kingdom and Japan have also realized the
importance and necessity of green development (Li et al., 2017;
Department for Business, 2020; The Ministry of Economy, 2020),
and these countries have pledged to reach the promised net-zero
emission target by 2050, 2040 and 2070, respectively (Thomas
et al., 2021; Hannah et al., 2020). A report has shown that 70% of
enterprises in the Asia-Pacific region are willing to pay a higher
price for green buildings (Pan, 2021). Doing so holds great sig-
nificance for promoting the green development of the construc-
tion industry. However, 70% of the construction companies
surveyed said that green development behaviors lacked govern-
ment incentives and high support from owners. Therefore, the
process of realizing green development still faces many severe
challenges.

Since the challenges come from many levels, an increasing
number of researchers from different academic fields are also
focusing on the green development of enterprises. In fact, the
concept of green development can be reflected in green
innovation (Feng and Chen, 2018), green finance (Zhang et al.,
2022) and green procurement (Blome et al., 2014), which can
encourage enterprises to achieve comprehensive green transfor-
mation. These green measures are aimed at accelerating the
adjustment of the balance between social progress and ecological
civilization. However, Li et al. (2017) argued that the costs of
adopting such green development behaviors are not proportional
to the benefits obtained. Therefore, although the practice can
bring a better reputation and brand effect to enterprises, most
enterprises are reluctant to undertake this behavior with a
proactive attitude to deal with the challenges brought by
environmental problems. This situation is inherently consistent
with the initial parameter setting of the proportion of construc-
tion enterprises adopting green development behaviors in this
study. Miroshnychenko et al. (2017) also verified from a global
perspective that the active adoption of green behavior is the main
driving factor in maintaining enterprises’ sustainable operation
and profitability. Green practices have a significant positive
impact on enterprises’ social performance, economic performance
and green competitiveness (Agyabeng-Mensah and Tang, 2021).
Therefore, this study believes that enterprises should be
encouraged to take the initiative to adopt green development
behaviors.

Environmental regulations and enterprise green development
behaviors. Environmental pollution has been a pressing issue for
a long time. However, as polluters, enterprises may see an impact
on their economic performance after adopting green development
behaviors. Therefore, most enterprises still carry out environ-
mental actions in a passive rather than active manner (Li et al.,

2017). Given this reality, environmental regulation came into
being in this general environment of passivity. The Ministry of
Ecology and Environment of the People’s Republic of China
(2022) has been exposing and punishing cases of excessive pol-
lutant emissions, illegal sludge disposal and other regulatory
failures on a quarterly basis. This sustainable regulation has led to
a sustainable improvement in the quality of the national ecolo-
gical environment, such as an average urban PM2.5 concentration
of 43 micrograms per square meter, down 4.4% year on year. The
U.S. realized more than a decade ago that particulate matter
emissions from building construction activities were a significant
contributor to PM emissions throughout the country (Muleski
et al., 2005). Therefore, the United States Environmental Pro-
tection Agency (2022) has developed detailed laws and regula-
tions for the construction industry in five segments: air, lead,
waste, water, and conventional materials. The Japanese govern-
ment has also emphasized environmental standards and pollution
control in the organization and construction process, and it has
promulgated the Regulations for the Implementation of the
Water Pollution Control Law and the Regulations for the
Implementation of the Air Pollution Control Law (Ministry of the
Environment, 2022).

Moreover, the literature exploring the impact of environmental
regulations on the green development of enterprises has become a
hot research direction. Many scholars have confirmed the
importance of environmental regulation in promoting green
development. Song et al. (2020) argued that as environmental
regulations become stronger and more consistent, their impact on
enterprises’ green development will gradually shift from negative
to positive. The environmental regulations implemented in most
areas of China are reaching a turning point; thus, the government
should continue to monitor and regulate enterprises on a
sustainable basis. The findings provide support for the conclusion
of this study that sustainable environmental regulations have
positive effects. However, Guo et al. (2020) proposed that
environmental regulation does not always lead to a positive
impact. The effectiveness of environmental regulations depends
on the level, type and sustainability of environmental regulation
(Hao et al., 2018). Therefore, this study takes a new perspective to
classify the types of environmental regulations and verify the
positive and negative effects of environmental regulations on the
adoption of green development behaviors by construction
enterprises in a region. In addition, Yang and Li (2019) showed
that dynamic exploration of the relationship between environ-
mental regulations and the green development level of industrial
enterprises holds great significance for improving development
capacities. This study is based on ABM to explore the whole
process of the influence of environmental regulation on
construction enterprises’ adoption of green development beha-
viors. In particular, ABM is suitable for modeling complex
systems that evolve over time, and the agents in ABM interact
with each other, which meets the needs of dynamic research.

Industrial clusters and enterprise green development beha-
viors. As the economic level rises, the level of competition
between different regions becomes increasingly intense. The
market price of the products of enterprises in a cluster is more
advantageous than that of enterprises outside the cluster (Delgado
et al., 2014). The price gap enhances the core competitiveness and
innovation ability of enterprises and further promotes the for-
mation of industrial clusters. Evidence from the Yusuf et al.
(2008) shows that the convergence of clusters can stimulate value
spillovers and stimulate innovation in enterprises. Thus, the
clusters in Silicon Valley, Hsinchu Park, Northern Italy, and the
vicinity of Cambridge, U.K., are favored by business people,
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government officials and urban planners. In addition, the
advantage of geographical proximity between enterprises is
reflected not only in the lower cost of environmental behavior
through cooperation in waste treatment and recycling but also in
enterprises’ lower marginal cost of knowledge and technology
spillovers (Engelberg et al., 2018). This may allow more enter-
prises to reach a consensus on green development and proactively
adopt green development behaviors. However, it has been
reported that the spatial clustering of large industrial clusters in
Asian countries has a negative environmental impact on local
areas. Thus, people in Ghana, a country in Western Africa, have
complained extensively about a construction material distribution
site near residential homes because of the severe water pollution
that the enterprise has caused (Yoshino, 2011).

Therefore, as an industrial development trend in current
society, industrial clusters are increasingly valued by all
stakeholders. As the actors in industrial clusters, enterprises are
more concerned about the formation of clusters to have any
impact on the role of enterprises. Thus, the natural synergy
between the formation of industrial clusters and realistic export
opportunities was verified by Pisa et al. (2017). Moreover,
Brachert et al. (2011) argued that assembling high-quality
input–output approaches and effectively integrating the structural
space of industrial clusters would facilitate regional growth and
healthy competition. Therefore, promoting the formation of
industrial clusters has received some recognition from industries.
However, it has been shown that industrial clusters have a
hindering effect on the green development of enterprises during
periods of economic boom (Guo et al., 2020). In contrast, this
study argues that an increase in the proportion of industrial
clusters can promote the adoption of green development
behaviors by enterprises. The reason for the discrepancy in the
findings may be that prior research took enterprises whose main
energy consumption is electricity as the clustering agents in the
sample period. However, this study takes construction enterprises
whose renewable construction materials are raw production
materials as the clustering agents in the constructed model.
Therefore, the different research objects have an impact on the
research results related to industrial clusters. Future research can
extend green development behavior to a wider range of fields and
obtain more generalized conclusions through induction and
integration.

Research limitations and future prospects. There are still some
unavoidable limitations in our study. We assume that every
enterprise agent in the model is completely rational. However, in
reality, each construction enterprise will make its respective
behavior decisions based on its operating conditions and risk
preferences. Therefore, enterprises’ ability to process information
and implement behavior is limited. An enterprise cannot fully
achieve the ideal situation in the simulation process. The com-
pletely rational hypothesis made in this study not only helps in
simplifying model construction but also influences the conclu-
sion. This study assumes that the attitudes of construction
enterprises in a region toward the adoption of green development
behaviors do not change from the beginning to the end of the
iteration of the model. However, in real society, enterprises may
change their decisions due to policy and institutional influences
midway through the management process. Therefore, the Ising
model can be used to simulate the dynamic evolution of the shifts
and divergences of different perspectives in a region using
viewpoint dynamics.

In summary, researchers can add the Ising model to the model
constructed in this study to realize the change in the attitudes of
agents toward the adoption of green development behaviors.

Moreover, researchers can refer to the modeling thinking of this
study to verify the evolutionary mechanism of enterprises’ green
development behaviors in the agriculture, manufacturing, service
and other industries.

Conclusions and implications
Conclusions. In our study, with ABM, a computational experi-
mental simulation model for the adoption of green development
behaviors by construction enterprises is constructed. The model
considers the characteristics of the organizational behaviors of
construction enterprises and the evolutionary characteristics of
the renewable construction materials market. Numerical simula-
tions are performed using NetLogo 6.2.0 software. Therefore, in
the context of construction material recycling, the main findings
of this study are as follows:

(1) The increase in the proportion of construction enterprises
adopting green development behaviors plays an important
role in promoting the sustainable development of enter-
prises and the optimization of the external environment.

(2) Unsustainable environmental regulations inhibit the expan-
sion of the green development behaviors adopted by all
construction enterprises in a region, while sustainable
regulations promote this expansion.

(3) The formation of industrial clusters leads more construc-
tion enterprises to adopt green development behaviors and
is conducive to the spread of green development concepts.

Implications. Our study provides computational experimental
simulation evidence based on construction enterprises for the
literature on green development and regional sustainability. In
addition, it simulates the dynamic evolutionary process of the
renewable construction materials market from the ABM per-
spective under a multiagent system. Therefore, we gain the fol-
lowing insights:

First, enterprises should attach importance to adopting green
development behaviors to achieve long-term sustainable devel-
opment. Above all, media information, public pressure and other
channels should be used to accelerate enterprises’ acceptance and
implementation of green development behaviors. Only by
continuously releasing the inherent potential of the green
development concept can more enterprises in society feel the
practical benefits of adopting green development behaviors. Then,
the integration of green development behaviors with concepts
such as green innovation, green production and green supply
chain management should be strengthened. Practices should be
applied effectively to the entire production and operation process
of enterprises.

Second, from the governmental perspective, environmental
regulations in line with the actual situation of a region can create
a good external environment for enterprises to adhere to green
development. In the beginning, the implementation of environ-
mental regulations must be analyzed on a case-by-case basis.
Before implementing sustainable or unsustainable environmental
regulations, the market environment and the actual pollution
status of enterprises in a region need to be assessed. The
government should avoid a “one-size-fits-all” approach to
formulating environmental regulations to avoid discouraging
environmentally friendly enterprises from adopting green devel-
opment behaviors. Then, in the process of guidance and
adjustment, the government must achieve a clear distinction
between rewards and punishments. Policy subsidies or tax breaks
should be given to enterprises with a high level of environmental
responsibility to relieve the financial pressure caused by adopting
green development behaviors. In contrast, enterprises that do not
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act in accordance with local laws and environmental regulations
should be punished and firmly rectified to avoid the malignant
phenomenon of “bad money driving out good money” to the
greatest extent possible.

Third, industrial clusters have become the general trend under
the global goal of carbon neutrality and the gathering demand of
production factors. Organizations of all parties should cooperate
to jointly promote the formation of high-quality industrial
clusters. First, from the microscopic individual perspective,
enterprises should clarify the core location of industrial clusters.
They also need to consider the desired optimal geographical
location from the beginning of entering a certain field. The
correctness of this decision can directly shrink the migration cost
of enterprises to a certain extent. From the macrolevel,
accelerating the ecological clusters of similar enterprises is a
long-term goal for which the state, the government and
enterprises need to work together. It is also essential to build a
green development system and jointly promote the green
development of industries.

Data availability
Some or all data, models, or codes that support the findings of
this study are available from the corresponding author upon
reasonable request.
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