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Abstract

As construction activities become more intensive in developing countries, increasing
improperly managed construction and demolition waste (CDW) brings serious environ-
mental impacts. Recycling is a beneficial way to dispose of CDW that reduces environ-
mental impact and brings economic benefits, especially for concrete. China is the country
that generates the most CDW in the world, but its domestic recycling rate is much lower
than that of developed countries. While the efficient technologies in developed regions
have helped them to achieve a well-established recycling industry, whether these innova-
tive technologies can be used to improve the concrete debris recycling targets in develop-
ing regions is unclear. This study examines whether innovations currently widely used in
construction activities and materials can have a positive effect on the recycling of End-
of-Life concrete materials in China. Results from modeling system dynamics imply that
the introduction of innovative technologies in the recycling system of concrete debris can
probably contribute to CO, reduction (3.6% reduction) and economic benefits (2.6 times
increase, but mainly from landfill charges and fines) from 2022 to 2030. Prefabrication
and 3D printing significantly impact recycled concrete production and CDW recycling, and
they are recommended as a priority for promotion. In contrast, carbonation is not suggested
for application due to its minor role. Nevertheless, since the market share of innovative
technologies and the basic CDW recycling rates are currently low in China, fluctuations in
their usage are hardly to have a substantial positive impact. We suggest that financial sup-
port from the government is needed for upcycling by recyclers and technology providers to
improve the base recycling rate in order for innovative technologies to make an effective
contribution to the sustainable construction industry, creating a win—win situation for both
the economy and the environment of the recycling system.
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1 Introduction

There are currently approximately 7.7 billion people in the world, of which more than
half of them are urban populations (Wang et al., 2020). The number of people living in
urban areas has more than quadrupled since 1950 to some 4.2 billion by mid-2018, and the
United Nations predicts another 2.5 billion will join them in the next three decades (UN,
2019). This amount is the equivalent of adding eight cities the size of New York every
single year (USCB, 2020). With the increase in urban population, urban land expands in
nearly all cities over time (Xu et al., 2020). Construction activities on urban land for build-
ing and infrastructure creation to house the people and maintain the operation of society
require prodigious quantities of construction materials and cause the unprecedented gen-
eration of construction and demolition waste (CDW). Akhtar and Sarmah (2018) estimated
that the generation of CDW around the world reaches approximately 3 billion tons year™!,
of which concrete debris can account for 40-60% by weight (Cabral et al., 2010; Zhang
et al., 2020), and is the dominant CDW component. Between 1970 and 2022, 361 billion
tons of concrete is expected to be produced globally for buildings, accounting for approxi-
mately 8.6% of all anthropogenic carbon dioxide (CO,) emissions (Deetman et al., 2020;
Di Filippo et al., 2019). These in-use materials become CDW after their service life. Con-
crete is composed of cementitious materials, aggregates, water, and additives. Due to the
cohesion and inertia of concrete, it is almost impossible for the produced concrete material
to be broken down into cement and aggregate, instead, it is cemented with some of the
bricks and tiles to form debris that are difficult to be completely reused and recovered.
Thus, the adoption of a circular economy model into concrete debris can almost only be
recycling (Gallego-Schmid et al., 2020). The primary recycling process of concrete debris
is multiple crushing and screening to produce recycled aggregates (RA) of different par-
ticle sizes and qualities (Dosho, 2007), which is regarded as a common step for further
production. Whereas, there are various methods when using RA (secondary materials) to
produce recycled concrete (RC) for different application purposes (Guo et al., 2018). For
instance, recycled fine aggregates can be used to produce recycled mortar, recycled coarse
aggregates are important component materials of pervious concrete, and mixed recycled
aggregate can be used to produce general concrete blocks (Verian et al., 2018; Zaetang
et al., 2016; Zhu et al., 2015).

Although the recycling of concrete debris is theoretically and practically available, low
recycling rates still occur in most countries. Especially in emerging countries with rapid
development and intensive construction, where a vast of CDW has been generated but is
sent to landfills for dumping (Bai et al., 2022; Manowong & Brockmann, 2015). As shown
in Fig. la-b, China is the world’s largest contributor to generation of concrete debris with
an average recycling rate of less than 10%, and the same high generation and low recycling
rates are seen in similar emerging economies, such as India. The global CDW recycling
industry is unevenly developed, with high recycling rates concentrated in the more eco-
nomically developed regions (Fig. 1a). As the major component of construction materi-
als, concrete generation and recycling is representative of the general situation of CDW
management.

Even though the land occupation and related environmental impacts caused by the mas-
sive landfilling of CDW can be avoided and the shortage of construction materials can be
alleviated by adopting recycling methods, only a few developing regions have reasonably
developed their recycling industries, due to their imperfect recycling economy facilities,
inadequate technological development and immature markets (Duan et al., 2019).
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Fig.1 CDW generation and management situation in global regions. a The recycling rate of CDW (Zhang
et al., 2020); b The annual generation and recycling of concrete and mortar waste (Zhang et al., 2022b)

As mentioned above, the recycling status of CDW, especially concrete debris, varies con-
siderably between developed and developing regions. The gap between them in terms of
circular economy development needs to be noted and narrowed. The application of efficient
technologies and tools in the civil, environmental, and planning fields tends to be concen-
trated in economically developed regions, which has helped them to achieve a well-established
recycling industry. Zhang et al. (2018) describes almost 100% of the concrete waste as being
recycled in the Netherlands, 97% of which is crushed into road base filling aggregates and
they generally recycle on-site whenever site conditions allow, whereas China currently has
few recycling facilities on construction sites. While developed economies are already applying
concrete debris recycling technologies such as carbonation, self-healing, and fiber reinforce-
ment to practical projects, China needs to keep pace to avoid the CDW dilemma that comes
with being technologically outdated. For China, challenges and opportunities are parallel. The
Chinese national government has set a target to increase the recycling rate of CDW to over
35% by 2020 (Zhang et al., 2018). While there is still a gap to this target, it would be good
practice to take advantage of ongoing urbanization and urban renewal to develop a circular
economy for the built environment. More new technologies are being developed and practiced
in developed countries toward the goals of low carbon and circular economy. In order to bet-
ter manage construction materials in developing regions with intensive construction activi-
ties, it is worth exploring whether innovative technologies that have been applied in developed
regions can help optimize the design of recycling processes for concrete debris in developing
regions. Therefore, this study aims to understand the impact of innovative technologies in con-
struction activities on the recycling chain in China from the perspective of concrete debris,
which will help to make appropriate recycling strategies in developing countries for the circu-
lar economy transition.
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2 Methodology
2.1 System dynamics

System dynamics (SD) was created during the mid-1950s by Professor Jay Forrester to
deal with large-scale systems of high complexities (Forrester, 1971). The SD approach
can be adopted for visualizing and analyzing complex dynamic feedback systems (i.e.,
positive or negative feedback loops) with an enhanced understanding of its underly-
ing system behavior and structure (Goodman, 1997). The development of SD has been
extended to economic, environmental, construction, and social management from the
initial business management to now (Mingers & White, 2010), and specifically includes
some applications in the field of CDW management.

For instance, Marzouk and Azab (2014) tried to develop a SD model in order to
analytically evaluate the choices of disposing and recycling for CDW. Yuan and Wang
(2014) and Mak et al. (2019) developed a SD model for the determination of an effec-
tive and appropriate CDW disposal charging fee in Shenzhen and Hong Kong. Ding
et al. (2018) facilitated a better understanding of the impact of actions in the design and
construction phases on the environmental benefits of CDW management using SD. Au
et al. (2018) analyzed CDW effects in a governmental frame by using a SD model. In
China, a SD model has been developed by Liu et al. (2020) for understanding how CDW
affects on greenhouse gas emission by different variables including landfill disposal and
other disposal methods. These studies demonstrate that the application of SD can be
extended to the management of CDW. SD is a methodology to see the effects of factors
included in the model behaviorally and very effective technique to observe dynamic fac-
tors in recycling and remanufacturing (Golroudbary & Zahraee, 2015). Furthermore,
by the aid of SD modeling, the comparison of current and proposed model can be obvi-
ously done to see different scenarios (Wang et al., 2014). Different scenarios including
innovation, new manufacturing systems or additional factors such as economic benefits
and losses in short, medium or long term can be apparently taken into consideration by
using system dynamics approach (Giannis et al., 2017). Previous papers have examined
the management of CDW in China, using the SD approach to model how administrative
tools could affect the management of CDW. We believe that the technological means are
equally important, because the innovative technologies have been proven to be benefi-
cial to the circular economy in actual projects in other countries. Thus, SD approach has
been chosen to evaluate different scenarios of construction waste in China.

Richardson (2020) formulated system dynamics’ basic structure called as state-deter-
mined system, as follows (1)

d —_—
X0 =fp) ()

where X is a vector belonging to stocks or state variables, f is a nonlinear vector-valued
function while p is set of parameters.

The main variables in the system dynamics methodology are listed as stocks,
dynamic variables, links and flows, respectively. One may explain that stocks are
quasi-static part of the systems, implying an accumulation of any type of materials and
variables. Furthermore, dynamic variable is defined as a function of stock variables
and affected by stocks, flows and linkages between variables (Forrester, 1993). The
other type of main variables is a link expressing the positive or negative relationship
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between variables. The last one is flow defined as the change of variables at a certain
rate of change (Forrester, 1993).

The recycling of concrete debris for secondary and recycled materials is a complex
process with multiple steps. SD can be introduced to analyze the interaction between
internal and external spatial elements from a dynamic perspective. Many previous
studies also suggested that SD has great potential to deal with the complicated inter-
relationships and dynamics of construction and demolition management (Yuan et al.,
2012).

2.2 Development of SD model
2.2.1 Boundary setting

This paper intends to focus on the impact of innovative technologies on concrete debris
recycling. The key research object is the innovative technology in construction activi-
ties and the research system is the EoL stage and its sequent recycling process of con-
crete materials. Innovative technologies refer to a range of new technologies with the
industrial potential for construction activities and building materials. Since recycling is
an applied system rather than basic research, our criteria for selecting innovative tech-
nologies are that they need to be widely discussed and accepted in research and already
have applications in some engineering. Global performance targets for innovative mate-
rials are being pushed toward green, and durability (Park et al., 2017). According to
the summary of Soliman et al. (2022), some of the innovative material technologies
recently implemented in the construction industry that show great potential are nano-
materials, carbonation, aerogel materials, self-healing, and 3D printing technologies
that serve a sustainable and resilient built environment. By combining some actual con-
struction cases or industrial applications occurring in developed countries, we exclude
aerogel materials with narrow usage and nanomaterials with high cost. Considering that
the Chinese government is currently promoting prefabrication and building informa-
tion modeling (BIM) technologies, we have included them and radio-frequency iden-
tification (RFID), which assists both technologies, in the scope of innovative technolo-
gies (Du et al., 2017; Liu et al., 2019). Ultimately, self-healing, prefabrication, BIM,
3D printing, carbonation and RFID are the selections for this study. It is believed that
these technologies have potential for development in China and they will be presented
in detail in 2.2.4.

The typical recycling process of concrete debris comprises three stages: transporta-
tion, production of RA, and production of RC (Fan et al., 2016; Martinez-Lage et al.,
2020). First, the transport phase includes the transport of (1) CDW from the construc-
tion site to the recycling plant (the recycling plant can be the construction site), (2)
RA from the construction site to the recycling plant (the second type of transportation
exists only when the RA is produced on-site), and (3) RA or RC from recycling plant
to construction site, respectively. Production of RA can be divided into multiple steps
of crushing and screening, and the RC is made in a process similar to conventional con-
crete, except that it uses RA instead of natural aggregates. The boundary of the system
refers to the determination of the subsystem of the SD model and the variables con-
tained in the subsystem. The SD model in this study is designed into three subsystems
according to the division of the recycling process.
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2.2.2 Causal loop structure

Many factors affect the recycling of concrete debris, including environmental, economic,
social, and technological aspects, which are interrelated and mutually influential. To dem-
onstrate that this is a comprehensive system, in addition to the technological, environmen-
tal and economic aspects discussed, we have brought in the typical social parameters that
drive the built environment development, such as population and GDP, which can directly
influence the supply, demand and flow of the construction materials. Creating a causal loop
diagram (CLD) is an important process that helps to clarify the causal relationships among
the factors and identify the feedback relationships in the loops to facilitate the design of
relevant variables and parameters in the SD model based on the loops. Vensim software is
used here to draw CLD, not only to visualize the CLD structure but also to create complex
dynamic models based on CLDs at any level of detail (Sahlol et al., 2021). “+” and “-”
refer to positive and negative feedback, respectively. The causal loop structure provides the
visualizing of relationships and feedback effects between variables, which can be extended
further in the SD model. The developed causal loop diagram affecting the recycling indus-
try comprises a total of 11 major loops referring to innovative technology factors, ranging
from 4 to 12 in length. The interactions among different loops decide the system’s final
behavior. As can be seen in Fig. 2, the recycling system for CDW consists of several com-
mon enclosures. CDW is driven by frequent construction activities due to urbanization,
and its recycling is aimed at promoting the economy, reducing environmental impacts,
and balancing supply and demand, which are the primary concerns of construction man-
agement. The main means of promoting recycling considered in this study are innovative
technologies.

Besides that, the feedback loops in Fig. 3 also show that there are variables that
can be controlled directly or indirectly to improve the recycling rate and increase the
generation of recycled products. For instance, frequent construction activities increase
the market demand for construction materials, which drives recycling. However,
increasing construction activity may also lead to more illegal dumping of CDW. It
calls for additional means to control the system with both negative and positive feed-
back. The diagram shows that material demand and supply, innovative technologies,
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Fig.2 The causal loop diagram of the proposed model
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Urban population

<Time>

Fig.3 The stock-flow diagram of concrete debris recycling system

CDW generation and government management combine to influence recycling. In
fact, the supply and demand of materials and the generation of CDW are inevitable
in the context of urbanization, so the main tool to promote recycling in this system is
innovative technology, which is influenced by government management and economic
development.

2.2.3 Model formulation: a case study of China

CLD is a simple mapping of a system and its components and interactions. By cap-
turing the interactions and feedback loops in the CLD, it can reveal the structure of
the system (Sterman, 2000). Based on the relationships among the variables in the
causal loop diagram of the concrete debris recycling system, the factors and feedback
relationships in the causal loop diagram are extended and converted into a stock-flow
diagram of the SD model using Vensim software by defining all the main variables
affecting the recycling process, as shown in Fig. 3. It contains four types of param-
eters for the development context, construction and recycling activities, government
management, and impact/benefit dimensions, i.e., constants, auxiliary variables, flows
(or rate), and stocks (or level). The hollow arrow with the valve represents the flow,
the rectangle represents the stock, and the others are constants and auxiliary variables.
The parameters in angle brackets are shadow variables, which are set only to avoid the
confusion of the arrow lines. Stocks and flows are the core of the SD system, which
consists of two main paths from CDW generation (End-of-Life stage) to disposal land-
filling and recycling. Other auxiliary variables and constants are used as parameters
to influence the flow and stock. We finally measured the multidimensional contribu-
tion of the system incorporating the innovative technology in terms of production of
RC (outflow of recycled material) and (CDW) recycling rates, economic benefits, and
environmental benefits (CO,).
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2.2.4 Data sources and parameter setting

The data of parameters in the SD model are obtained from the available previous
research, publications, governmental reports and some relevant official websites.
The units, values, and sources of the quantitative variables in the model are shown in
Table 1.

In this study, the attention and availability of new technologies were mainly consid-
ered when selecting innovative technologies. Table 2 describes the innovative technolo-
gies that are currently being widely discussed and focused on for concrete materials and
construction. They are BIM, RFID, prefabrication, 3D printing, self-healing technol-
ogy, and carbonation. BIM is a digital tool that serves the whole life cycle management
of construction. Modeling with BIM allows monitoring and management of data and
metrics throughout the building lifecycle, which helps optimize the resource consump-
tion and environmental impact of building materials (Meng et al., 2020). RFID is an
Internet of Things technology mostly used in the logistics industry. It uses electromag-
netic fields to automatically identify and track tags attached to objects. In contrast to
bar codes, RFID uses tags that do not need to be in the line of sight of the reader, so it
can be embedded in the object being tracked (Landaluce et al., 2020). Based on this fea-
ture, RFID has recently been commonly used in the embedding of building structures to
track the location of the building components during the construction and in-use phases
(Valero & Adan, 2016). RFID has been shown to improve the efficiency of transporting
construction materials, the efficiency of utilizing concrete structures, and the percentage
of structures that can be recycled at the end of their service life through tracking man-
agement. Prefabrication and 3D printing are new technologies that serve to optimize the
construction process. Both technologies have a large number of practical examples and
are already being used in several global regions. Prefabrication is the practice of assem-
bling structural components at a factory or other manufacturing site and transporting the
complete components or subcomponents for assembly to the construction site (Agha-
sizadeh et al., 2022). By transferring the manufacturing process to a factory, material
losses are greatly reduced, and structural modularity increases the ease of construction
and demolition, reducing the generation of broken concrete debris that is not conducive
to reuse and recycling (Hu et al., 2022). 3D printing is the use of a robotic arm or gantry
system to form a building structure by spraying or extruding concrete slurry (El-Sayegh
et al., 2020). This highly automated operation is controlled by a computerized system,
which can avoid a lot of waste in human operation. Self-healing technology and carbon-
ation are presently used in a smaller range of applications than the previous technolo-
gies. Self-healing is typically done using bacteria and fungi added to the concrete mate-
rial. The mycelium can undergo biomineralization, a metabolic process that metabolizes
phosphates, silicates, sulfides and carbonates (Seifan et al., 2016). The mineralized
organization fills the cracks created by the concrete material, thus extending the service
life of the structure. Carbonation, then, is the process by which the alkaline material in
the concrete material reacts with the acidic gas (CO,) in the climatic environment. This
process involves a series of chemical reactions that ultimately lead to a reduction in the
porosity of the concrete structure resulting in a denser structure (Xuan et al., 2016).
Carbonation is particularly suitable for recycled concrete materials since RA structure is
considered extremely porous (Zhang et al., 2022a). CO, and RA utilization can be com-
bined by carbonation, then it can contribute to the reduction of environmental impact
(GWP) and increase the efficiency of recycled material use.
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2.2.5 Model validation

Due to the complexity of the real system, the model is an abstraction and simplification
of the real world under certain conditions, which cannot fully reflect reality. Therefore,
the validity of the constructed model needs to be checked to verify its reflection in the
real world (Golroudbary & Zahraee, 2015). Only the tested model can be reliable and
applicable for the realization of research purposes. In combination with existing litera-
ture studies (Schwaninger & Groesser, 2009), the model was checked using the follow-
ing tests:

Boundary test: This test is concerned with whether the model contains all essential
variables that correspond to the research purpose; meanwhile, the test helps assure vari-
ables that are irrelevant to the research question are excluded from the model. This test
is performed by examining all the variables that have been embodied in the SD model.
By adding new stock to the system boundary (in-use stock) and removing the already
existing flow (RC outflow), we find that the logic of the system is completely changed.
Thus, we concluded that the current system boundary setting is reasonable and each
variable is critical for the purpose of the study, which is to evaluate the recycling pro-
cess of concrete debris.

Structure verification: model structure evaluation is used for evaluating the model
logic and its consistency with the practical situation. The information included in the
structure and all cause-and-effect chains of the causal loop diagram (shown in Fig. 2)
is based on a comprehensive literature review in this domain and CDW management
practice. As such, the structure of this model is logical and closely consistent with the
practical system. For instance, in China, CDW is transported to landfills and recycling
plants after it flows out of the built environment. Since China currently has almost no
on-site sorting system for CDW, CDW that has not been landfilled is first collected and
then separated at a collection center for the easily recyclable concrete debris and high-
value metals within it. Concrete debris is crushed in recycling plants to produce aggre-
gates which are then used in recycled concrete in different scenarios. The structure of
this model is realistic and logical.

Dimensional consistency test: this test requires that measurement units of all the var-
iables in the model are dimensionally consistent. The “check model” in software Ven-
sim provides a useful function for checking the consistency of system dimensions. The
dimensional consistency test result of the SD model “Units are A.O.K.” indicated that it
has passed the dimensional consistency test.

Extreme conditions test: the extreme conditions test is used to determine whether the
equations in the model show proper behavior under the extreme conditions in the varia-
ble domain. We select the concrete composition (component ratio of the concrete debris
in mixed construction waste) and recycling rate as the test variables to evaluate the SD
model under extreme conditions. Taking the extreme values of example variables, the
normal values of these two ratio variables are within the range of 0 and 1. Three simula-
tions of concrete composition were conducted according to the values of 0.2, 0.9, and
0.57 (the current value), respectively, and the change in the production rate of RC and
collected construction waste was obtained as shown in Figs.4a-b. The recycling rate was
simulated four times with values of 0.05 (the current value), 0, 0.4, and 0.5, and the
results can be seen in Figs.4c-d.

As shown in Fig. 4, these simulation results are consistent with the actual situation.
The RC productivity and collected construction waste increases gradually over time as
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Fig.4 Test of extreme conditions for the production rate of RC and collected construction waste. A
Extreme conditions of concrete composition for production rate of RC, B extreme conditions of concrete
composition for collected construction waste, C extreme conditions of recycling rate for production rate of
RC, and D extreme conditions of recycling rate for collected construction waste

the proportion of concrete debris in CDW rises from 0.2 to 0.9 and the CDW recycling
rate increases from O to 0.5. For instance, “Recycling rate =0 refers to the worst-case
scenario of no action in the CDW recycling process, and “recovery rate =0.5" means
a relatively high recycling rate (50%) for the current situation in China. One of the
values between 0 and 0.5 is the recycling of 5%, representing the actual situation in the
recycling process in China. In fact, the increase in “Recycling rate” means the devel-
opment of technologies and management in construction activities. Advanced technol-
ogy improves the productivity of secondary materials and thus increases the quantity
of recycled products.

In general, the applicability and feasibility of this SD model can be ensured through
the above four tests.

3 Simulation results

After running the SD model, the simulation results are analyzed and discussed by
dividing them into status quo and 12 scenarios. The 12 scenarios were determined
based on setting a+30% float for the usage rate (or market share) of the six technolo-
gies in the concrete process chain.
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3.1 Quantification of major variables

The analysis of the current situation is based on the classification of parameters, including
stock, flow and economic and environmental benefits (detailed classification can be found
in the supporting information).

3.1.1 Stock and flow

There are six parameters in Fig. 5, containing one stock parameter (CDW stock) and five
flow parameters (waste increase, recycling, recycling of concrete debris, production of RA,
and production of RC). The results are shown in Fig. 5, which indicates the dynamics of
the CDW stock and materials flows from 2010 to 2030. The one stock parameter in the
concrete debris recycling system is “CDW stock,” which is characterized by continuous
growth and does not tend to slow down over time. The reason for this continued growth in
the waste stock is that the increase in waste generation was more than ten times the growth
in four types of recycling materials during the same period. Specifically, the trend between
2010 and 2030 of flow parameters is consistent, with the most significant increase from
3.0 to 12 billion tons in the “waste increase” (see Fig. 5). However, since “recycling” has
increased rather slowly compared to the increase in “waste increase” over a set period of
twenty years, the gap between generation and recycling (landfilling flow) has been gradu-
ally enlarged, which actually means that the majority of the generated waste is shipped to
landfills. The remaining four flows are different stages of recycled materials. Since the four
recycling materials have a sequential production relationship, that is, the former material is
the raw material of the latter one, thus they grow in the same trend. It can also be seen from
the same changing trend that there is a difference in the rate of growth between the various
materials. The growth rate of recycling concrete debris and the production of RA is signifi-
cantly lower, i.e., the slopes of the lines representing these two materials are the smallest.

3.1.2 Environmental impacts and economic benefits

The variables related to the environment and economy in this SD model are “envi-
ronmental impact from the construction sector” and “economic benefits.” The carbon
dioxide equivalent (CO, eq/year) and Chinese Yuan (CNY/year) were chosen to meas-
ure the two types of impacts. Figure 6 shows the dynamics of these two parameters
after running the model. The trends of the environmental effects and economic benefits
in this system are opposite in 2010-2030. The system would have achieved optimistic
results in terms of environmental and economic benefits. The environmental benefits
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come from the increase in “recycling” and the gradual application of innovative tech-
nologies in construction activities, resulting in a significant decrease in CO, emissions.
The increase in economic benefits is twofold. It derives from the market benefits cre-
ated by recycled materials and the charged by legal landfills and the fines from illegal
landfills. As shown in Fig. 5, the increment of recycling is much smaller than that of
landfilling, so the main reflection of economic benefits is the increased landfilling flow.
However, since CO, emissions from the system are also affected by the landfilling of
CDW, the negative environmental impact it contributes will inevitably rise as the land-
filled CDW increases.

When the results in Figs.5-6 are combined, it becomes clear that there is an actual
dilemma here. With huge quantities of CDW being transported to landfills, it leads to
increased emissions of CO,. As the main environmental protection stakeholder, the
government will formulate stricter policies to control the capacity of landfills. How-
ever, it is difficult for the current technology to provide high profits on a large scale
because technological advances cannot match the massive generation of construction
waste. Therefore, once the cost of landfills increases and more CDW is forced to be
recycled, putting more pressure on the existing CDW disposal industry, the effective-
ness of the entire system will be greatly dropped.

3.1.3 Sensitivity analysis

Economic benefits, environmental impact, and waste increase are the most significant
factors influencing concrete debris recycling behavior. We performed Monte Carlo
simulations to determine the sensitivity of these three indicators to innovative tech-
nologies. To maintain consistency with the following scenario simulations, innovative
technologies were set as a control variable with +30% of the maximum and minimum
values. The results are shown in the box plot in Fig. 7. Economic, environmental, and
waste generation indicators are all most sensitive to prefabrication technology, which
produces hundreds of times higher impacts than other technologies, but only +3%. The
carbonation technology, on the other hand, has the weakest impact, almost close to
zero. Overall, the impact of innovative technology changing on all three indicators is
small compared to the current situation, which means that the uncertainty of the results
is not high and is reliable in this system.
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Fig.7 Sensitivity analysis results for the environmental, economic, and waste increase parameters. A The
control variables are carbonation, self-healing tech, 3D printing, RFID, and BIM; B The control variable is
prefabrication

3.2 Scenario simulation results

To assess the impact of innovative technologies on the recycling process of concrete debris,
we conducted a scenario analysis based on the built SD model. Six innovative technologies
for construction activities that have been hotly discussed in recent years are selected as the
analysis objects. Based on reports from Chinese consultants analyzing the market for these
technology applications, they all estimate that these technologies have an annual growth
potential of 27-35% (except for carbonation and self-healing, which are still in the labora-
tory stage in China). Thus, the six variables were set to have fluctuations of 30% of their
existing values to evaluate the degree of their impact on the recycling industry. As shown
in Fig. 8, the impact of innovative technologies on RC production can be divided into two
categories. One type is the increase in market share that favors RC production (prefabrica-
tion, 3D printing, RFID, self-healing) and the other type is the decrease in market share
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Fig.8 The impact of changes in the use of innovative technologies (based on the status quo) on RC produc-
tion. Figures drawn by Vensim software
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that promotes RC production (BIM and carbonation). Interestingly, we can find that (1)
only the decrease in “self-healing technology” does not affect RC production compared to
the “current” scenario; (2) a 30% increase in market share for carbonation and BIM will
instead reduce RC production, and (3) the RFID usage will have a positive impact on RC
production no matter how it fluctuates. Suppose the goal is to increase RC production. In
that case, the results show that adopting prefabrication and 3D printing are the technolo-
gies with the most significant positive impact on RC production. At the same time, BIM
and carbonation fail to contribute to the growth of RC.

Figure 9 shows the effect of the innovative technology on the CDW recycling rate. Com-
pared to the “current” scenario, the scenarios that have a negative impact on the recycling
rate are BIM —30%, 3D printing —30% and prefabrication —30%. The reduced market
shares of self-healing and carbonation technologies have no effect on the recycling rate.
The remaining scenarios all can improve the recycling rate. Similar to the results in Fig. 8,
both scenarios with+30% and —30% fluctuations in RFID provide positive effects, and the
settings that cause the most significant impact are also reflected in the +30% for prefabrica-
tion and +30% for 3D printing scenarios.

Overall, prefabrication and 3D printing have the greatest impact on the RC production
and CDW recycling rate compared to the other technologies. But absolutely, changes in
the usage of innovative technologies have little effect on RC production and recycling rate.
This is mainly because the current adoption rate of these innovative technologies in China
is so low that even a 30% change in them would not significantly affect the results. If there
is a visible share of the market for these technologies in the future, then we believe the
innovative technologies are worthy of being applied on a large scale, especially prefabrica-
tion and 3D printing.

The results in Figs. 8-9 both show that the increased market share of prefabrication and
3D printing has the greatest positive impact on concrete recycling. 3D printing can assist
in the production of some simple prefabricated structures, indicating that they can be used
simultaneously in some scenarios (Volpe et al., 2021). So we set up their mixed-use as a
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Fig.9 The impact of changes in the use of innovative technologies (based on the status quo) on recycling
rate. Figures drawn by Vensim software
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scenario to evaluate the effect of the overlapping use of the technologies. When we try to
run the model to get the effect of the hybrid scenario, we instead get similar results to the
effects caused by prefabrication in Figs. 8-9. Although compared to other technologies,
3D printing shows a clear effect on RC production and recycling rates, it is still a hundred
times worse than prefabrication in the current market situation in China. Their combined
use has an impact on this system almost equal to the consequences of using prefabrication
individually.

4 Discussions
4.1 Implication and suggestions

The research analyzed the impact of innovative technology in the concrete debris recycling
process by using the SD method. The findings provided us with some implications for the
management of CDW in China. It can be seen from Fig. 6 that economic and environmen-
tal benefits can be achieved simultaneously in the recycling system of concrete by adopt-
ing innovative technologies and increasing the recycling rate of CDW. There are many
stakeholders involved in CDW management, typical of which are clients, government and
policymakers, recyclers (manufacturers and suppliers), architects (designers), structural
and civil engineers, and builders (Shooshtarian et al., 2020). But evaluating the concrete
recycling chain from the perspective of one of the stakeholders results in a dilemma. The
most critical of all actions is the government and recyclers, whose behaviors directly affect
the adoption of CDW recycling. The conflict between the government’s concern for envi-
ronmental benefits and the recycler’s focus on economic benefits is present throughout the
CDW recycling process. In the SD model, the economic benefits are mainly derived from
landfill charges and fines for illegal landfills. From the government’s perspective, once the
construction waste recycling rate is increased to a larger percentage in the future, it will be
a sacrifice to the economy to reduce the environmental burden. From a recycler’s perspec-
tive, they typically have two paths to recycling concrete debris. When recycling is designed
as downcycling and upcycling, it brings different economic and environmental benefits.
Downcycling produces low-quality products for narrow applications, while upcycling pro-
duces products that can be used in multiple types of constructions. Di Maria et al. (2018)
use practical examples to show that upcycling is more sustainable but that the most sustain-
able solution may be the one with the highest economic cost. Theoretically, priority should
be given to upcycling in search of better environmental benefits; most recyclers consider
downcycling to make a profit. We, therefore, believe that the development of a CDW recy-
cling industry is predicated on the need to make a trade-off between economics and the
environment. To enable recyclers to make financial revenues and governments to obtain
low-carbon and sustainable results, we recommend that governors use economic instru-
ments (e.g., subsidy for recycling and purchase of recycled products) to stimulate upcy-
cling activities in plants.

The results of the scenario analysis provide a more comprehensive perspective. Innova-
tive technologies can help improve the production of recycled materials and the recycling
rate of CDW, especially prefabrication and 3D printing, which have the greatest impact on
RC production and the recycling rate in Figs.9—10. These technologies with clear effects
should be included in the priorities to be promoted in construction activities. However, the
results also show that the improvement in the recycling system is inefficient. Innovative
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technologies need to be adopted with well-established recycling facilities to be considered
a significant contribution. The Chinese government has been heavily promoting technolo-
gies such as prefabrication and BIM in recent years but has neglected the management of
landfills and recycling of CDW. Mitigating China’s sand and gravel shortage and increas-
ing the productivity of RA should start with encouraging the recycling rate and reducing
the availability of landfills around the city. The effect of the innovative technology will
only be magnified if the basic recycling rate of CDW rises. But we cannot exclude that
there may be other technologies that can strongly influence this recycling system. Innova-
tive technologies considered in this study only include easily quantified and applied param-
eters, there is still a potential to expand the boundary in further research, such as adding
some technologies that are cutting-edge and difficult to quantify (e.g., construction robot-
ics, AR, VR, and the metaverse).

Overall, the results of this paper show the contribution of innovative technologies to the
concrete recycling industry, including increased recycling rates of CDW, increased pro-
duction of recycled products, reduced environmental impact and increased economic effi-
ciency. These results can encourage the activities of stakeholders in the CDW recycling
industry.

4.2 Limitations and next step

The limitations of this paper are reflected in the data acquisition and model building. The
SD model contains a great deal of data, and a large part of them is derived from the litera-
ture and statistics. The literature can provide data that are actually limited. We do not deny
that local data from the literature were used in the model to represent the national average.
China has a vast territory and a very diverse spatial character. The economic development
and urbanization levels in western and eastern China are uneven, resulting in spatial differ-
ences in CDW generation, recycling rates, and waste management. Local data are hardly
representative of the general situation. However, due to the unavailability of national CDW
management data, we can only use data directly from publications. These errors cause
some uncertainty in the model, and we believe that future studies that analyze quantitative
CDW management strategies for multiple spatial regions would reduce the uncertainty in
this study.

In the model building, we ignore some not very important details to streamline the sys-
tem. In the calculation of landfilling, the study used generation minus backfilling and recy-
cling. The actual case of landfilling will be less than the value in this system due to the
fact that there are some reuse flows in the circular system in addition to backfilling and
recycling. Nevertheless, we believe that reuse is more applicable to the wooden compo-
nents of buildings and components such as windows and doors and that concrete struc-
tures are mostly not left intact during demolition, so the reuse flow of concrete materials
is ignored. The reuse of concrete structures is becoming possible with the increased use of
prefabrication and modular construction techniques. Future studies are recommended to
include reuse considerations to approximate the actual situation in construction and recy-
cling activities.

Besides the incomplete consideration of the circular flow, the deficiency of the system is
also manifested in the inadequate consideration of the environmental impact. Environmen-
tal impacts are recognized as inclusive indicators in many life cycle assessment studies of
the built environment, covering GWP, acidification potential (AP), ozone depletion poten-
tial (ODP), etc.(Abd Rashid & Yusoff, 2015). Only CO, emission is used in this paper to
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represent the environmental impact. We think that although the environmental impact is
multifaceted, controlling greenhouse gas emissions is currently one of the most important
environmental tasks for the Chinese government. Carbon peaking and carbon neutrality
are among the most pressing goals to achieve in managing the built environment. The Chi-
nese government’s commitment to reach carbon peaking and carbon neutrality by 2030
and 2060, respectively (Zhang & Chen, 2022), requires a joint effort by the construction
industry, so CO, emissions are used here to represent the environmental impact of the con-
struction industry. The inclusion of other significant environmental impacts caused by the
construction industry, such as PM2.5, could be taken into account in the following study.

5 Conclusion

In this paper, we model the SD to simulate the effects of recently and frequently discussed
construction technological innovations on the recycling system of concrete debris. With
the urbanization growth and urban renewal in China, frequent construction activities have
made this country the largest generator of CDW in the world. Therefore, the data from
China are input into the system to visualize the results. The results include the stock and
flow of the concrete materials in the recycling chain at the EoL stage, the economic and
environmental benefits resulting from recycling activities, and the analysis of scenarios
under set technological fluctuations. The market share of innovative technologies is slowly
growing over time, but not keeping pace with the generation growth of CDW in China.
Accordingly, from 2010-2030, the stock and flow of recycled concrete materials continues
to grow but is still less than the volume of CDW generated and landfilled. The innovative
technology has contributed to an increase in the recycling rate of CDW and a consequent
reduction in the environmental impact of the system, but the increase in economic benefits
is more attributable to charges and fines for (legal and illegal) landfilling that cannot be
avoided based on current CDW management policies. The results of this study concluded
that while innovative technologies positively impact the recyclability of construction mate-
rials, particularly prefabrication and 3D printing, these impacts are not evident due to the
very small market share of innovative technologies in China today. In order to enhance the
role of technological innovation, we suggest that regulators should primarily use financial
instruments to encourage different forms of recycling activities to make the most efficient
use of technology in construction and reduce the extraction of virgin resources, thus creat-
ing economic and environmental benefits. The results of this paper could be further refined
by providing local data and building a more detailed SD system. The analysis of innovative
technologies can also be transferred to regions with similar characteristics, such as rapid
urbanization and large quantities of generated CDW, but with low recycling rates.
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