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Abstract: Accurately and rationally quantifying the environmental impact of construction and demoli-
tion waste (CDW) management is paramount, especially the environmental impact of different waste
disposals, and more effective policies should be implemented to manage CDW. However, previous
research on CDW disposal has typically ignored the potential for energy recovery and focused on a
single environmental impact category. Therefore, this study aims to develop a conceptual framework
to assess the environmental impacts under different CDW management scenarios (including reuse,
recycling, energy recovery, and landfill), quantifying the global warming potential and resource
consumption impacts under different scenarios. This framework incorporates Building Information
Modeling to accurately collect data for feedback to the Life Cycle Assessment. The results indicate
that Scenario 3, which considers the circular economy strategy, efficiently reuses metals, plastics,
glass, and wood, generates recycled aggregate from concrete and cement, recycles bricks and tiles,
and uses the remaining waste for energy recovery. This CDW management scenario, which prioritizes
reuse and recycling, is the most effective in mitigating carbon emissions, resulting in a reduction
of 6.641 x 10° kg CO, eq. Moreover, it significantly conserves resources and prevents the energy
consumption of 4.601 x 107 MJ. Among them, metal reuse saves 42.35% of resources, and plastic
reuse saves 31.19% of resources. In addition, increasing the reuse rate and recovery rate can directly
avoid carbon emissions and cumulative exergy consumption, effectively alleviating environmental
issues. This study can provide new ideas for the treatment of CDW, which can provide a basis for the
relevant government departments to formulate CDW management policies.

Keywords: construction and demolition waste; environmental impact; life cycle assessment; building
information modeling

1. Introduction

Construction and demolition waste (CDW) is a kind of solid waste that arises from
construction sites and the total or partial demolition of buildings and infrastructure [1].
It consists mainly of various inert materials (such as concrete and bricks) and non-inert
materials (such as wood and plastic) [2]. CDW may contain harmful elements, such as toxic
heavy metals [3]. If CDW is not disposed of properly, it can cause serious environmental
problems and safety dangers. Accelerated global urbanization and industrialization have
led to a massive increase in CDW. Global CDW is estimated to increase from 12.7 billion
tons to 27 billion tons by 2050 [4].

At present, CDW disposal methods mainly include reuse, recycling, incineration, and
landfill [5,6]. Most countries, especially developing countries like China, India, and South
Africa, are more likely to use landfills or even illegal dumping. Around 35% of CDW
is landfilled globally [7]. This disposal solution will have a huge negative impact not
only on the environment, but also on waste recyclable materials and energy. Therefore,
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this unsustainable disposal method needs to transition toward sustainable approaches to
reduce its environmental impact. The concept of a circular economy (CE) is a sustainable
development strategy aimed at increasing the efficiency of material and energy use through
regenerative models, thereby reducing waste and emissions [8]. It depicts an economic
system based on a business model that replaces the unsustainable linear economic model
of take-make-consume-dispose with a sustainable circular pattern of take-make-consume
-reuse-recycle [9]. The circular economy model aims to maintain the circulation of products
and materials through efficient and intelligent reuse strategies, thereby decreasing reliance
on virgin materials and mitigating negative environmental impacts [10]. In the context of a
circular economy, C&D waste management strategies are extended from open-ended “3R”
(reduce, reuse, and recycle) to narrowing, slowing, and closing material loops [11]. Using
the concept of CE to handle CDW can lead to reductions in carbon emissions as well as
minimizing wastage and consumption of resources.

The global annual production of CDW exceeds 10 billion tons [12], resulting in signifi-
cant adverse environmental impacts. The relevant environmental impacts include green-
house gas emissions, resource depletion, land degradation, and landfill exhaustion [13].
Global warming and excessive resource consumption pose a threat to the ecological envi-
ronment and human health [14,15]. Global warming is the increase in temperature due to
the continuous accumulation of the greenhouse effect. Relevant studies have demonstrated
an approximately linear relationship between cumulative carbon emissions and global
average temperature [16]. We used carbon emissions to represent the global warming po-
tential category. For resource consumption, we adopted cumulative exergy consumption as
its indicator. When compared to other resource accounting methods, the major advantage
is the ability to weigh different energy and material resources in a scientifically sound way,
bringing them onto one single scale and eliminating the fuel and feedstock discussion [17].
Therefore, we considered two environmental impact indicators, global warming potential
and resource consumption, for environmental assessment under different CDW manage-
ment scenarios.

The Life Cycle Assessment (LCA) is widely used to assess the environmental impact
of a product or process during its life cycle and is more commonly used in waste effect
assessment. For example, Zakerhosseini et al. [18] used LCA to evaluate the environmental
impacts of four methods: demolition, transport, recycling, and landfills. It took into account
multiple environmental impact indicators but did not consider the potential for energy
recovery. Wang et al. [19] developed a conceptual framework using BIM and LCA to
evaluate the carbon emissions of building demolition waste. However, they emphasized
carbon emissions and did not consider other environmental impacts. Qiao et al. [20]
conducted a LCA of three typical recycled products manufactured from CDW. The results
indicated that recycled products from CDW could achieve significant carbon emissions
reductions. Zhang et al. [21] assessed the environmental benefits of producing recycled
aggregates from CDW. The results indicated that using CDW to produce recycled aggregates
is environmentally feasible. However, they only considered a single waste management
method. Some other studies have focused on the comparison of CDW management
solutions. For example, Wu et al. [22] evaluated the carbon emissions generated under three
typical construction waste management scenarios based on a simplified LCA approach.
They found that waste recycling has lower carbon emissions than landfilling. Liu et al. [23]
used LCA to compare the carbon emissions generated under three different waste disposal
options in Guangzhou, China, and discovered that the production of recycled powder
could significantly reduce carbon emissions. Wang et al. [24] developed a framework based
on LCA to assess carbon emissions from the life cycle of demolition waste and found that
metal waste has a significant environmental contribution. However, the studies above
focused mainly on the impact of carbon emissions, ignoring other environmental impacts
and the benefits of recycling energy. To fill these research gaps, we take into account the
potential of energy recovery and focus on the environmental impacts of multiple indicators.
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Several studies have also assessed the impact of CDW management on resource
consumption. Dewulf et al. [17] quantified the consumption of resources for construction
materials under three end-of-life management options. Hoque et al. [25] analyzed the
resource consumption generated at CDW recovery rates of 6.5% and 80%, respectively.
Huysman et al. [26] used resource consumption indicators to select the most appropriate
plastic waste treatment option. The scholars mentioned above have a bias toward analyzing
the environmental impact based on individual indicators such as resource consumption,
lacking research on multi-indicator analyses. However, few studies have specifically
conducted environmental impact assessments focusing on the two indicators of global
warming potential and resource consumption at the end-of-life of buildings.

To enable an accurate assessment of the environmental impacts of CDW, it is a prereg-
uisite that appropriate methods should be established to quantify CDW information, such
as CDW type, CDW number, and CDW position [27]. Currently, there are limitations to
obtaining CDW data information accurately and efficiently. For instance, the on-site direct
measurement method entails conducting surveys on-site, involving direct measurements
such as weighing or volumetric measurements [28], which are time-consuming, labor-
intensive, and costly. The unit area coefficient estimation method calculates the total waste
amount by multiplying the provided unit generation rate by the relevant quantity [29].
Nevertheless, due to variations among buildings, this method lacks precision. Estimation
based on material inventory and flow is another approach. This method is commonly
employed to quantify the inventory of waste materials, input and output flows within
a specified area, and their dynamic changes over a period to estimate waste quantities.
However, this method is solely applicable for estimating waste on a regional scale and may
not effectively analyze demolition waste from individual buildings. Based on these issues,
BIM provides an effective solution. Building Information Modeling (BIM) is an information
management process throughout the life cycle of a building that focuses on collabora-
tive use of semantically rich 3D building information models [30]. Based on BIM-based
CDW data calculation, the quantity information of materials can be accurately, quickly,
and systematically extracted from the BIM model and combined with waste indicators,
thus solving the problems of complexity and inaccuracy in quantification in building and
construction waste management [31]. The emergence of BIM aims to innovate building
management and promote more sustainable practices in the built environment [32].

Some researchers have already used BIM to quantify the amount of CDW. For example,
Bakchan et al. [33] proposed a multidimensional framework based on BIM for automatic
estimation of construction waste, providing guidance for the application of construction
waste management. Kim et al. [34] proposed a BIM-based framework that estimates de-
molition waste during the early design stage to achieve effective and simplified planning,
treatment, and management. Xu et al. [35] proposed a method that uses BIM technology to
accurately quantify the greenhouse gas emissions of CDW. These studies have all achieved
accurate quantification of waste through BIM; therefore, it is effective to adopt BIM tech-
nology in the acquisition stage of CDW data in this paper, which can improve estimation
efficiency and accuracy. Some studies have combined life cycle assessment with BIM. For
example, Su et al. [36] designed a tool that can quickly quantify the amount of waste and
assess its environmental impact. Wang et al. [24] developed a BIM-based life cycle assess-
ment method that can be comprehensively applied to evaluate the environmental impact
of various stages of the building life cycle. However, these studies lack environmental
assessments for different CDW management scenarios. Therefore, it is necessary to study
the environmental impact assessment of different CDW management scenarios.

This study aims to present a conceptual framework to assess the environmental im-
pacts generated under different CDW management scenarios. First, we conducted accurate
information estimation of CDW based on BIM and applied mathematical formulas to quan-
tify the impact of indicators. Then, we established a lifecycle environmental assessment
model for CDW by integrating LCA to evaluate the impacts of CDW management on
global warming potential and resource consumption. Through comparison and analysis of
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actual cases, we developed three different CDW management scenarios in order to identify
environmentally friendly management options. This provided new insights for developing
effective measures for managing building demolition waste.

2. Methods

In this study, we employed an integrated approach combining LCA and BIM to
establish a conceptual framework. By integrating various mathematical formulas, we
developed a CDW life cycle environmental impact assessment model to evaluate the
environmental effects of CDW management. The overall conceptual framework is shown
in Figure 1.
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Figure 1. The overall conceptual framework.

2.1. Goal and Scope Definitions

The goal of this study is to identify the environmental impacts under different CDW
management scenarios, considering two major impact categories: global warming and
resource consumption. The relevant representative indicators are carbon emissions and
cumulative exergy consumption. Figure 2 shows the scope of this study for the CDW life
cycle, CDW from generation to final disposal. The main steps include waste collection
and sorting, transportation, and disposal. In this study, the generated CDW collection was
classified into three types of waste: Group A (metal, plastic, timber, and glass), Group B
(concrete, cement, brick, and ceramic tile), and Group C (mixed fragment). The treatment
of CDW varies depending on the management scenario.
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Figure 2. Life cycle stages of construction and demolition waste.

2.2. Inventory Analysis

In this stage, all data within the system need to be collected. The data information
of CDW is the basis of LCA, so the type and quantity of CDW need to be accurately
identified. Most current methods used to extract CDW information have proven to be
time-consuming, inaccurate, and complex [35]. Studies have demonstrated the accuracy
and adequacy of construction information and data obtained using BIM software and its
ability to extract information on real material data. Therefore, this paper provides CDW
data information through BIM. We use Revit 2016 software to create the architectural and
structural model and the MEP model. The former simulates the main building structure and
stores in-formation regarding the relevant components of the main building body (columns,
walls, doors, etc.) and the corresponding building materials (concrete, bricks, glass, and
other materials). The latter simulates the building plumbing and electrical wiring, with
the corresponding materials made mainly of plastic. After the above models are created,
their material types and volumes are extracted to form multiple component information
schedules. They will be aggregated and classified to estimate the CDW quantity based on
the amount of building elements as the CDW data source.

Other data include a range of carbon emission factors over the life cycle, machine
efficiency, energy consumption factors, and unit leachate production. The specific data
above were obtained from field surveys, literature reviews, and publicly available databases,
but they will vary from one situation to another, and these data sources are discussed in
the following sections.

2.3. Impact Assessment

This phase builds the CDW life cycle environmental assessment model. The carbon
emissions reflect the global warming potential, and the cumulative exergy consumption
reflects the resource consumption. The environmental assessment is carried out by analyz-
ing the activities in the three stages of CDW generation, transportation, and disposal. The
calculation of the indicators for each stage is as follows.

2.3.1. Carbon Emissions

The carbon footprint of buildings includes both operational carbon footprint and em-
bodied carbon footprint [37]. Operational carbon refers to emissions generated from energy
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consumption during the operation of buildings [38]. Embodied carbon is the carbon emit-
ted during the construction of buildings including production, construction, maintenance,
and end of life stages [39]. The carbon emissions arising throughout the life cycle of CDW,
categorized as embodied carbon emissions, primarily encompass two distinct aspects: one
is the carbon emissions generated by various activities [40], and the other is the carbon emis-
sions reduced through reuse, recycling, and energy recovery instead of raw materials [41],
which bring environmental impacts and environmental benefits, respectively.

(1) Generation stage

This stage of the carbon emissions source is generated mainly by the operation of the
machine, which is calculated as follows:

E1:ZQu*Vu*€a*fe ()

where
E; is the carbon emissions from machine operation (unit: Kg CO, eq.),
Q, is the amount of work done by machine a (unit: m? or t),
V, is the work efficiency of machine a (unit: h/m? or h/t),
e, is the energy consumption of the machine working per hour (unit: kg or kwh./h),
fe is the carbon emission factor of unit energy (unit: Kg CO, eq./kg or kwh.).

(2) Transportation stage

In this stage, carbon emissions are determined according to the transportation volume,
transportation distance, energy consumption rate, and carbon emission factor for the
transportation process:

Ey =) Qt;xDt;xer* fe )

where
E, is the emission of vehicle operation (unit: Kg CO; eq.),
Qt; is the amount of material i transported (unit: t),
Dt; is the transportation distance of material i (unit: km),
e is the energy consumption of transporting one kg item per km (unit: kg/t-km),
fe is the carbon emission factor of unit energy (unit: Kg CO; eq.).

(3) Disposal stage

Based on the “2006 IPCC national greenhouse gas inventories program”, the carbon
emissions are calculated as the activity value multiplied by the corresponding emission
factor [29]. We used IPCC 2013 GWP 100a V1.01 to calculate the carbon emissions of raw
material substitutes.

(1) Material market

In this phase, the CDW reuse treatment generates all environmental benefits, i.e., the
reduction of carbon emissions through the substitution of raw materials:

E3 = —) Qri*fr; (©)

where
E3 is the carbon emission benefits from material reuse (unit: Kg CO, eq.);
Qr; is the amount of replaced material i (unit: t);
fr; is the unit carbon emission factor for replacing raw material i (unit: Kg CO, eq./t).

(2) Recycling plant

The treatment emissions of CDW should be related to the treatment amount and
the emission factor of the corresponding unit. To calculate the carbon emissions of each
type of CDW, emission factors under different types of CDW were selected for the CDW
cycle processing. Meanwhile, through waste recycling, raw materials can be replaced by
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recycled materials, i.e., carbon emission benefits can be generated through recycling, with
the following equation:

Ey =) Qki* fki — Qk; * fh (4)

where

E4 is the carbon emissions from recycling (unit: Kg CO; eq.);

Qk; is the amount of recycled processed material i (unit: t);

fki is the unit carbon emission factor for recycled processed materials i (unit:
Kg CO, eq./t);

fh; is the unit carbon emission factor for replacing raw material i (unit: Kg CO, eq./t).
(3) Incineration plant

Carbon emissions are generated when the waste is incinerated, while the energy
recovered from the waste can replace other fossil fuels, thus reducing carbon emissions and
bringing environmental benefits, which can be expressed by the formula:

E
ESZQi*Y—Qi*fw*9 5)
C

where
Es is the carbon emission of waste incineration (unit: Kg CO; eq.),
Q; is the amount of waste burned (unit: kg),
Ey is the calorific value of waste (unit: KJ/kg),
E. is the standard coal calorific value (unit: KJ/kg),
fe is the carbon emission factor of unit energy (unit: Kg CO; eq.).
Y is the carbon emission per kg unit of waste (unit: Kg CO, eq./kg),
g is the carbon emissions per kg of standard coal (unit: Kg CO, eq./kg).

(4) Landfill

The emission factors under different types of CDW are selected when CDW is carried
out to landfills:

Ee =) Qli = fl; (6)

where
E¢ is the carbon emissions from landfill (unit: Kg CO, eq.);
Ql; is the amount of landfill material i (unit: t);
f1; is the carbon emission factor for landfill material i (unit: Kg CO; eq./t).

2.3.2. Cumulative Exergy Consumption

The cumulative exergy consumption for disposal at each stage of the CDW life cycle is
expressed as follows.

(1) Generation stage
This stage of cumulative exergy consumption includes the consumption of machinery
during waste demolition and sorting:

CExCy =) Qd; * rd 7)

where CExCj is the cumulative exergy consumption in the generation stage (unit: MJ), Qd;
is the amount of material 7 (unit: kg), and rd; is the exergy consumption factors for material
iin the generation stage (unit: MJ /kg).

(2) Transportation stage

The cumulative exergy consumption in this stage is generated during vehicle trans-
portation:

CExC; = 2 Qti * 1t (8)



Sustainability 2024, 16, 2980

8 of 18

where CExC; is the cumulative exergy consumption in the transportation stage (unit: MJ),
Qt; is the amount of material i (unit: kg), and rt; is the exergy consumption factor for
material i in the transportation stage (unit: MJ/kg).

(3) Disposal stage

In this stage, the cumulative exergy consumption is that generated by the different
disposal scenarios:
CExCy, = 2 Qm; * rm; 9)

where CExC,, is the cumulative exergy consumption in the disposal stage (unit: MJ), Qm;
is the amount of material i (unit: kg), and rm,; is the exergy consumption factor for material
i in the disposal stage (unit: MJ/kg).

At the same time, when people use reuse or recycling options instead of landfill
options for CDW disposal, the original resource extraction is avoided, i.e., the avoided
product can be fully quantified as net avoided cumulative energy consumption, and this
equation is as follows [17]:

CExCret.ao. = CEXCap + CEXCong—of—life disposal — CEXCrecovery (10)

where

CExCpet.ap. is the net avoided cumulative exergy consumption (unit: MJ),

CExCyy is to avoid the cumulative exergy consumption required to produce electricity
and heat from fossil fuels (unit: MJ),

CExXCend—of—life disposal 1S the cumulative exergy consumption required for the initial
option to treat the waste (unit: MJ),

CE meOWy is some cumulative exergy consumption required for energy recovery
from waste materials (unit: MJ).

2.4. Results and Interpretation

To make comparisons of environmental impacts, some scholars use weighting methods
to obtain a single score indicator for LCA, which may help decision makers read and easily
interpret LCA results. However, this study presents a comparison that does not assign
different relative importance factors to impact categories. This aspect is aggravated by the
many variables at stake, which may give rise to the higher or lower relative importance
of certain factors over others: the ecological sensitivity of certain regions, human con-
cerns about that region, stakeholders’ interests/opinions, time constraints, and economic
reasons, among others [42]. Therefore, this study considers the importance of all impact
categories equally.

The decomposition method is used to calculate the respective results for each category
of indicators, and, finally, the results obtained at each stage for each indicator are summed
up to obtain the total. Therefore, we obtain the total CDW life cycle carbon emissions E,
total cumulative exergy consumption C.

E=E+E+E3+Es+ E5+Eq (11)
C = CExCp + CExC; + CExCy, (12)

3. Case Study
3.1. Case Description

To validate the applicability and effectiveness of the framework built in this paper, a
typical high-rise residential building in Dalian, China, was selected for analysis. Although
this case specifically centers on high-rise residential buildings, the present study introduces
a comprehensive research framework and methodology that are applicable to various
other building types. This building was constructed in 2005 and was recently prepared for
demolition due to the city’s renewal program. The case project is a shear wall structure with
a total construction area of 5876 square meters, which is a civil building. Its construction
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materials can represent most general civil construction requirements, such as common steel,
concrete, glass, and timber.

3.2. Inventory Analysis

Acquisition of CDW data information. In this study, we employed Revit 2016 software
to create a three-dimensional visualization model of the entire building, attaining a Level of
Development (LOD) rating of LOD300 [43]. The model represents various elements as dis-
tinct systems, objects, or components and provides crucial details including quantity, size,
shape, location, and orientation. Additionally, the model incorporates non-graphical data
pertaining to material properties, parameters, and other attributes of the components. This
comprehensive model serves as an efficient tool for cost estimation and construction coor-
dination, enabling functionalities such as collision detection, construction scheduling, and
visualization. By using established three-dimensional visualization models encompassing
architecture, structure, and MEP systems, we extracted pertinent information pertaining to
the building’s primary components, including their types, quantities, material parameters,
and other attributes (see Figure 3). The collated and summarized data are presented in
Table 1.

Water Supply Model

I <B_External wall schedule>
Component type . lArea [ - I\/olume (m*) <
Figure 3. BIM visual models and partial schedule.
Table 1. CDW information schedule.
CDW Material Volume (m?) Density (t/m?) Change Factor Weight (t)
Group A 8774
Steel 59.88 7.85 1 470.06
Aluminum 13.12 2.7 1.02 36.13
Plastic 133.55 1.6 1.1 235.05
Timber 159.89 0.7 1.05 117.52
Glass 7.10 2.5 1.05 18.64
Group B 9212.92
Concrete 2092.99 2.42 1.1 5571.54
Cement 617.61 2 1.2 1482.26
Brick 782.42 1.9 1.2 1783.89
Ceramic tile 126.34 2.7 1.1 375.23
Group C 146.89
Mixed fragment 94.16 13 1.2 146.89

Total 10,237.21
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Through conducting a local market survey, we obtained the efficiency and energy
consumption rates of the machinery required for the CDW generation phase (see Table 2).
Given the actual distance in Dalian, we estimated the distance between the CDW demolition
site and each disposal center to be approximately 30 km. Additionally, we sourced other
inventory data, including the diesel carbon emission factors and electricity carbon emission
factors for machine activities and transportation vehicles, from the IPCC 2013 GWP 100a
V1.01 and the National Development and Reform Commission (NDRC), respectively (see
Table 3). Furthermore, we retrieved the carbon emission factors for raw materials replaced
by waste from the IPCC 2013 GWP 100a V1.01 (see Table 4). The carbon emission factors for
disposal at recycling plants and landfills were derived from Shi et al. [44]. When calculating
energy recovery, we obtained the calorific value of construction waste from Jin’s research
and the calorific value of standard coal from GBT2589-2020 [45,46]. Moreover, we extracted
the disposal energy consumption coefficients for different waste stages from Dewulf [17].
The carbon emissions per unit of standard coal were sourced from the China Products
Carbon Footprint Factors Database (CPCD) [47], whereas the carbon emissions per unit of
waste incineration were based on Huang [48] (see Table 5).

Table 2. Work efficiency and energy consumption rates of machines.

. Work . Ener Ener . Data
Machine Efficiency Unit Typ%y Consumpt;goyn Rate Unit Source
Rock drill 0.355648 h/m? Electricity 16.1 kwh/h
Hydraulic hammer 0.038396 h/m? Diesel 221 kg/h onsite
Crawler bulldozer 0.0266715 h/m? Diesel 17.3 kg/h survey in
Crawler excavator 0.025281 h/m? Diesel 17.3 kg/h Dalian
Crawler hydraulic rock crusher 0.124016 h/m? Diesel 26.2 kg/h

Table 3. Carbon emission factor of unit energy.

Carbon Emissions

Energy Type Factor Unit Source
Diesel 4.16015 kg COy eq./kg IPCC 2013 GWP 100a V1.01
Electricity 0.8357 kg CO, eq./kwh NDRC, 2010

Table 4. Carbon emission factors of raw material reduction.

Raw Materials Carbon Emission Factors

Waste Materials Replaced of Raw Material Source
P Reduction (kg CO; eq./t)
Steel Steel 2268.6477
Aluminum Aluminum 20,074.1686
Plastic Plastic 1866.6075
Timber Timber 919.2599 IPCC 2013 GWP
Glass Glass 1166.5981 100a V1.01
Masonry material Natural coarse 24250
waste aggregate

Mixed fragment - -

Table 5. Calorific value of materials and carbon emissions per unit of material.

Type Unit Numerical Value
Calorific value of construction waste KJ/kg 5000 !
Calorific value of standard coal KJ/kg 7000 2
Carbon emissions per standard coal kg 24933
Carbon emissions per unit of waste incineration kg 0.614

! Data from Jin [45]. 2 Data from GBT2589-2020 [46]. 3 Data from CPCD [47]. 4 Data from Huang [48].
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3.3. CDW Management Scenarios

As shown in Table 6, we have designed three CDW management scenarios. The first
scenario represents the actual management situation in many Chinese cities currently. The
second case considers the total flow from the landfill and minimizes downstream impacts
due to the landfill. Third, we have developed a practical solution for efficient recycling
based on circular economy principles.

Table 6. Waste management scenarios.

Material Type Scenario 1 Scenario 2 Scenario 3

Group A

Steel Reuse Reuse Reuse

Aluminum Reuse Reuse Reuse

Glass Landfill Reuse Reuse

Plastic Landfill Incineration Reuse

Timber Landfill Incineration Reuse
Group B

Concrete Landfill Recycle Recycle

Cement Landfill Recycle Recycle

Brick Landfill Recycle Recycle

Ceramic tile Landfill Recycle Recycle
Group C

Mixed fragment Landfill Landfill Incineration

3.3.1. Scenario 1

In China, the traditional CDW management method is linear way, using the “resource-
product-waste” economic model, and the recycling and reuse rate of construction waste is
less than 5% [6], and most of the CDW is simply landfilled. The only high-value waste that
is reused or recycled is metals.

3.3.2. Scenario 2

This scenario is based on the open 3R strategy of the linear economy, taking into
account the environmental impact of construction waste and debris management and
controlling the landfill flow for final disposal. High-value materials like metals and glass
are reused for sale, concrete, cement and bricks are recycled, timber and plastics are
incinerated to recover energy, and the rest goes to landfills.

3.3.3. Scenario 3

In scenario 3, CDW management is based on a circular economy strategy. Different
from the traditional linear economy of the past, the circular economy offers a new view
of today’s products as tomorrow’s resources to create a virtual cycle in a world of limited
resources [11]. The value of materials and products is preserved for the longest possible
time in the life cycle, and at the end of the product’s life cycle, the upgrade of recycled
materials is carried out, which can be used repeatedly as a secondary resource. The
implementation of reuse is considered one of the best waste management practices for
the recirculation of materials in the CE model. It is preferred over recycling because of its
lower energy use. Therefore, this scenario improves the reuse rate as much as possible,
focusing on the upstream impact. Concerning the framework of the circular economy
management model built by Lopez et al. [49], metals, plastics, glass, and timber are treated
for reuse, concrete and cement for recycled aggregates production, bricks and ceramic tiles
for recycling, and the rest for energy recovery. This study assumes that materials sold in
the market can completely replace the same amount of raw materials, and that materials
recovered and processed in recycling plants can completely replace natural materials.
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3.4. Calculation Results and Interpretation

Tables 7 and 8 show the carbon emissions and cumulative exergy consumption at
different stages under the three management scenarios of CDW.

Table 7. Carbon emissions of the three waste management scenarios.

Stage Scenario 1 Scenario 2 Scenario 3

(kg CO, eq.) (kg CO, eq.) (kg CO,, eq.)

Generation stage 1.503 x 10° 1.503 x 10° 1.503 x 10°
Transportation stage 1.520 x 10* 1.520 x 10* 1.520 x 10*
Disposal stage 2.687 x 10* —3.003 x 10° —8.295 x 10°
Materials market ~1.792 x 10° —1.813 x 10° —2.360 x 10°
Recycling plant 0 1.703 x 10° 1.703 x 10°
Incineration plant 0 —4.128 x 10° —~1.720 x 10°

Landfill 1.819 x 10° 2.233 x 10° 0

Total 1.923 x 10° —1.348 x 10° —6.641 x 10°

Table 8. Cumulative exergy consumption of the three waste management scenarios.

Stage Scenario 1 (M]) Scenario 2 (M]) Scenario 3 (M]J)

Generation stage 1.167 x 10° 1.167 x 10° 1.167 x 10°

Transportation stage 1.188 x 10° 1.188 x 10° 1.188 x 10°

Disposal stage 2.676 x 10° 3.166 x 10° 3.082 x 10°
Materials market 0 0 0

Recycling plant 0 2.509 x 10° 2.509 x 10°

Incineration plant 0 2.867 x 100 5.729 x 104
Landfill 2.676 x 100 4.847 % 104 0

Total 5.031 x 100 5.520 x 100 2.663 x 100

In Table 7, Scenario 1 produces the most carbon emissions (1.923 x 10° kg CO; eq.), fol-
lowed by Scenario 2 (—1.348 x 10° kg CO, eq.) and Scenario 3 (—6.641 x 10° kg CO; eq.),
where the negative carbon emissions indicate the environmental benefits of material
reuse, recycling, and energy recovery. The carbon emissions generated by the scenar-
ios are the same in the generation stage and the transportation stage. The generation
stage produces the largest share of the carbon emissions in the CDW life cycle, reaching
1.503 x 10° kg CO, eq. The disposal stage includes the environmental impact of CDW
disposal and the environmental benefits of CDW disposal. In Scenario 1, the largest con-
tribution of carbon emissions is generated in the landfill with 1.819 x 10° kg CO, eq.
Scenarios 2 and 3 have lower carbon emissions than Scenario 1 due to the environmental
benefits associated with alternative raw materials and energy recovery. As the total landfill
flow of CDW is considered in Scenario 2, the carbon emissions generated in the landfill are
1.596 x 10° kg CO, eq. less than those in Scenario 1, which brings a huge benefit. However,
the carbon emissions of Scenario 2 are higher than Scenario 3 by 5.293 x 10° kg CO; eq.
because Scenario 2 has not yet fully maximized the use of the material, and some waste
is still in the landfill. In Scenario 3, we reuse and recycle materials as much as possible,
and the recycled resources avoid the use of virgin materials. Therefore, in the disposal
stage, the reuse of treated steel, aluminum, plastic, timber, and glass as substitutes for
the corresponding raw materials in Scenario 3 brings environmental benefits of up to
2.360 x 10° kg CO, eq. It effectively provides a long life for the material and extends the
resource value of CDW.

In Figure 4, the avoided carbon emissions from material reuse, recycling, and energy
recovery under each scenario are presented. The results show that among the three waste
management options, the reuse of materials achieves the best emission reductions. Mean-
while, among the three waste management scenarios, the CDW management scenario
in the circular economy avoids the most carbon emissions (2.644 x 10° kg CO; eq.), sav-
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ing 8.519 x 10° kg CO, eq. and 1.359 x 10° kg CO, eq. compared to Scenarios 1 and 2,

respectively.
B Reuse ®Recycle ®Energy recovery
Scenario3 262
Scenario2 2 673
Scenariol _

0 5 10 15 20 25 30
unit: x10°kg CO,eq.

Figure 4. The avoided carbon emissions under different scenarios.

As seen in Table 8, the cumulative exergy consumption of the generation and trans-
portation phases under each management scenario is the same. In the disposal phase, most
of the CDW of Scenario 1 is disposed of in the landfill, so the cumulative exergy consump-
tion is all generated at the landfill (2.676 x 10° MJ). The cumulative exergy consumption
for Scenario 2 is higher than that of Scenario 1 by 4.89 x 10° MJ because energy recov-
ery consumes more resources compared to landfill, but the former brings much greater
resource savings than it consumes. Meanwhile, the CDW landfill in Scenario 2 still results
in a cumulative exergy consumption of 4.847 x 10* MJ, as the conservation treatment has
not been maximized. In contrast to the other scenarios, the maximum substitution of steel,
aluminum, plastic, timber, and glass for the corresponding raw materials in Scenario 3
directly avoids the extraction of primary resources, i.e., the cumulative exergy consumption
is zero. Scenario 3 has the lowest overall cumulative exergy consumption, with the main
consumption coming from the recycling plant (2.509 x 10° MJ).

Table 9 shows the net avoided cumulative exergy consumption for different materi-
als under the three management scenarios of CDW. The net avoided cumulative exergy
consumption is always positive for all of the following disposal scenarios, indicating that
either scenario results in net savings in raw resources. In Scenario 1, the reuse treatment
of steel and aluminum saves 1.949 x 10”7 M], whereas the other materials have no savings
because they are still disposed of in landfills. The energy saved in Scenario 2 is 1.2 times
greater than in Scenario 1, due to the direct reduction in landfill volume and recycling of
other materials, but there is still room for improvement in resource savings. Of the three
scenarios, the third brings the most energy savings at 4.601 x 107 MJ. The most economical
overall scenario includes the reuse of steel, aluminum, plastic, timber, and glass (saving
3.793 x 107 M]J), recycling of masonry materials such as concrete and masonry (saving
2.157 x 10° M]), and energy recovery of mixed debris (saving 5.229 x 10° MJ), which can
be seen as simple reuse makes for maximum resource savings.
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Table 9. The net avoided cumulative exergy consumption.

Material Type Scenario 1 (M]) Scenario 2 (M]) Scenario 3 (M]J)
Group A 1.949 x 107 2.136 x 107 3.793 x 107
Steel 1.233 x 107 1.233 x 107 1.233 x 107
Aluminum 7.155 x 100 7.155 x 100 7.155 x 100
Plastic 0 3.620 x 10° 1.435 x 107
Timber 0 6.373 x 10° 6.373 x 10°
Glass 0 8.732 x 10° 3.454 x 10°
Group B 0 2.157 x 10° 2.157 x 10°
Concrete 0 1.003 x 10° 1.003 x 100
Mixed debris 0 1.154 x 10° 1.154 x 10°
Group C 0 0 5.229 x 10°
Mixed fragment 0 0 5.229 x 10°
Total 1.949 x 107 2.352 x 107 4.601 x 107

4. Discussion

In this study, it can be found that maximizing reuse and recycling treatment under
the circular economy strategy can bring the greatest environmental benefit rather than
environmental impacts throughout the life cycle of CDW.

For the global warming potential category, the avoided reduction in carbon emissions
at CDW disposal is five times greater than the sum of carbon emissions from the CDW
generation and transport phases under the management approach of Scenario 3. This differs
from Wu et al., who found that the deductible benefits of life-cycle carbon emissions from
CDW, regardless of disposal measures, were not sufficient to offset the carbon emissions
from the material embodied impact and transport phases [22]. This may be because it does
not take energy recovery into account, whereas this study verified the benefits of energy
recovery during CDW disposal.

For materials with high thermal potential (timber and plastics), Scenario 2 incineration
disposal was performed, and the results showed that energy recovery can significantly
reduce the carbon emissions generated by the raw materials, accounting for 26.83% of the
carbon emissions saved by replacing them. The finding is also demonstrated by the study
of electricity generation using wood chip pellets instead of coal [50].

Meanwhile, it can be found in the results of the carbon emissions from the different
waste components that the share of CDW is only 0.35% of aluminum, the largest share
of carbon emissions saved by replacing raw materials, accounting for 40.48%, 28.92%,
and 27.44% of the carbon emissions avoided by various materials in Scenarios 1, 2, and 3,
respectively. In contrast, concrete with a CDW share of 54.42% avoids only 0.15% of carbon
emissions in the recycling of Scenario 3. This suggests that the environmental impact of
various materials is not necessarily proportional to mass or volume, which is consistent
with Wang et al.’s study [24].

For the resource consumption category, the transport process generates the largest
contribution (46.61%), which is directly related to the mode of transport and the volume
of transport. Moreover, simple disposal in landfills generates less resource consumption
than energy recovery of plastics and timber in incineration plants, because energy recovery
requires mechanical equipment to dispose of the waste, which generates more resource
consumption. However, it should be noted that the raw resource consumption avoided by
energy recovery can yield additional benefits. This is consistent with the study of Dewulfa
et al., which found that if 1 kg of wood was recycled for energy, 7.43 MJ of resource
consumption would be saved [17]. For the stone fraction, disposal at a recycling processing
plant is approximately 10 times less resource-intensive than landfill disposal, and the
former also has a greater potential for resource savings, with 2.157 x 10° MJ avoided when
the stone is recycled.

Of the three scenarios, the disposal scenario of Scenario 3 brings the greatest resource
savings. The overall resource savings from Scenario 3 are approximately 17 times greater
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than those required for the disposal solution, which demonstrates the benefits of a CDW
management program based on a circular economy. In this scenario, most of the resource
savings are related to metals (42.35%), followed by plastics (31.19%), but their mass share is
only 4.9% and 2.3%. They have demonstrated that for energy-intensive materials, such as
aluminum and plastics, more resource savings are added through reuse [25].

Based on BIM, this study has established an assessment framework. Despite the
ongoing evolution of BIM and the challenges in predicting its future development [51], this
assessment framework can serve as a reference for government departments in formulating
policies for CDW management. The CDW management program under the principles
of circular economy has demonstrated high environmental performance. The results
show that the increase in reuse and recycling rate can directly avoid carbon emission
and cumulative exergy consumption and effectively mitigate environmental problems.
Therefore, government departments focus on the improvement of reuse and recycling rates,
including recycling and energy recovery. In particular, the disposal of energy-intensive
materials such as aluminum and plastics should be emphasized. The transition from
Scenario 1 to Scenario 3 requires the active cooperation of various stakeholders (designers
and constructors, etc.) so that the environmental impact of CDW can be reduced at
source and the disposal of different waste types with minimal environmental impact can
be achieved.

5. Conclusions

This study proposes a conceptual framework that combines LCA and BIM methods to
quantitatively assess the environmental impacts caused by CDW management. Through a
case study project, three different CDW management scenarios were created. This study
fills a research gap in assessing the impact of CDW life-cycle management on the aspects of
global warming potential and resource consumption in the circular economy. Comparing
the three waste management scenarios, the environmental impact under Scenario 3 CDW
management is the minimum. The main findings of this study are as follows:

(1) Under the circular economy strategy, the CDW management plan that maximizes
reuse and recycle has the least environmental impact and can avoid the most carbon
emissions and cumulative exergy consumption. Therefore, when formulating CDW
management policies, relevant departments should give priority to the circular econ-
omy strategy, substitute secondary materials for raw materials as much as possible,
and focus on improving the reuse rate and recycling rate.

(2) The environmental benefits brought by the recycling of various materials are not neces-
sarily proportional to their quality or volume. Compared with other materials such as
concrete, the environmental benefits of metal and plastic reuse are the most significant,
with metal ranking first in terms of the total amount of resource savings, followed by
plastic. The best management approach for these energy-intensive materials is reuse,
as it requires the least amount of energy compared to material recovery. Therefore,
CDW management plans should prioritize the reuse of metals and plastics to reduce
the environmental impact caused by carbon emissions and resource consumption.

(3) The avoidance of original resource consumption through energy recovery can gener-
ate additional benefits, and its saving effect on original resources cannot be ignored.
Therefore, it needs to be comprehensively considered in decision making. For dif-
ferent materials, the resource consumption and resource-saving potential during the
recycling process vary. Therefore, when formulating CDW management policies,
relevant departments should select the most suitable treatment method based on
actual conditions.

6. Limitations and Future Research Directions

The proposed framework has limitations. This paper solely addresses the scenario of
collecting and sorting materials directly at the construction site, disregarding the reality
that many construction sites lack such capabilities during demolition activities. If we
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entertain the option of transporting materials to other processing plants for sorting, it will
inevitably incur environmental repercussions. Furthermore, the assumption made in this
study that materials available in the market can seamlessly substitute the same quantity
of raw materials, and that materials reclaimed and processed in recycling facilities can
fully supplant natural materials, represents an idealistic scenario. Therefore, the figures
provided in our study for carbon emission reductions and net avoided cumulative exergy
consumption should be regarded as the utmost potential.

In forthcoming research, the actual circumstances of diverse construction sites should
be taken into account to refine the framework. Additionally, when considering buildings
slated for demolition, the advantages of selective deconstruction should be considered
during the demolition process to maximize the quality of materials and enhance the
efficiency of recycling building materials and components.
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