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Abstract: To conduct a more in-depth study on carbon emissions and influencing factors during the
materialization stage of prefabricated buildings, this paper focused on a residential prefabricated
building in Beijing. The LCA method, combined with BIM technology, was utilized to establish a
process-based “LCA-BIM” carbon emission statistical platform and to propose a carbon emission
calculation method. The carbon emissions during the materialization stage were calculated. The
results revealed that the production of building materials contributed the highest proportion of
carbon emissions, accounting for 85.73% of the total emissions during the materialization stage.
Specifically, reinforcing steel and concrete dominated the overall carbon emissions from building
materials, accounting for 97.44% of the total. Through a quantitative analysis in the process of carbon
emissions calculation, the main factors influencing the carbon emissions during the production
stage of building materials were identified. This study adopts a combined approach of empirical
analysis and a literature review, establishing six basic hypotheses for four aspects: material selection,
energy consumption, material storage, and carbon emissions in the production stage of building
materials. A structural equation model was used to theoretically validate the influencing factors in the
production stage of prefabricated building materials. SPSS27.0 and AMOS28 software were employed
for data analysis. From the perspective of the overall impact, material selection had the strongest
overall impact on the production stage of building materials, followed by energy consumption, while
material storage had the smallest overall impact. From the perspective of direct impacts, energy
consumption had the strongest direct impact on the carbon emissions in the production stage of
the building materials. The findings of this study can provide a theoretical reference for national
institutions and businesses for carbon emission evaluation and decision-making.

Keywords: LCA; materialization stage; prefabricated building; structural equation modeling; material
selection

1. Introduction

Currently, China is gradually accelerating its process of industrialization, resulting
in a continuous increase in greenhouse gas emissions. The total carbon emissions rank
among the highest in the world. In order to showcase its role as a major country, China is
shouldering an increasingly important responsibility in reducing greenhouse gas emissions.
Data indicate that the construction industry accounts for 40% of global energy-related
carbon emissions [1], and its impact on the environment is profound and long-lasting.
According to the “Research Report on China’s Building Energy Consumption and Car-
bon Emissions (2020)” [2], the total carbon emissions from China’s construction industry
reached 4.93 billion tons of CO2 in 2018, equivalent to 51.3% of the country’s total carbon
emissions [3,4]. In order to achieve China’s proposed goals of “peak carbon emissions” and
“carbon neutrality” [5–7], it is essential to effectively control the carbon emissions from the
construction industry. The “14th Five-Year Plan for the Development of the Construction
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Industry” issued by China’s Ministry of Housing and Urban-Rural Development encour-
aged the development of prefabricated buildings, with prefabricated buildings accounting
for over 30% of new buildings by the end of the planning period [8]. Currently, the carbon
emissions of China’s construction industry mainly come from traditional “cast-in-place”
buildings [9–11], with reinforcement steel and concrete being the primary building ma-
terials, resulting in significant carbon emissions during the construction stage. To meet
modern environmental standards, it is necessary to reform traditional construction methods
and adopt low-carbon building materials and construction techniques, to reduce carbon
emissions [12–14]. Prefabrication technology [15,16] is one of the key means of energy
conservation and emission reduction. Compared to cast-in-place structures, prefabricated
composite panels require less concrete, reinforcement steel, and formwork, and can also
reduce the generation of construction waste. With its environmental benefits, prefabricated
construction [17,18] has been widely applied in countries around the world.

Against the backdrop of low-carbon development, numerous scholars have conducted
extensive research on the carbon emissions of buildings. According to research by Yan [19],
the operational stage accounts for approximately 80% of the total life cycle of carbon
emissions of buildings, while the materialization stage accounts for nearly 20%. The materi-
alization stage [20] refers to the process of material production, component processing and
manufacturing, product transportation, and construction installation, before the building
is put into use. From an overall perspective, the carbon emissions in the materialization
stage are not high. However, considering the annual average carbon emissions [21,22], the
carbon emissions in the materialization stage are much higher than those in the operational
stage, making the study of this stage significant. Researchers have conducted studies on
the calculation of carbon emissions in the materialization stage of buildings. Xiao [23]
conducted a calculation study on the carbon emissions in the materialization stage of a
railway bridge. The results showed that the carbon emissions in the materialization stage
of the bridge were 70,426,750 kg, with material production contributing as much as 78%,
the transportation stage contributing 15%, and construction stage contributing the lowest,
at only 8%. Qian [24] calculated the materialization stage carbon emissions of a certain
rail transit station as an example and, through a case analysis, found that steel accounted
for a higher proportion in the carbon emissions from building materials, at 50.84%; diesel
was the main source of carbon emissions from machinery consumption, accounting for
70.62%; and personnel accounted for a high proportion of 78%. Luo [25] proposed a calcu-
lation method for materialization carbon emissions in the design stage, providing suitable
methods for different design stages. The materialization carbon emissions of prefabricated
buildings were evaluated by Sun [26], and through empirical analysis of relevant cases, the
evaluation result of the project was classified as AA grade, representing a moderate level
of carbon emissions. Wang [27] conducted a comparative analysis of the materialization
carbon emissions between prefabricated buildings and cast-in-place buildings, and the
results showed that the carbon emissions per square meter in the materialization stage
of prefabricated buildings were reduced by 2.65 kg compared to cast-in-place buildings.
This study primarily focuses on the impacts generated by prefabricated buildings in the
materialization stage.

Traditional carbon emission calculations suffer from the complexity of measurement
methods and a lack of accuracy. The emergence of building information modeling (BIM)
technology [28] has transformed the traditional calculation methods, by providing coordina-
tion and visualization capabilities. BIM plays a crucial role in the design and construction
stages, breaking through the limitations of traditional carbon emission calculations by
leveraging 3D models and project information. Core design software such as Revit2023
and quantity surveying software such as GTJ2021 [29] can significantly improve the accu-
racy and completeness of quantity data. In quantifying building carbon emissions, both
domestic and international scholars commonly utilize the life cycle assessment (LCA) [30]
method from a managerial perspective, to evaluate the environmental impacts of carbon
emissions during the building production stage.
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Currently, there is a significant amount of research on carbon emission calculation
methods, but there has been relatively limited research on exploring the influencing fac-
tors [31]. Regarding the study of factors influencing building carbon emissions, literature
surveys have revealed a main focus on two areas. First, from the perspective of the entire
construction industry, research has been conducted on the factors affecting carbon emis-
sions in the industry. For example, Yang [32] utilized scenario analysis and found that
building area and energy consumption are key factors influencing carbon emissions in the
construction industry. Second, research has focused on the entire lifecycle of buildings
or solely on the carbon emissions factors during the operational stage. For instance, G.
Becker [33] used a life cycle inventory analysis to assess the carbon emissions of five differ-
ent types of residential building, and found that the building envelope played a significant
role in carbon emissions during both the construction and operational stages. Structural
equation modeling (SEM), which combines factor analysis and path analysis techniques,
can evaluate the structure and relationships between various factors and assess the overall
fit of the model. Given the strengths and applicability of SEM, it can effectively support
this study.

This study adopts the life cycle assessment (LCA) method in conjunction with BIM
technology to construct a process-based “LCA-BIM” [34] carbon emissions statistical plat-
form. The study defines the boundaries for greenhouse gas emissions and the materi-
alization stage carbon emission calculation for prefabricated buildings. Furthermore, a
carbon emissions estimation model for the materialization stage of prefabricated buildings
is proposed. The main influencing variables affecting carbon emissions in the production
stage of building materials were identified through a quantitative analysis of the carbon
emission measurement process. By combining existing research findings and empirical
analysis, all influencing variables were determined. The internal structure was analyzed
using a structural equation model (SEM), to theoretically validate the influencing variables
and determine their strength and weakness, as well as identify the key influencing factors.

2. Research Methodology

The research methodology of this paper primarily encompassed three aspects: LCA,
carbon emissions calculation, and analysis of influencing factors. The interrelationships
between the methods are illustrated in Figure 1.
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2.1. LCA Methodology

LCA is a method used to assess the environmental impact of a product throughout
its lifecycle [30]. This study adopted a process-based analysis approach [30], known for
its detailed and accurate procedures and that has gained significant recognition from the
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International Organization for Standardization (ISO). The LCA methodology is illustrated
in Figure 2. The LCA method is divided into four steps, according to ISO 14040 [35]
standard:

(1) Goal and scope definition: Define the objectives, scope, and boundaries of the LCA
study.

(2) Inventory analysis: Collect data on energy and material consumption, and establish
input or output inventories.

(3) Impact assessment: Use the results from the inventory analysis to assess relevant
potential environmental impacts.

(4) Interpretation of results: Combine the results from the inventory analysis, conduct
quantitative evaluations, and provide conclusions and recommendations.
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2.2. Carbon Emission Calculation Methodology
2.2.1. Scope Boundary for Greenhouse Gas Measurements

The six greenhouse gases (GHGs) controlled under the Kyoto Protocol [36,37] are
CO2, CH4, N2O, HFCs, PFCs, and SF6. According to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC) [38], CO2 is the main greenhouse gas
responsible for carbon emissions, accounting for 76% of the total. Since GHGs such as CH4
account for a relatively low percentage and have less impact on the atmosphere, this study
focused on studying CO2 as the target of carbon emissions.

2.2.2. Materialization Stage Carbon Emission Measurement Boundary

According to the definition of the materialization stage in building construction, the
environmental carbon emissions generated by prefabricated buildings in this stage in-
clude three aspects: building material production, transportation, and construction. Some
scholars have referred to this stage as the study of “from cradle to site” [20]. The carbon
emissions in the building material production stage originate from the production of raw
materials and the processing of prefabricated components. The carbon emissions in the
transportation stage result from the transportation of materials and prefabricated compo-
nents. The carbon emissions in the construction stage arise from the energy consumption
of construction machinery and personnel during the installation of prefabricated compo-
nents or cast-in-place parts. The boundaries for calculating the carbon emissions in the
materialization stage are depicted in Figure 3.

2.2.3. Determination of Carbon Emission Factors

Due to regional and other differences, there is a lack of unified standards for determin-
ing carbon emission factor data in different countries. In this study, the carbon emission
factors used were based on relevant research findings from both domestic and international
sources, as well as data evaluated by the Intergovernmental Panel on Climate Change
(IPCC). References for the carbon emission factors included the “2016 IPCC National Green-
house Gas Inventory Guidelines” [38] and the “Calculation Standard for Building Carbon
Emissions” GB/T51366-2019 [39]. For a detailed list of commonly used carbon emission
factors, please refer to Tables 1 and 2.
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Table 1. Carbon emission factors for materials commonly used in construction.

Type of Material Data Sources Emission Factors

Ordinary silicate cement

Carbon Emission Calculation
Standard for Buildings GB/T

51366-2019

735 kgCO2e/t
C30 concrete 295 kgCO2e/m3

C50 concrete 385 kgCO2e/m3

Sand 2.51 kgCO2e/t
Crushed stone 2.18 kgCO2e/t

Natural gypsum 32.8 kgCO2e/t
Water 0.168 kgCO2e/m3

Hot rolled carbon steel reinforcement 2340 kgCO2e/t

Table 2. Carbon emission factors for common energy sources in building.

Type of Energy Data Sources Emission Factors

Diesel

Carbon Emission Calculation
Standard for Buildings GB/T

51366-2019

72.59 tCO2e/TJ
Petrol 67.91 tCO2e/TJ

Natural gas 55.54 tCO2e/TJ
Liquefied petroleum gas 61.81 tCO2e/TJ

Light petrol van transport 0.334 kgCO2e/t·km
Light diesel truck transport 0.286 kgCO2e/t·km

North China Regional Power
Grid

2016 IPCC Guidelines for National
Inventory Preparation 0.9419 kgCO2e/k·Wh

2.2.4. Building a Platform for Carbon Emission Statistics

Using BIM technology for modeling and calculating carbon emissions can improve
the accuracy and efficiency of estimation, effectively avoiding the complexity and potential
errors that can arise from manual calculations. By utilizing dynamic BIM models, it is
possible to perform both horizontal and vertical comparisons of components, while also
obtaining precise information on labor, materials, and machinery used in a construction
project, thus enabling more accurate carbon emission calculations. If carbon emissions are
estimated and solutions are proposed early in the design stage, significant reductions in
carbon emissions can be achieved in the subsequent project stages [23].

First, using Revit software, we created an architectural model based on the drawing
information and selected appropriate materials and components from the family library. In
this case study, a distinction was made between conventional components and prefabricated
components, considering that the building in question was a prefabricated building. Next,
we input the material and energy consumption information for the components. Due to
the close integration between GTJ software and local building market rates and relevant
specifications, the quantity surveying results were more in line with actual construction
engineering. Finally, we imported the Revit model into GTJ software using the GFC [40]
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plugin, to obtain a summarized bill of quantity for the model. For parts that are difficult
to represent in specific quantities, such as the calculation of energy consumption during
the transportation stage, the bill of quantity data can be imported into GCCP [41] software,
for conversion between quantity and consumption. GCCP6.0 software provides detailed
reports on various sub-items, including labor, materials, machinery, and more. Lastly, we
input the labor, material, and machinery energy carbon emission factors into an Excel
spreadsheet and compared them with the project quantities. By using the carbon emission
calculation formula, the cumulative carbon emissions were calculated, resulting in the total
carbon emissions for the materialization stage of the prefabricated building construction.

The concept of LCA can be applied to the analysis of processes in architectural projects.
This was specifically demonstrated in the analysis of the bill of quantity and the use of BIM
technology to solve the bill of quantity for sub-items. Therefore, it was possible to establish
a process-based “LCA-BIM” carbon emission calculation platform. The specific process for
carbon emission calculation is outlined in Figure 4.
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2.2.5. Carbon Emission Measurement Modelling

This study divided the carbon emissions in the materialization stage into three stages:
materials production, transportation, and construction. The specific calculation boundaries
can be seen in Figure 3. Once the calculation boundaries had been determined, a carbon
emissions calculation model was established. The total carbon emissions in the material-
ization stage were the sum of the carbon emissions from these three stages. The specific
calculation model is as follows:

C = CP + CT + CC (1)

where C is the total carbon emissions in the materialization stage (kgCO2e); CP is the
carbon emissions in the production stage of building materials (kgCO2e); CT is the carbon
emissions in the transportation stage (kgCO2e); and CC is the carbon emissions in the
construction stage (kgCO2e).

• The Production Stage of Building Materials

This stage of CO2 generation consists of two components: the production of building
materials, and the carbon emissions from the processing of prefabricated components.

The carbon emissions from the production of building materials were calculated using
the following formula:

CP1 = ∑ n
i=1 Ji ·Wi (2)
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where Cp1 is the carbon emissions from the production of building materials (kgCO2e); n
denotes the number of unit processes; Ji denotes the amount of the ith building material
used; and Wi denotes the carbon emission factor for the ith building material.

The carbon emissions from the processing of prefabricated components were calcu-
lated according to the following formula:

CP2 = ∑ m
d=1Wd ·∑ n

e=1Ee,d ·Ve (3)

where Cp2 is the carbon emissions of precast processing (kgCO2e); m indicates the number
of types of energy used; n indicates the number of types of precast processing; Ee,d indicates
the amount of energy d used to produce a unit volume of precast e; Ve indicates the volume
of precast e; and Wd indicates the carbon emission factor of energy d.

• The Transportation Stage

This stage of CO2 generation consists of two components: carbon emissions from
the transportation of building materials and carbon emissions from the transportation of
prefabricated components.

The carbon emissions from the transportation of building materials were calculated
according to the following formula:

CT1 = ∑ n
i=1Mi · Li ·Wi (4)

where CT1 is the carbon emissions of the building transportation process (kgCO2e); Mi
denotes the usage of the ith building material (in tons); Li denotes the average transportation
distance of the ith building material (in kilometers); and Wi denotes the carbon emission
factor per unit weight of transportation distance under the transportation mode of the ith
building material (in kgCO2e/t·km).

The carbon emissions from the transportation of prefabricated components were
calculated according to the following formula:

CT2 = ∑ g
f=1W f ·∑ n

e=1Le, f · Ze (5)

where CT2 is the carbon emissions (in kgCO2e) of the transport process of prefabricated
components; g denotes the number of transported prefabricated component types; Wf
denotes the carbon emission factor of transport mode f; Le,f denotes the transport distance
of transported component e using transport mode f ; and Ze denotes the total weight of the
eth prefabricated component.

• The Construction Stage

The generation of CO2 in this stage contains two components: carbon emissions
generated by construction machinery and carbon emissions generated by construction
personnel at the construction site. As the standard has not yet explicitly defined a manual
carbon emission factor, this study used a value of 2.07 kgCO2/person-working day for the
carbon emissions of personnel per working day (working days were calculated on the basis
of 8 h/day), based on Huang [42] who stated that the average annual carbon emissions of
individuals are 2268 kg/year.

The carbon emissions from construction machinery were calculated according to the
following formula:

CC1 = ∑ y
d=1Wd ·∑ n

e=1Ee,d ·Ve (6)

where CC1 is the carbon emissions of construction machinery (kgCO2e); y is the number of
types of energy used; Wd is the energy carbon emission factor; Ee,d is the amount of energy
d used to manufacture a unit volume of a precast or cast-in-place componente; and Ve is
the volume of the precast or cast-in-place component e.
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The carbon emissions of construction workers were calculated according to the follow-
ing formula:

CC2 = ∑ n
e=1Re ·Ve ·Wr (7)

where CC2 is the carbon emissions of the construction crew (kgCO2e); Re is the manual use
of manufacturing component e; Ve is the volume of a component e; and Wr is the manual
carbon emission factor.

• Uncertainty and assumptions

Different researchers have conducted studies on the carbon emissions of prefabricated
buildings. However, the use of different calculation models and variations in system bound-
aries resulted in significantly different research results. For instance, Xie [43] considered
a conversion to CO2 equivalent when calculating greenhouse gases, while Sun [26] took
material recycling into account in the production stage of carbon emissions calculation.
These differences in factors can lead to varying carbon emission values. Therefore, in this
study, the following assumptions were made during the calculation process:

Based on the drawing requirements, the transportation distance for prefabricated com-
ponents was set at 150 km; the default transportation distance for concrete was 40 km; and
for other building materials, the default transportation distance was 500 km (GB/T51366-
2019) [39].

The project was located in Beijing, and the relevant carbon emissions data were based
on the local standards and specifications of Beijing, which may differ from other regions.

In the carbon emission calculation process, commonly used major materials (concrete,
rebar, fired bricks, steel, coatings, and sand) were listed and explained. Materials with
lower quantities and lower costs, for which it is difficult to obtain carbon emission factors,
were not included in the list. The omission of these materials may have impacted the final
results [30].

3. Empirical Analysis
3.1. Case Overview

This project considered a residential building, Block 9, located in a plot in Beijing. The
building consists of triplex units and adopts a prefabricated shear wall structure, with a
prefabrication rate of 41.1%. It has nine above-ground floors and two underground floors,
with a building height of 28.79 m and a total floor area of 5410.16 m2. The project was
modeled using Revit software, and then imported into GTJ construction measurement
software by Glodon in GFC format [40]. A model visualization is shown in Figure 5.
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3.2. Analysis of the Carbon Emission Results

The case study is located in Beijing and relied on standards such as “Beijing Housing
Construction and Decoration Engineering”, “Measurement Specification for Bill of Quanti-
ties (2013-Beijing)”, and “Budgetary Quotas for Construction Projects in Beijing” [44] to
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calculate the quantity, labor, material, and machinery consumption of the Block 9 project.
Considering carbon emission factors, the calculated results for labor, material, and machin-
ery carbon emissions at each stage are shown in Table 3. The carbon emission intensity per
unit area for this project’s building was 387.29 kgCO2e/m2. Research by Wen [45] suggests
that the carbon emission intensity per unit area for traditional cast-in-place buildings is
396.32 kgCO2e/m2. Compared to that, there was a reduction of 9.03 kgCO2e/m2, which is
equivalent to 2.28%, indicating a significant carbon reduction effect.

Table 3. Carbon emissions from labor, materials, and machinery in the materialization stage.

Stage Section Detailed Stage Name of
Component

Carbon
Emissions
(kgCO2e)

Section
Carbon

Emissions
(kgCO2e)

Total Carbon
Emissions
(kgCO2e)

Production
stage

Prefabricated
section

Material
production

Prefabricated
wall 228,928.04

578,511.73

1,796,362.23

Stacked floor
slab 291,952.80

Prefabricated
stair 41,688.73

Prefabricated
air conditioning

panel
6347.43

Prefabricated
component
production

Prefabricated
wall 2687.13

Stacked floor
slab 5777.99

Prefabricated
stair 898.69

Prefabricated
air conditioning

panel
230.92

Cast-in-place
section

Material
production

Concrete 666,287

1,217,850.50

Paints 14,713.05

Sintered bricks 84.72

Galvanized
angles 15,894.11

Sand 537.52

Steel
reinforcement 520,334.10

Transport
stage

Prefabricated
section

Material
transport

Concrete 8457.39

92,027.36 179,057.78

Steel
reinforcement 19,463.73

Transport of
prefabricated
components

Prefabricated
wall 19,229.71

Stacked floor
slab 37,676.50

Prefabricated
stair 5791.84
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Table 3. Cont.

Stage Section Detailed Stage Name of
Component

Carbon
Emissions
(kgCO2e)

Section
Carbon

Emissions
(kgCO2e)

Total Carbon
Emissions
(kgCO2e)

Prefabricated
air conditioning

panel
1408.19

Cast-in-place
section

Material
transport

Concrete 22,502.43

87,030.42

Paints 1137.28

Sintered bricks 144.66

Galvanized
angles 824.40

Sand 30,623.45

Steel
reinforcement 31,798.20

Construction
stage

Prefabricated
section

Construction
machinery

Cranes 5591.96

8873.91

119,890.02

Lorry 1047.50

Construction
personnel 2234.45

Cast-in-place
section

Construction
machinery

Cranes 13,215.26

111,016.11

Construction
lift 6090.44

Lorry 6040.22

Electric
welding
machine

5314.07

Mortar mixer 253.19

Construction
personnel 80,102.93

3.2.1. Analysis of Carbon Emissions by Stage

Comparing carbon emissions across stages, as shown in (Figure 6), the production
stage had the highest carbon emissions, reaching 1,796,362.23 kgCO2e, and accounting
for 85.73% of the total. The transportation stage followed, with carbon emissions of
179,057.78 kgCO2e, accounting for 8.55%. The construction stage had the lowest carbon
emissions, amounting for 119,890.02 kgCO2e. The high carbon emissions from building
materials during the production stage were attributed to the large quantities and high
emission coefficients. The carbon emissions from transportation exceeded those from
the construction stage, due to the diverse range of materials involved in transporting
prefabricated components over long distances, resulting in significant carbon emissions. In
contrast, the consumption of labor, materials, and machinery energy during the construction
of cast-in-place components was higher than that in transportation but the difference was
not substantial. Overall, the carbon emissions from the transportation stage were greater
than those from the construction stage.
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According to the results shown in Figure 7a,b, it can be observed that there were
differences in the carbon emission sources between the prefabricated and cast-in-place
components. The main source of carbon emissions for the prefabricated components was
the material production stage, accounting for 83.74%, particularly in the production of
concrete and reinforcement. The second-largest source was the carbon emissions from
the transportation of prefabricated components, accounting for 9.44%. The smallest con-
tribution to carbon emissions was from the consumption of construction personnel in
the construction stage, which only accounted for 0.32%. This is because prefabricated
components are primarily manufactured in the production stage and require minimal labor
during the construction stage, with construction machinery only used for transportation
and installation.
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For the cast-in-place components, the primary source of carbon emissions was also
the material production stage. As seen in Figure 6, the carbon emissions from transporta-
tion were 87,030.42 kgCO2e, while the carbon emissions in the construction stage were
111,016.11 kgCO2e. This indicates that the carbon emissions generated during the con-
struction stage were higher than those from transportation, due to the significant energy
consumption of the construction machinery and the use of human resources during the
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concrete pouring and construction processes. Therefore, different strategies need to be
adopted for carbon emission control for different types of components. For prefabricated
components, it is important to focus on optimizing material production and the transporta-
tion process of prefabricated elements. For cast-in-place components, emphasis should be
placed on optimizing the energy consumption of concrete pouring, construction machinery,
and personnel.

3.2.2. Analysis of Personnel Carbon Emissions

By referring to “Beijing House Construction and Decoration Engineering” [44], it was
determined that the amount of labor consumed during the construction of prefabricated
components was as shown in Table 4. The highest emitting composite workday, for
prefabricated stairs, was 1.436/m3. Through calculating, the carbon emissions generated by
different prefabricated components, in terms of labor, was obtained, as shown in Figure 8.
The carbon emissions generated by construction personnel for prefabricated walls were
the highest, accounting for 41.74% and resulting in 932.62 kgCO2e, while the carbon
emissions for composite floor slabs were 886.84 kgCO2e. The higher carbon emissions
from prefabricated walls compared to composite floor slabs can mainly be attributed to
the greater use of labor and time in the production process of the prefabricated walls.
Additionally, although the quantity of composite floor slabs was 2.15-times that of the
prefabricated walls, the composite workday for composite floor slabs was only 1/10 of
prefabricated walls. Therefore, the carbon emissions from the composite floor slabs were
4.91% less than for the prefabricated walls. To further reduce carbon emissions, efforts
could be made to reduce labor usage and working time during the production process
of prefabricated walls, or more focus could be placed on the production of prefabricated
components with lower composite workdays, such as composite floor slabs.

Table 4. Quantity of work for prefabricated components and corresponding man/day figures.

Name of Component Quantity of Concrete
(m3)

Combined Working
Days/m3

Reinforcement Weight
(t)

Combined Working
Days/t

Prefabricated wall 237.74 1.17 22.73 7.584
Stacked floor slab 511.2 0.113 48.874 7.584
Prefabricated stair 79.51 1.436 7.602 7.584
Prefabricated air

conditioning panel 20.43 0.678 1.953 7.584
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3.2.3. Analysis of Material Carbon Emissions

By analyzing the material quantity lists and carbon emission coefficients, the carbon
emissions of the different materials were calculated. The results indicated that concrete
and reinforcement were the main sources of carbon emissions, accounting for 97.44% of
the material composition. This was due to the large quantities of these materials used in
construction. As shown in Figure 9, concrete had the highest carbon emissions among all
building materials, reaching 688,789.43 kgCO2e, followed by reinforcement, with emis-
sions of 552,132.30 kgCO2e. The carbon emissions form reinforcement, concrete, and
galvanized angle steel during the material production stage far exceeded those during the
transportation stage. This is because the carbon emission factors of these primary building
materials are high, such as 2340 kgCO2e/t for reinforcement, 295 kgCO2e/t for concrete,
and 2757 kgCO2e/t for galvanized angle steel. On the other hand, the carbon emissions of
sintered bricks were the lowest, only 229.38 kgCO2e. This is because the quantity used was
relatively small, and the carbon emission factors during both the production and transporta-
tion stages were lower. According to the statistics, the carbon emissions of sand during
the material transportation stage were far greater than those during the production stage,
approximately 57-times higher. This indicates that when considering carbon emissions
in the construction industry, the impact of material transportation should be taken into
account, in addition to the carbon emission factors of materials.
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3.2.4. Analysis of Carbon Emissions from Mechanical Energy

By calculating the number of shifts of construction machinery used, we were able
to determine the carbon emissions resulting from their energy consumption, based on
the energy consumption and carbon emission factors for each shift. The carbon emission
parameters for each piece of construction machinery are shown in Table 5. With the
exception of heavy-duty vehicles, which consumed petrol, all other machinery consumed
electric energy.

As shown in Figure 10, electric energy consumption accounted for 80.46%, while
petrol energy accounted for 19.54%. This was mainly due to the dominant consumption
of electric energy during this stage. The crane produced the highest carbon emissions, at
13,215.26 kgCO2e, while the mortar mixer produced only 253.19 kgCO2e. Through analysis,
it can be seen that the crane had the highest number of shifts, which was mainly due to its
on-site transportation and lifting of other materials such as the prefabricated components.
Additionally, its consumption per shift was higher, at 164.31 kWh, which led to a larger
overall carbon emissions output. On the other hand, the mortar mixer only consumed
8.61 kWh per unit shift, which was a much lower electrical energy consumption.
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Table 5. Carbon emission parameters for construction machinery.

Name of Machine Table Classes
(Quantity)

Carbon Emission
Factor (kgCO2e)

Unit Shift
Consumption (kWh)

Type of Energy
Consumption

Cranes 85.39 0.9419 164.31 Electricity
Construction lift 78.99 0.9419 81.86 Electricity

Lorry 33.41 3.1863 56.74 Fuel
Electric welding machine 38.38 0.9419 147 Electricity

Mortar mixer 31.22 0.9419 8.61 Electricity
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4. Analysis of Carbon Emission Factors
4.1. Carbon Emissions Impact Factor Assessment Modelling
4.1.1. Selection of Latent and Dominant Variables

Based on the literature review and the analysis of factors influencing carbon emissions
in the materialization stage conducted by Du [46], and in consideration of the quantifica-
tion process data for carbon emissions in the materials production stage obtained from
practical surveys, we chose material selection, material storage, energy consumption, and
carbon emissions in the material production stage as four latent variables for analysis. The
corresponding manifest variables are shown in Table 6.

Table 6. Information about the variables influencing carbon emissions during the production stage of
building materials.

Potential Variables Explicit Variables Description of Information on
Explicit Variables

Material selection (X)

Traditional high-carbon
material (V1)

Impact of cement materials on
carbon emissions

Material brand (V2)
Impact of material grade

parameters on
carbon emissions

Material size (V3) The effect of material area size on
carbon emissions

Material recycling rate (V4) Recycling rate of waste
materials
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Table 6. Cont.

Potential Variables Explicit Variables Description of Information on
Explicit Variables

Material loss rate (V5) Breakage rates during
material production

Material storage (M1)

Storage time (V6)
The impact of long periods of

material accumulation on carbon
emissions

Storage options (V7)
The impact of multiple

Material stockpiles on carbon
emissions

Storage site (V8)
The impact of indoor and outdoor

stockpiling on
carbon emissions

Energy consumption
(M2)

Unit process (V9) Impact of different production
processes on carbon emissions

Type of energy consumption
(V10)

Impact of different electricity and
fuel energy types on

carbon emissions

Renewable energy usage rate
(V11)

Renewable energy
consumption/total energy

consumption

Carbon emissions from
the production stage of
building materials (Y)

Production of prefabricated
components (V12)

Carbon emissions from
prefabricated component

production

Material production (V13) Carbon emissions from material
production

4.1.2. Research Hypothesis

Based on the assumption principle that “the sample covariance matrix equals the
model covariance matrix” [47], in order to study the degree of influence of latent variables
on carbon emissions in the material production stage, the assumed model path relationships
were as shown in Figure 11, and the following hypotheses [48] were proposed:
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H1: Material selection has a positive and significant impact on material storage.

H2: Material selection has a positive and significant impact on energy consumption.

H3: Material selection has a positive and significant impact on carbon emissions in the material
production stage.
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H4: Material storage has a positive and significant impact on energy consumption.

H5: Material storage has a positive and significant impact on carbon emissions in the material
production stage.

H6: Energy consumption has a positive and significant impact on carbon emissions in the material
production stage.

4.1.3. Model Evaluation Indicators

To ensure the internal consistency of the scale and the reliability of the sample data,
it was necessary to conduct reliability and validity tests on the sample, as well as assess
the overall fit of the model using fit indices [49,50]. In this study, Cronbach’s α was used
for the reliability analysis. Validity analysis was conducted considering both exploratory
factor analysis (EFA) and confirmatory factor analysis (CFA) [51,52]. For exploratory
factor analysis, the KMO and Bartlett’s test were referred to, while for confirmatory factor
analysis, measures such as the average variance extracted (AVE), composite reliability
(CR), discriminant validity, and factor loading were employed. Model fit [53,54] was
mainly evaluated using five indices: the chi-square to degrees of freedom ratio (CMIN/DF),
goodness-of-fit index (GFI), adjusted goodness-of-fit index (AGFI), comparative fit index
(CFI), and root mean square error of approximation (RMSEA). Mediation effects [48] were
examined based on three indices: the mediation path, direct and indirect effect coefficients,
and the confidence interval of the effects.

4.2. SEM-Based Analysis of Carbon Emission Factors

This study utilized a questionnaire survey design [49,55] and collected a total of
315 sample data from relevant business personnel or research scholars using a 7-point
Likert scale [56] (ranging from “very small impact” to “very large impact”, correspondingly
scored from 1 to 7). Among them, there were 35 invalid samples, leaving a total of 280 valid
samples for analysis. The study used a total scale consisting of 13 items, meeting the
requirement of having a sample size in structural equation modeling (SEM) at least five-
times larger, and preferably ten-times larger, than the number of items [50].

4.2.1. Reliability Test

In this study, the sample data were subjected to Cronbach’s α reliability testing for
four latent variables using SPSS 27.0 software [56]. The results are presented in Table 7. The
carbon emissions during material selection and building material production stage demon-
strated a reliability coefficient greater than 0.8, indicating excellent reliability. Material
storage and energy consumption also exhibited a reliability coefficient above 0.7, indicating
good reliability, and all variables passed the reliability test. In Table 7, it can be observed
that the composite reliability was around 0.8, indicating the good reliability of the sample.

Table 7. Reliability verification indicators.

Potential Variables Cronbach’s α Inspection Conditions Number of Items

Material selection 0.870 A Cronbach’s alpha coefficient of less than
0.6 is considered to have insufficient

internally consistent reliability; reaching 0.7
to 0.8 indicates that the scale has relatively

good reliability; and reaching 0.8 to 0.9
indicates that the scale has very good

reliability [57,58]

5

Material storage 0.787 3

Energy consumption 0.794 3

Carbon emissions from the
production stage of
building materials

0.844 2
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4.2.2. EFA Validity Test

By conducting a KMO test and Bartlett’s sphericity test on the sample, which was
utilized to examine the intercorrelation among variables, it was found that the overall
correlation was favorable, as shown in (Table 8).

Table 8. Exploratory Factor Validation Indicators.

Potential Variables KMO Bartlett Inspection Conditions

Material selection 0.870 <0.001

Structural validity when the KMO test
coefficient is greater than 0.5 or 0.6 and the
p-value of Bartlett’s sphericity test is less

than 0.05 [59–61]

Material storage 0.787 <0.001

Energy consumption 0.794 <0.001

Carbon emissions from the production stage of
building materials 0.844 <0.001

4.2.3. CFA Validity Test

An analysis of confirmatory factor validity was conducted using the maximum like-
lihood estimation method [31,62] (ML) in AMOS software. The corresponding output
values are presented in Table 9. The data indicate that the sample’s convergent validity
was concentrated around 0.6, with factor loadings overall approaching 0.8, demonstrating
good convergence. In Table 10, the discriminant validity test results show that the diagonal
values of each latent variable (square root of convergent validity) were larger than the
correlation coefficients with other variables, indicating a good discriminant effect [50].

Table 9. Validation factor validation indicator.

Potential Variables Explicit
Variables

Convergent
Validity (AVE)

Combined
Validity (CR)

Factor
Loading
Volume

Inspection Conditions

Material selection (X)

V1

0.576 0.871

0.799 Convergent validity should
be greater than 0.5. The

higher the AVE, the higher
the

convergent validity; the
acceptable threshold of

combined reliability is 0.7,
with a higher

V2 0.736
V3 0.770
V4 0.733
V5 0.770

Material storage (M1)
V6

0.553 0.787
0.749

V7 0.756
V8 0.727

Energy consumption (M2)
V9

0.564 0.794
0.846 CR value indicating higher

internal consistency; the
factor loadings were greater
than 0.6 and less than 0.95

[63]

V10 0.670
V11 0.742

Carbon emissions from the production stage
of building materials (Y)

V12
0.761 0.862

0.831
V13 0.898

Table 10. Distinct validity analysis.

Potential Variables Material
Selection

Material
Storage

Energy
Consumption

Carbon Emissions from the
Production Stage of
Building Materials

Material selection 0.759
Material storage 0.262 *** 0.744

Energy consumption 0.319 *** 0.121 * 0.751
Carbon emissions from the

production stage of building materials 0.374 *** 0.326 *** 0.336 *** 0.872

Note: * p < 0.05. *** p < 0.001 [64].
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4.2.4. Path Coefficients and Hypothesis Testing

A structural equation model diagram was created using AMOS software [65], and the
results are shown in Figure 12. The model demonstrated a good fit, as indicated by the
data results in Figure 12 and Table 11. All indicators passed a reasonable test, resulting in a
rating of “good”.
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Table 11. Model fit results.

Potential Variables Reasonable Range [64] Results Assessment Level

GFI >0.8, reasonable model fit; >0.9, good model fit 0.963 Good
AGFI >0.8, reasonable model fit; >0.9, good model fit 0.943 Good
RMR <0.08, reasonable model fit; <0.05, good model fit 0.034 Good

RMSEA <0.08, reasonable model fit; <0.05, good model fit 0.028 Good
NFI >0.8, reasonable model fit; >0.9, good model fit 0.954 Good
IFI >0.8, reasonable model fit; >0.9, good model fit 0.991 Good

To further examine the significance of each path, the related indicators such as path
coefficients are reported in Table 12. The significance difference of path coefficients within
the 95% confidence interval [48,50] was determined by the p-value, with values below 0.05
indicating significance and values above 0.05 indicating insignificance. From Table 12, it
can be seen that the path from material storage to energy consumption was not significant.
Through an analysis, it was concluded that energy consumption primarily depends on fac-
tors such as material usage and storage solutions, which do not cause significant differences
in quantity. Thus, this finding is consistent with practical engineering considerations. The
p-values of the remaining paths were all below 0.05, indicating significance and confirming
the validity of the hypothesized paths.
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Table 12. Path coefficient and significance test.

Hypothetical Path Standardization Factor S.E. C.R. p Significance

Material storage←Material selection 0.315 0.079 4.294 *** Significant

Energy consumption←Material selection 0.359 0.088 4.790 *** Significant

Energy consumption←Material storage 0.040 0.083 0.533 0.594 Not Significant

Carbon emissions from the production stage of
building materials←Material selection 0.230 0.067 3.198 0.001 Significant

Carbon emissions from the production stage of
building materials←Material storage 0.283 0.062 3.941 *** Significant

Carbon emissions from the production stage of
building materials←Energy consumption 0.289 0.057 4.007 *** Significant

Note: *** p < 0.001 [64].

4.2.5. Analysis of Model Data

A theoretical model with material storage and energy consumption as mediating
variables [48] was constructed in this study to investigate the indirect factors influencing
carbon emissions during the building material production stage. Bootstrap resampling [66]
was used to repeatedly sample the data 300 times, to test the mediating effects of material
storage and energy consumption. The specific output results are shown in (Table 13),
indicating significant mediating path effects.

Table 13. Intermediary Effect Test Table.

Intermediary Pathway Type of Impact Effect S.E. Z p [Boot 95% CI]

Material selection→Material storage→Carbon
emissions from the production stage of

building materials

Indirect impact 0.094 (0.032) 2.932 0.003 ** [0.034,0.155]
Direct impact 0.348 (0.078) 4.489 <0.001 *** [0.206,0.513]
Total impact 0.442 (0.075) 5.894 <0.001 *** [0.316,0.593]

Material selection→Energy
consumption→Carbon emission from the

production stage of building materials

Indirect impact 0.051 (0.023) 2.220 0.026 * [0.015,0.098]
Direct impact 0.391 (0.095) 4.105 <0.001 *** [0.201,0.549]
Total impact 0.442 (0.097) 4.555 <0.001 *** [0.232,0.603]

Note: * p < 0.05. ** p < 0.01. *** p < 0.001 [64].

To further analyze the impact of each latent variable on the carbon emissions during
the building material production stage, the output results from AMOS are presented in
Table 14. According to the ranking of the total effect values, material selection had the great-
est influence, followed by energy consumption, and finally material storage. This result
suggests that building material production should start from the source, by implementing
appropriate material selection strategies, prioritizing the use of low-carbon and environ-
mentally friendly materials [67]. On the other hand, the consideration of rational material
storage is relatively less significant. Analyzing Figure 12 allows a deeper understanding
of the extent to which the manifest variables influenced the latent variables. From the
material selection latent variable, it can be observed that traditional high-carbon materials
have the greatest direct impact on material selection, indicating that they can effectively
reflect the influence of material selection on carbon emissions during the building material
production stage. The coefficients of the remaining manifest variables were all around
0.75, indicating similar levels of influence. In the future, the production process should
make greater use of new low-carbon materials, such as recycled aggregate concrete [68].
Regarding material storage, it can be seen that storage solutions had the greatest impact,
indicating that they can effectively reflect the influence of material storage on carbon emis-
sions during the building material production stage. As for energy consumption, the unit
process had the largest impact, indicating that it can effectively reflect the influence of
energy consumption on carbon emissions during the building material production stage.
The utilization of renewable energy sources is relatively low, so in the production process,
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it would be advisable to streamline processes and utilize renewable energy sources such as
solar power [69–71] to reduce carbon emissions.

Table 14. Value of the impact of potential variables on carbon emissions in the production stage of
building materials.

Impact Material Selection Material Storage Energy Consumption

Direct impact 0.23 0.283 0.289
Indirect impact 0.182

Total impact 0.412 0.283 0.289

5. Discussion

Currently, domestic and international scholars mainly focus on studying the carbon
emissions of buildings themselves, without conducting in-depth analysis of carbon emis-
sion factors. Most studies emphasize the entire lifecycle of buildings or their operational
stages, with relatively few studies on the carbon emissions during the materialization
stage. This paper filled this research gap by investigating the carbon emissions during the
materialization stage of prefabricated buildings. We developed a carbon emission statistical
platform, called “LCA-BIM”, based on process analysis and proposed a calculation model
for the materialization stage of prefabricated buildings. Through quantitative analysis of
actual cases, this study identified the key influencing factors during the building material
production stage, which has the highest carbon emissions. While previous research ana-
lyzed the influencing factors for the materialization stage of buildings [45], further research
on the factors affecting the stage with the highest carbon emissions has not been conducted.
This study verified the theoretical validity using a structural equation model (SEM) and
revealed the relationships and impact levels. The findings of this study can provide a
theoretical reference for national institutions and businesses in carbon emissions evaluation
and decision-making.

Based on the research content of this paper, there are several limitations and prospects:
(1) This paper referenced the standards and specifications of Beijing, so it has regional
limitations. (2) In the calculation of carbon emissions, materials with low quantities, low
costs, and difficult-to-obtain carbon emission factors were not listed or explained, which
may have impacted the results. (3) The “LCA-BIM” carbon emission statistical platform
developed in this study cannot monitor components in real-time.

Based on the research content of this paper, future research could further expand on
the following aspects: the development of the BIM digital platform, prefabrication rate,
cost, and research on new low-carbon materials to better support China’s carbon emission
reduction efforts.

6. Conclusions

(1) For the materialization stage with the highest annual average carbon emissions, this
study constructed a carbon emission statistical platform, called “LCA-BIM”, based on
process analysis. Furthermore, a carbon emission calculation model for the material-
ization stage of prefabricated buildings was proposed. Through empirical analysis,
the carbon emissions for each stage were ranked from high to low, as follows: material
production stage, construction stage, material transportation stage, prefabricated
component transportation stage, and prefabricated component production stage.

(2) Through quantitative analysis in the process of carbon emission calculation, the main
factors influencing carbon emissions in the production stage of building materials
were identified. This study adopted a combined approach of empirical analysis and a
literature review, establishing six basic hypotheses about four aspects: material selec-
tion, energy consumption, material storage, and carbon emissions in the production
stage of building materials. A structural equation model was used to theoretically
validate the influencing factors in the production stage of prefabricated building
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materials. Through this analysis, it was found that, from the perspective of overall
impact, material selection had the strongest overall impact on the production stage
of building materials, followed by energy consumption, while material storage had
the smallest overall impact. From the perspective of direct impact, energy consump-
tion had the strongest direct impact on carbon emissions in the production stage of
building materials. Therefore, national governments should vigorously promote the
research and development of low-carbon materials and the use of renewable energy,
which could significantly reduce carbon emissions.
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