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Structural Path Analysis (SPA) and the Hypothetical Extraction Method (HEM) are both established 
methods for studying CO2 emissions. However, their combined application to investigate emission 
linkages in specific sectors, such as construction, is relatively novel. This research integrates SPA 
and HEM to explore the CO2 emissions linkages within the construction sectors of China and the 
United States, providing a comprehensive understanding of how these emissions are interlinked. The 
findings show that construction sector of Untied States and China is the largest production-based CO2 
emissions of construction sector in the world, but the consumption-based emissions of construction 
sector in China contributes 29.81% of total CO2 emissions, compared to 5.63% in the U.S. This suggests 
that the carbon footprint of the construction sector is a significant consideration, irrespective of 
whether it is assessed from the standpoint of production or consumption dynamics. Meanwhile, the 
development of construction sector has driven the electricity, gas, steam, and air conditioning supply 
sectors to emit a large amount of CO2 emission in both countries. By analyzing the differences in the 
main emission linkages and pathways of the construction sectors between China and the U.S., this 
study provides insights for reducing CO2 emissions in the construction sector and assists policymakers 
in developing future strategies.
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Abbreviations
BLE	� Backward linkage CO2 emission
FLE	� Forward linkage CO2 emission
IEE	� Internal effect linkage CO2 emission
MEE	� Mixed-effect linkage CO2 emission
NBLE	� Net backward CO2 linkage emission
NFLE	� Net forward linkage CO2 emission
NTE	� Net transferred CO2 emission
PBE	� Production-based CO2 emission
TLE	� Total linkage CO2 emission
Symbols
A	� Direct consumption coefficient
F	� Total amount of CO2 emission
I	� Identity matrix
L	� Leontief inverse matrix
X	� Vector of total output
Y	� Vector of total final demand
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q	� CO2 emission coefficient
∂	� Identity vector

To effectively control CO2 emissions from the construction sector, this study analyses the differences in CO2 
emissions from the construction sector and their underlying drivers in China and the U.S. As the world’s largest 
CO2 emitters and key economies, the construction sector in China and the United States account for 6.87% 
and 4.49% of their respective gross domestic product (GDP)1,2, respectively, and the significant contribution of 
this sector to the economic growth of both countries has been documented in the literature3–6. Both countries 
have invested considerable effort in assessing the energy-saving potential of their building sector, an effort that 
is vital to reducing CO2 emissions and combating climate change7,8. Moreover, the direct CO2 emissions from 
the construction industry in both China and the United States rank among the highest within their respective 
national industrial sectors, and the demand generated by the construction industry significantly contributes 
to the CO2 emissions of other industries9. According to the International Energy Agency (IEA), the buildings 
and construction sector is responsible for nearly 27% of global energy-related CO2 emissions10. The report also 
warns that without targeted policy interventions, global CO2 emissions from the building sector are projected to 
increase by approximately 70% by 2050 10.

This study aims to analyse the characteristics of CO2 emissions in the construction sector in China and the 
U.S. Previous research has investigated the trends and driving factors of CO2 emissions in the construction 
sector11,12. These studies have provided valuable insights into reducing CO2 emissions in the construction 
sector. However, most of these studies have focused on the production aspects of specific sectors, neglecting 
the industrial linkages between various sectors within the entire economic system and their external impacts on 
CO2 emissions13. This paper not only analyses CO2 emissions from the perspectives of production-based and 
consumption-based CO2 emissions, but also conducts an examination of other types of CO2 emissions linkages. 
The construction sector plays a crucial role in connecting the downstream supply chain in economic activities, 
consuming a significant number of intermediate products and services, and thereby promoting economic 
development. These industrial linkages not only directly affect the CO2 emissions of the construction sector 
but also indirectly influence the consumption-based CO2 emissions of the construction sector. This paper uses 
the SPA and HEM to analyse the CO2 emission linkages between the construction sector and other sectors in 
China and the U.S. This research also provides information on how to reduce CO2 emissions in the construction 
sector by analysing the differences between the two. Considering that the construction sector in China and in 
U.S. is the largest sector in terms of CO2 emissions, the analysis of these differences will benefit policymakers in 
formulating relevant policies.

Literature review
The input‒output model is an economic model based on input‒output tables that can analyse complex industrial 
linkages between sectors with limited data14. This model is often considered an effective tool for evaluating 
the impact of socioeconomic activities on energy consumption and CO2 emissions15,16. This model considers 
not only the internal linkages but also the characteristics of socioeconomic changes17,18. However, there are 
certain limitations in relying solely on direct or full consumption coefficients for analysis19–21. The Hypothetical 
Extraction Method (HEM) is a method based on the input‒output model, which calculates overall, forward, 
and backward linkages by comparing the changes in the output value of a national economic system before 
and after the extraction of a sector22.Ali, et al.23 applied hypothetical extraction method (HEM) to analyse the 
construction sector in three countries, Bangladesh, Nepal, and Sri Lanka, exploring its impact on other sectors in 
the economic system by removing it. The results showed that in these three economies, the construction sector 
had strong backward linkages and pull effects, while forward linkages and push effects were relatively weak. 
HEM does not fully consider the internal effect linkages and mixed-effect linkages, whereas traditional input‒
output models are commonly used for economic analysis. Sánchez-Chóliz and Duarte19 proposed a modified 
hypothetical extraction method (MHEM) and combined it with vertical integration consumption, making it 
suitable for research in environmental economics and other fields.

Li, et al.24 applied the MHEM to analyse the energy consumption of various industrial sectors in China from 
the perspectives of mixed effects, internal effects, net forward linkages, and net backward linkages. Sajid, et al.25 
used the MHEM to estimate the CO2 emission linkages between the mining sector and other sectors within ten 
major economies. The results showed that all countries had net CO2 emission exports in other industrial sectors. 
Wang, et al.26 used the MHEM to analyse China’s CO2 emissions and found that the energy sector had the 
most direct CO2 emissions, while the technology, construction, and service sectors were the main destinations 
for CO2 emissions. MHEM can quantify resource consumption and CO2 emission linkages between industrial 
sectors more accurately by considering the direct and indirect resource consumption or CO2 emissions required 
to meet final demand24,27,28. Zhang, et al.29 employed the MHEM to conduct a CO2 emission linkages analysis 
within the construction industry. However, the study only identified key sectors and lacked an analysis of the 
critical pathways.

Based on these studies, it is generally believed that certain sectors, such as the construction sector, are the 
destinations of carbon flows, while industrial sectors such as mining are the sources. However, previous studies 
have mainly investigated the internal situation of industrial sectors through linkage analysis without delving into 
the flow of CO2 emissions between sectors or providing an analytical path for influencing factors. Therefore, the 
introduction of the structural path analysis (SPA) method helps to address these issues30,31. SPA method enables 
the tracing of carbon flows throughout the entire supply chain, identifying critical sectors and key supply chains. 
This facilitates an understanding of the role of final demand in driving CO2 emissions. In past research, SPA has 
been used by many researchers for analysis. For example, Wu, et al.32 employed the SPA method to analyze the 
CH4 emissions associated with agricultural supply in China, while identifying critical sectors and pathways. They 
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proposed measures to mitigate CH4 emissions from both production and consumption perspectives. Similarly, 
Mitoma, et al.33 utilized the SPA approach to investigate the mortality rates associated with PM2.5 emissions 
in the electricity supply sector. They found that domestic final demand is a primary driver of PM2.5-related 
deaths in India, and that the final demand sectors of Middle Eastern, American, and Chinese countries indirectly 
contribute to PM2.5-related mortality in India through the rice export supply chain. Wang, et al.34 analysed the 
CO2 emission paths and transfer characteristics in the Beijing-Tianjin-Hebei region using the SPA method. 
Zhang, et al.35 used SPA to analyse the energy flow and transfer characteristics between different industrial 
sectors in China. These studies have shown that the SPA method is effective in identifying important supply 
chains, channels, and transfer mechanisms for pollutants in economic systems.

This research employs the Modified Hypothetical Extraction Method and Structural Path Analysis to 
investigate CO2 emission linkages and transfer mechanisms within the construction sectors of China and the 
United States. Utilizing the 2018 OECD input-output tables alongside CO2 emission data, this study applies 
SPA to conduct a comparative analysis of CO2 emission linkages between the two countries, aiming to uncover 
underlying causes and enhance the management and control of CO2 emissions within the construction industry. 
By analyzing CO2 emissions from both consumption and production perspectives, the research assesses the 
linkage effects and identifies key pathways impacting CO2 emissions in the construction sectors of both nations. 
This dual perspective aids in a comprehensive understanding of CO2 dynamics, providing crucial insights for 
developing targeted CO2 emission management strategies. Furthermore, the identification of specific sources 
and destinations of CO2 emissions related to the construction sector, as well as mapping the flow of CO2 through 
the economic systems of China and the United States, establishes a solid foundation for formulating effective 
strategies to control CO2 emissions. This approach not only enhances the specificity of the emission control 
strategies but also contributes to global efforts in reducing the environmental impact of the construction industry.

Methods and data
Input‒output model
The input‒output model analyses economic relationships and material exchange activities between different 
industries within a national economic system36. The model is shown as follows:

	 AX + Y = X � (1)

X  is the vector of total output, Y  represents the vector of total final demand, A is the direct consumption 
coefficient matrix, whose elements A= ( aij) and aij  represent the direct consumption coefficient of industrial 
sector j for industrial sector i in the economy system, and aij = xij/Xj.

Equation (1) can be transformed as follows:

	 X = (I − A)−1 × Y � (2)

where I  is the identity matrix and (I − A)−1 is the Leontief inverse matrix, which reflects the change in the 
total direct and indirect amount of each product when the final demand of other industrial sectors increases.

CO2 emissions are calculated as follows:

	 F = qX = q × (I − A)−1 × Y � (3)

F represents the total amount of CO2 emissions, which includes the direct and indirect CO2 emissions during 
the production of the industrial sector. q is the diagonal matrix composed of the CO2 emission intensity of each 
industrial sector.

Hypothetical extraction method
The hypothetical extraction method (HEM) is based on the input‒output model, and we assume that the entire 
economic system excludes one industrial sector. By comparing the changes in the entire economic system before 
and after the removal of the industrial sector, we can analyse the importance of this industrial sector and its 
linkages with other industrial sectors. The entire economic system X  is divided into an industrial sector a and 
an industrial sector b35.
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L is Leontief inverse matrix.
Assuming that industrial sector a is removed from the entire economic system, a and b will not engage in 

economic exchange, and the economic system can be represented as:
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The changes in the economic system can be represented as follows:
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D represents the product of the Leontief inverse matrix of an sector after removing it from the entire economic 
system and the diagonal matrix of CO2 emission intensity.

The total linkage emission ( TLE) is:

	 TLE = ∂ × q × (X −X ′)� (7)

The backward linkage emission ( BLE) is:

	
BLE = ∂ × q ×

[
Daa

Dba

]
× Ya� (8)

The forward linkage emission ( FLE) is:

	
FLE = ∂ × q ×

[
Dab

Dbb

]
× Yb� (9)

∂  is the identity vector, ∂ = (1,1, ?, 1), and Eq. (7) (8) and (9) satisfy the following relationship:

	 TLE = BLE + FLE� (10)

When the CO2 emission linkage index of an industrial sector is greater than 1, the influence of this industrial 
sector on the entire economic system’s CO2 emissions is greater than that of other industrial sectors.

Modified hypothetical extraction method
The effects of CO2 emission linkages according to the modified hypothetical extraction method (MHEM) can 
be divided into internal effect linkage CO2emission ( IEE), mixed-effect linkage CO2 emission ( MEE), net 
backward CO2 linkage emission ( NBLE), and net forward linkage CO2 emission ( NFLE)37.

	 IEE = ∂ × (I − Aaa)
−1 × Ya� (11)

IEE refers to internal effect linkage CO2 emissions, which are CO2 emitted by industrial sectors when they 
consume their own products within their own material exchange.

	 MEE = ∂ × qa × [Laa − (I − Aaa)
−1]× Ya� (12)

Mixed-effect linkage CO2 emissions ( MEE) represent the CO2 emissions caused by the consumption of output 
from industrial sector a  by other industrial sectors b  for production and then the consumption of products 
from industrial sector b  by industrial sector a, resulting in CO2 emissions. This approach has both forward and 
backward linkage characteristics.

	 NFLE = ∂ × qa × Lab × Yb� (13)

Net forward linkage CO2 emission ( NFLE) refers to the CO2 emissions generated by the consumption of 
output from industrial sector a by industrial sector b. This emission does not reverse back to industrial sector a 
with the output of products, and NFLE reflects the net export of CO2 by industrial sector a.

	 NBLE = ∂ × qb × Lba × Ya� (14)

Net backward linkage CO2 emission ( NBLE) refers to the CO2 emissions generated when sector a purchases 
products from sector b to meet final demand. It reflects the net import of CO2 emissions by industrial sector a.
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Equations  (13) and (14) refer to the total net forward and net backward transfers of CO2 emissions, and 
by breaking them down, it is possible to clearly demonstrate the specific transfer direction of CO2 emissions 
between various industries. Assuming that c is a subsector within the industrial sector b, we can decompose a
the net forward linkage CO2 emission and net backward linkage CO2 emission as follows:

	 NFLEa→c = ∂ × qa × Lac × Yc� (15)

	 NBLEc→a = ∂ × qc × Lca × Ya� (16)

NFLEa→ c are the CO2 emissions exported from a, which are generated in a to meet the final demand of c.
NBLEc→ a are the CO2 emissions imported from a, which are generated in c to meet the final demand 

from a.
Production-based CO2 emissions ( PBE) refer to the CO2 directly emitted by a sector during its economic 

activities. Consumption-based CO2 emissions ( CBE) refer to the total CO2 emissions from all the industrial 
groups involved in producing the final product, including not only the CO2 emitted by the sector’s own 
production but also the CO2 emitted by other industrial groups in its supply chain. The relationships between 
CO2 emission linkages and PBE and CBE can be presented as follows24:

	 PBE = NFLE + IEE +MEE� (17)

	 CBE = NBLE + IEE +MEE� (18)

The relationships between total CO2 emissions ( TE) and PBE and CBE can be described as follows:

	 PBEa + PBEb = CBEa + CBEb = TE� (19)

PBEa and CBEa refer to PBE and CBE, respectively, from sector a. PBEb and CBEb refer to PBE and 
CBE, respectively, from sector b.

The net transferred CO2 emissions ( NTE) can be presented as follows:

	 NTE = PBE − CBE = NFLE −NBLE� (20)

When the NTE is less than 0, the sector net imports CO2 emissions from the system. When the NTE is greater 
than 0, the sector net exports CO2 emissions to the system.

The total consumption-based CO2 emissions in the economic system are equal to the total production-based 
CO2 emissions, implying that the total production-based CO2 emissions flowing through the supply chains in the 
system are equal to the sum of direct and indirect CO2 emissions required by each sector to meet final demand. 
If the consumption-based CO2 emissions of an sector are greater than its production-based CO2 emissions, 
this means that the sum of direct and indirect CO2 emissions needed to meet the final demand of that sector is 
greater than the production-based CO2 emissions when the sector is producing. This net import sector requires 
other industries to provide for its production and exchange activities and is a recipient of other industries in 
the economic system; the difference between consumption-based and production-based CO2 emissions is the 
net import of that sector. Conversely, if the production-based CO2 emissions of a sector are greater than its 
consumption-based CO2 emissions, the direct and indirect CO2 emissions needed to meet the final demand of 
that sector are less than the production-based CO2 emissions. This net export sector exports to other industries 
and acts as a supplier in the economic system; the difference between production-based and consumption-based 
CO2 emissions is the net output of that sector.

Structural path analysis
Structural path analysis (SPA) is a widely used tool in environmental economics. It breaks down an economic 
body’s pollutant emissions or resource consumption into various paths within its production system. These 
paths are then organized based on direct emissions, helping to identify key factors influencing emissions or 
consumption38,39. In this paper, the SPA method is used to determine how and through which channels CO2 
emissions linked to the supply chain are transmitted and distributed. Examining the transmission path of CO2 
emissions from different perspectives will aid in establishing a comprehensive understanding of the interaction 
between construction and other sectors in the economy. The Leontief inverse matrix can be approximated by 
considering the Taylor series40:

	 L = I + A + A2 + . . . + An� (21)

CO2 emissions are calculated as follows:
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As demonstrated in (22), the total CO2 emissions in the economic system are deconstructed layer by layer in the 
production process, with this procedure persisting through an infinite series of exponents. qAnY  symbolizes the 
CO2 generated by the nth production layer.

To determine the key paths for industrial sector a in the supply chain from the NFLE perspective, we must 
analyse the CO2 emissions generated by the final demand of other economic departments in each production 
layer except for sector a. Based on (22), these emissions can be expressed as:

	
FNFLE
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	 (s1 ̸= a)

To determine the key paths for industrial sector a in the supply chain from the NBLE perspective and to 
analyse the emissions produced by other industrial sectors in each production layer excluding the target sector 
a, based on (22), these emissions can be expressed as:

	
FNBLE
layer1 = qS1

n∑
S1=1

A(S1,a)Ya� (26)

	
FNBLE
layer2 = qS1

n∑
S1=1

n∑
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A(S1,S2)A(S2,a)Ya� (27)
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Data
The data used in this paper are from the OECD’s 2018 input‒output tables and CO2 emission intensity data for 
China and the United States9. The OECD’s input‒output tables consist of a set of 45 industrial sectors and 8 final 
consumption sectors, which include final consumption expenditure of households (HFCE), final consumption 
expenditure of non-profit institutions serving households (NPISH), final consumption expenditure of general 
government (GGFC), gross fixed capital formation (GFCE), changes in inventories and valuables (INVNT), 
direct purchases abroad by residents (DPABR), and export (EXPO). The framework of this study is depicted in 
Fig. 1.

Empirical analysis
Based on OECD data, this paper conducts a horizontal analysis of CO2 emissions from the construction sector in 
China and the United States, focusing on consumption-based CO2 emissions, production-based CO2 emissions, 
CO2 emission linkages, and net transferred CO2 emissions.
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Production-based CO2 emissions and consumption-based CO2 emissions
Production-Based CO2 Emissions reflect a sector’s direct CO2 emissions. Consumption-based CO2 emissions 
refers to the total CO2 emissions produced by all the industrial sectors involved in the production of a final 
product. According to Eq. (17) and referring to Table 1, the OECD-ICIO data reveals that the total CBE in the 
United States exceed total PBE, contrasting with China where total PBE is higher. This suggests the U.S. imports 
more CO2 emissions than it exports, whereas China exports more. Moreover, the construction sector in both 
nations is a net CO2 emissions importer.

In the construction sectors of both the U.S. and China, most PBE is sourced domestically, as illustrated in the 
Fig. 2. The proportion of CBE sourced domestically in the U.S. construction sector is 71.05%, while in China, it’s 
93.47%. This suggests a slight difference in the consumption of foreign products between the two countries, with 
the U.S. having a higher demand for foreign products compared to China, where most construction consumption 
is met by domestic supply chains.

Table  2 illustrate that the construction sectors of China and the United States respectively rank first and 
second in the global construction sector’s production-based CO2 emissions. As shown in Tables 1 and 3, the 
largest production-based emitting industries in both the United States and China are Electricity, gas, steam, 
and air conditioning supply (S23), accounting for 49.81% and 52.61% of total emissions, respectively, while 
the construction sector’s CO2 emissions account for only 3.10% and 1.51%, respectively. China, as one of the 
world’s largest developing countries with a large population and rapid economic growth, has a substantial energy 
demand. With a coal-dominated energy structure, the generation of electricity requires the consumption of large 
amounts of coal, which contributes to higher CO2 emissions. The United States, as one of the world’s largest 
developed countries, has a high level of economic development and significant energy demands. Its energy 
structure is predominantly composed of fossil fuels, including oil, natural gas, and coal, which also result in 
substantial CO2 emissions when burned41,42.

Consequently, the PBE of the S23 sector constitutes a larger portion of the total emissions in both countries. 
The direct energy demands of the construction sector are relatively low in both countries43, resulting in a lower 
PBE proportion for this sector.

Figures 3 and 4 illustrate the composition of PBE in China and the United States from the perspective of the 
final demand category. In the United States, HFCE makes the largest contribution to PBE, accounting for 76.74%. 
In contrast, China’s PBE is significantly influenced by HFCE, GGFC, and EXPO. This discrepancy reflects the 
differences in the economic structures of the two countries. In the United States, residential consumption plays 
a significant role in driving economic development, resulting in a greater proportion of PBE generated from 
residential consumption activities. However, in China, economic development is driven not only by HFCE but 
also significantly by GGFC and EXPO, with these three categories collectively driving the majority of PBE in 
China44,45.

Fig. 1.  The framework of this study.
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Although the proportion of PBE from HFCE in the United States is higher, its total volume is still lower 
than that of China, primarily due to China’s much larger population. In the construction sector, the PBE in 
both China and the United States are primarily driven by GFCFs, with emissions of 107.41 million tons and 
115.96  million tons, respectively. The rapid development of the construction sector also relies on the direct 
consumption of fossil fuels, leading to CO2 emissions from production activities.

Setor

United States China

PBE CBE NTE PBE CBE NTE

S1 60.77 39.26 21.51 120.29 216.58 − 96.29

S2 0.29 0.23 0.05 6.23 25.41 − 19.18

S3 148.53 33.52 115.00 74.75 5.04 69.71

S4 12.05 4.43 7.62 79.52 6.74 72.78

S5 8.03 14.41 − 6.37 4.14 0.08 4.06

S6 59.14 184.51 − 125.37 74.64 344.51 − 269.87

S7 3.06 10.82 − 7.76 25.84 219.18 − 193.35

S8 6.14 4.68 1.45 4.71 3.48 1.23

S9 30.60 17.07 13.53 29.23 33.32 − 4.09

S10 110.70 131.38 − 20.69 135.49 48.55 86.94

S11 97.75 54.49 43.26 322.82 60.67 262.15

S12 52.10 62.80 − 10.70 88.13 107.08 − 18.94

S13 21.93 17.90 4.03 152.60 28.56 124.04

S14 54.06 11.92 42.14 596.94 31.15 565.79

S15 72.78 9.24 63.53 1,812.64 24.55 1,788.08

S16 8.29 22.42 − 14.12 19.17 186.33 − 167.17

S17 6.62 20.42 − 13.79 25.42 330.51 − 305.09

S18 3.47 14.76 − 11.28 13.66 243.78 − 230.12

S19 8.99 54.99 − 46.00 24.65 540.60 − 515.94

S20 7.14 126.39 − 119.25 24.63 423.47 − 398.83

S21 3.46 28.77 − 25.31 4.84 114.32 − 109.48

S22 22.36 40.74 − 18.38 94.80 171.04 − 76.24

S23 1,832.50 807.40 1,025.10 4,738.69 1,504.99 3,233.70

S24 4.23 6.75 − 2.52 6.54 57.14 − 50.59

S25 107.41 307.25 − 199.84 115.96 3,012.73 − 2,896.77

S26 60.64 262.26 − 201.62 44.97 152.21 − 107.24

S27 195.94 99.28 96.66 172.03 136.32 35.71

S28 53.99 44.20 9.79 258.91 71.32 187.59

S29 239.97 148.83 91.14 122.16 39.63 82.52

S30 16.01 10.96 5.05 45.60 25.40 20.20

S31 39.51 5.74 33.77 7.79 4.14 3.65

S32 16.29 137.90 − 121.61 9.97 110.33 − 100.36

S33 8.27 29.18 − 20.91 1.72 19.01 − 17.29

S34 7.32 31.97 − 24.65 5.16 49.33 − 44.18

S35 12.00 26.18 − 14.18 5.42 40.18 − 34.76

S36 55.83 87.18 − 31.35 17.18 23.45 − 6.27

S37 50.77 355.90 − 305.13 16.88 73.94 − 57.05

S38 31.38 44.77 − 13.39 30.47 69.44 − 38.97

S39 33.61 16.86 16.75 45.39 88.07 − 42.68

S40 209.04 442.22 − 233.18 17.41 160.03 − 142.62

S41 93.73 209.26 − 115.53 12.54 99.30 − 86.76

S42 30.45 226.59 − 196.14 6.18 106.90 − 100.72

S43 6.75 28.56 − 21.81 2.61 21.32 − 18.71

S44 8.37 47.63 − 39.26 5.44 57.12 − 51.68

S45 0.00 0.00% 45 0.00 0.00% 45

Total 3,912.25 4,282.00 − 369.75 9,424.17 9,087.28 336.89

Table 1.  Total production-based CO2 emissions and consumption-based CO2 emissions in United States and 
China. Unit of CBE: Million tons (Mt).
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Therefore, from the perspective of PBE, to reduce the overall CO2 emissions of the economic system, both 
China and the United States need to enhance the green consumption awareness of residents. In particular, 
China needs to research and implement relevant green consumption policies for government consumption and 
exports. Additionally, when formulating CO2 emission management measures for the construction sector, both 
countries should first consider their respective energy structures, reduce their dependence on fossil fuels, and 
increase their energy efficiency and the proportion of renewable energy use.

According to Eq.  (18), as Shown in Table  4, in the construction sector of the United States and China, 
the CBEs were 307.52 Mt and 3012.73 Mt, respectively, ranking high among all industries in their respective 
countries (fourth in the United States and first in China).

The data for 2018 reveal significant differences in the economic and environmental impacts of the construction 
sector between the United States and China. The CBE of the construction sector represents 7.18% of total 
emissions in the United States, a figure that jumps significantly to 33.15% in China. These statistics underscore 
the differing roles of the construction sector in the economic and environmental contexts of the two countries.

The disparity in the CBE’s contribution to total emissions is primarily due to the differences in economic 
structure between the two countries. China’s economic development has been more reliant on the construction 
sector, especially in the past decade, as rapid urbanization has driven the sector’s growth. This has led to a 
massive demand for high-energy, high-emission building materials such as steel, cement, and glass, resulting 
in substantial CBE. In contrast, the construction sector in the United States has a lower demand for these 
high-energy and high-emission materials. Moreover, in the United States, construction management not only 
focuses on the direct CO2 emissions of construction activities but also places emphasis on the entire lifecycle 
of buildings. There are strict limitations on the use of high-energy materials, which helps to reduce the overall 
CO2 footprint of the construction sector46,47. For example, the American Institute of Architects (AIA) requires 
a reduction in the use of metal materials in its relevant construction guidelines and provides corresponding 
evaluation tools, such as the AIA-CLF Embodied Carbon Toolkit, to help architects assess the embodied CO2 
emissions in construction activities. This toolkit aims to help architects and designers understand and reduce 
CO2 emissions generated by building materials and construction processes, thereby promoting more sustainable 
construction practices. By using such tools, architects can make more environmentally friendly choices and 
reduce the overall carbon footprint of the construction sector48.

Fig. 2.  Construction’s PBE and CBE origin composition (from domestic and aboard) in the (a,c) United States 
and (b,d) China.
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Country/region NBLE NFLE MEE IEE CBE PBE

AUS 47.00 1.82 0.13 6.99 54.11 8.93

AUT 4.59 0.57 0.01 1.21 5.81 1.79

BEL 8.70 0.26 0.01 1.01 9.71 1.27

CAN 51.15 2.77 0.08 16.76 67.99 19.61

CHL 6.47 0.22 0.00 1.02 7.49 1.24

COL 12.67 0.12 0.00 1.15 13.83 1.28

CRI 1.37 0.04 0.00 0.23 1.60 0.28

CZE 4.81 0.38 0.02 0.89 5.72 1.29

DNK 4.67 0.23 0.01 0.71 5.38 0.94

EST 1.24 0.06 0.00 0.22 1.47 0.28

FIN 5.71 0.24 0.01 1.32 7.04 1.57

FRA 32.33 0.56 0.01 5.39 37.73 5.97

DEU 37.74 3.17 0.09 7.45 45.28 10.72

GRC 2.44 0.07 0.00 0.32 2.76 0.39

HUN 3.57 0.14 0.00 0.92 4.49 1.06

ISL 0.57 0.01 0.00 0.09 0.66 0.10

IRL 2.29 0.14 0.00 0.28 2.57 0.42

ISR 5.45 0.05 0.00 0.29 5.75 0.35

ITA 17.79 0.75 0.02 3.11 20.92 3.88

JPN 129.89 0.27 0.01 11.05 140.95 11.33

KOR 86.41 0.30 0.01 5.34 91.76 5.65

LVA 0.90 0.04 0.00 0.12 1.02 0.16

LTU 0.99 0.02 0.00 0.10 1.08 0.12

LUX 0.86 0.05 0.00 0.17 1.03 0.22

NLD 11.00 0.71 0.01 1.62 12.63 2.34

NZL 4.39 0.48 0.02 2.10 6.50 2.60

NOR 6.86 0.20 0.01 1.03 7.90 1.24

POL 16.32 1.08 0.03 1.98 18.33 3.09

PRT 3.39 0.15 0.00 0.66 4.05 0.81

SVK 1.41 0.05 0.00 0.11 1.51 0.16

SVN 0.75 0.06 0.00 0.12 0.87 0.18

ESP 16.96 0.95 0.03 3.61 20.59 4.59

SWE 4.97 0.45 0.01 1.12 6.10 1.57

CHE 5.99 0.11 0.00 0.49 6.48 0.60

TUR 55.14 0.77 0.04 6.44 61.62 7.25

GBR 23.09 1.12 0.02 4.29 27.40 5.44

USA 219.61 19.76 0.31 87.34 307.25 107.41

ARG 6.84 0.06 0.00 0.35 7.19 0.41

BRA 30.08 0.26 0.01 2.81 32.89 3.08

BRN 0.83 0.00 0.00 0.19 1.02 0.19

BGR 2.40 0.20 0.01 0.46 2.86 0.66

KHM 0.93 0.00 0.00 0.01 0.94 0.01

HRV 1.21 0.22 0.01 0.76 1.98 0.98

CYP 0.33 0.02 0.00 0.03 0.36 0.05

IND 360.64 1.42 0.13 12.38 373.14 13.92

IDN 120.99 1.40 0.14 22.59 143.72 24.13

HKG 2.08 0.00 0.00 0.00 2.09 0.00

KAZ 14.21 0.52 0.02 1.59 15.82 2.12

LAO 1.60 0.16 0.00 0.36 1.96 0.53

MYS 19.14 0.75 0.03 3.90 23.07 4.68

MLT 0.24 0.01 0.00 0.02 0.26 0.03

MAR 7.69 0.04 0.00 1.03 8.73 1.08

MMR 4.06 0.18 0.01 4.50 8.57 4.69

PER 5.20 0.05 0.00 1.22 6.41 1.26

PHL 12.57 0.25 0.01 1.64 14.21 1.89

ROU 10.21 0.16 0.01 1.23 11.45 1.40
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Therefore, the differing proportions of CBE in the total emissions can be attributed to the economic structure, 
urbanization processes, and policy differences between the two countries. By comparing the two, we find that 
China can establishing policies that restrict the use of high-energy, high-emission materials in the construction 
sector. Simultaneously, slight improvements can be made to the existing green consumption policies related 
to government procurement and exports. Historically, green consumption policies have primarily focused on 
direct carbon emissions during the production process of products; however, current attention can be more 
directed towards the life-cycle carbon emissions of products12,49. Finally, while ensuring economic development, 
China can seek new economic growth points to reduce its dependency on the construction sector.

CO2 emissions linkages
Net forward linkage CO2 emission reflect the net export of CO2 emissions from a particular sector. Net backward 
linkage CO2 emission reflect the net export of CO2 emissions from a particular sector. Internal effect emission 
refers to the direct and indirect CO2 emissions generated by a sector using its own products to meet its final 
demand. It reflects the CO2 emissions produced by the industry itself in the processes of production, sales, and 
usage. Mixed linkage emissions refers to the CO2 emissions generated in the process where a target industry sells 
its products to other industries as intermediate inputs and then buys back the products from those industries to 
meet its own final demand.

According to Eq. (16), as shown in Fig. 5, the construction sector, which is typically situated at the downstream 
end of the consumption chain, exhibits significant interdependence with upstream sectors. Its final demand 
has a ‘pulling effect’ on the CO2 emissions of these other sectors. In China, the NBLE for the construction 
sector is 2897.67 Mt, substantially higher than the 219.61 Mt observed in the United States. This substantial 
discrepancy can be attributed to factors detailed in the previous chapter: the substantial demand from China’s 
final consumption sector for the construction sector, coupled with the construction sector’s high demand for 
high-energy-consuming and high-emission materials from upstream enterprises. In contrast, the United States 
imposes greater restrictions on the use of such materials by its construction sector. Additionally, the majority 
of houses in the United States employ wooden frame construction, despite the substantial use of concrete. In 
contrast, Chinese construction is almost entirely steel-reinforced concrete. This also contributes to the NBLE 
differences in the construction sectors between China and the United States.

According to Eq.  (15), the NFLEs for the construction sectors in both the United States and China are 
relatively low, at 19.76 Mt and 0.90 Mt, respectively. Sectors with higher NFLE are predominantly found in the 
energy and manufacturing sectors. This is because the construction sector, which is typically a downstream 
enterprise, experiences less demand from other sectors, resulting in lower NFLE levels for the construction 
sectors in both China and the United States. The energy and manufacturing sectors, usually upstream, produce 
goods that are widely consumed by other sectors, thereby generating significant CO2 emissions12,46.

In both the United States and China, sectors with higher MEEs and IEEs are primarily concentrated in the 
energy and manufacturing sectors. The IEEs for the construction were 87.34 Mt and 114.97 Mt, respectively, 
while the MEEs were 0.31 Mt and 0.09 Mt, respectively. The demand from the final consumption sector for 
the construction sector led to the accumulation of related CO2 emissions within the construction sector. 
Furthermore, the energy and manufacturing sectors rely heavily on products within their own industries, that is, 
the internal consumption of their sectors, which also contributes to higher MEE and IEE emissions from these 
sectors.

According to the result of IEE and PBE, the proportion of IEE in the PBE for the S23 in the United States is 
higher than that of the IEE in the PBE for the S23 in China. It is indicated that the auxiliary power consumption 
efficiency of the S23 in the United States is lower than that of China, primarily because China’s power plants are 
newer and more efficient50–53. However, the CO2 emission coefficient of the S23 in the United States is lower than 
that of China, mainly due to differences in energy consumption patterns: the United States uses more natural gas, 
while China relies more heavily on coal52,54. Meanwhile, the auxiliary power consumption efficiency of coal-fired 
power plants is higher than that of natural gas turbine power plants52,53.

Country/region NBLE NFLE MEE IEE CBE PBE

RUS 104.79 6.36 0.17 23.50 128.45 30.03

SAU 48.99 6.05 0.44 19.06 68.49 25.55

SGP 7.60 0.03 0.00 0.25 7.85 0.28

ZAF 18.39 0.85 0.03 3.17 21.59 4.06

TWN 25.41 0.22 0.01 1.01 26.42 1.23

THA 33.42 0.08 0.00 2.26 35.68 2.34

TUN 3.87 0.02 0.00 0.38 4.25 0.40

VNM 48.44 0.61 0.02 5.11 53.56 5.74

ROW 267.13 3.73 0.09 31.75 298.97 35.57

MEX 31.16 0.14 0.00 4.54 35.70 4.68

CN 2,897.67 0.90 0.09 114.97 3,012.73 115.96

Total 4,927.57 62.86 2.15 438.09 5,367.80 503.09

Table 2.  CBE, PBE and CO2 emission linkages of construction in the world. Unit of CBE: Million tons (Mt).
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According to Eq. (20), when the NTE is less than 0, it indicates that the CO2 emissions based on production 
are less than those based on consumption, meaning that CO2 emissions from other industrial sectors in the 
economic system have been transferred to this sector, making it a net emissions importer. Conversely, when the 
NTE is greater than 0, the CO2 emissions based on production exceed those based on consumption, implying 
that CO2 emissions from this sector have been transferred to other industrial sectors in the economic system. In 
this case, the sector is a net emissions exporter. For sectors with negative NTEs, it is important to consider the 
pulling effect of their final demand on the CO2 emissions of other sectors in the economic system.

Setor

United States China

PBE Contribution Rank PBE Contribution Rank

S1 49.19 1.43% 13 120.29 1.28% 10

S2 0.09 0.00% 44 6.23 0.07% 35

S3 101.76 2.97% 6 74.75 0.79% 15

S4 8.72 0.25% 29 79.52 0.84% 14

S5 7.63 0.22% 31 4.14 0.04% 42

S6 53.71 1.57% 10 74.64 0.79% 16

S7 2.39 0.07% 42 25.84 0.27% 22

S8 5.41 0.16% 38 4.71 0.05% 41

S9 25.03 0.73% 23 29.23 0.31% 21

S10 86.86 2.53% 8 135.49 1.44% 8

S11 67.27 1.96% 9 322.82 3.43% 4

S12 42.46 1.24% 18 88.13 0.94% 13

S13 17.62 0.51% 25 152.60 1.62% 7

S14 48.38 1.41% 15 596.94 6.33% 3

S15 43.88 1.28% 17 1,812.64 19.23% 2

S16 6.71 0.20% 34 19.17 0.20% 26

S17 4.55 0.13% 39 25.42 0.27% 23

S18 2.50 0.07% 41 13.66 0.14% 30

S19 6.31 0.18% 36 24.65 0.26% 24

S20 5.73 0.17% 37 24.63 0.26% 25

S21 2.00 0.06% 43 4.84 0.05% 40

S22 18.51 0.54% 24 94.80 1.01% 12

S23 1707.75 49.81% 1 4,738.69 50.28% 1

S24 4.02 0.12% 40 6.54 0.07% 34

S25 106.41 3.10% 5 115.96 1.23% 11

S26 52.09 1.52% 11 44.97 0.48% 19

S27 160.31 4.68% 4 172.03 1.83% 6

S28 44.48 1.30% 16 258.91 2.75% 5

S29 165.84 4.84% 3 122.16 1.30% 9

S30 12.96 0.38% 27 45.60 0.48% 17

S31 31.82 0.93% 19 7.79 0.08% 33

S32 15.00 0.44% 26 9.97 0.11% 32

S33 6.99 0.20% 32 1.72 0.02% 44

S34 6.77 0.20% 33 5.16 0.05% 39

S35 10.64 0.31% 28 5.42 0.06% 38

S36 49.82 1.45% 12 17.18 0.18% 28

S37 49.01 1.43% 14 16.88 0.18% 29

S38 26.82 0.78% 22 30.47 0.32% 20

S39 29.02 0.85% 21 45.39 0.48% 18

S40 206.19 6.01% 2 17.41 0.18% 27

S41 90.85 2.65% 7 12.54 0.13% 31

S42 30.37 0.89% 20 6.18 0.07% 36

S43 6.40 0.19% 35 2.61 0.03% 43

S44 8.21 0.24% 30 5.44 0.06% 37

S45 0.00 0.00% 45 – 0.00% 45

Total 3428.49 100% \ 9,424.17 100% –

Table 3.  Production-based CO2 emissions in United States and China. Unit of PBE: Million tons (Mt).
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According to Fig. 6, the largest CO2 emissions exporting sectors in both the United States and China are 
Electricity, Gas, Steam, and Air Conditioning Supply (S23), with emissions of 1025.10Mt and 3233.70 Mt, 
respectively. The net transferred CO2 emissions for the construction sector in China and the United States are 
− 2896.77 Mt and − 199.84 Mt, respectively. This indicates that the final demand of the construction sectors in 
both countries has led to a significant consumption of intermediate products from upstream sectors, resulting in 
substantial CO2 emissions in those sectors. Consequently, the potential and focus for reducing CO2 emissions are 
concentrated on the CO2 emissions associated with the consumption of the construction sector. Particularly in 
China, due to the larger amount of transfer, the potential for emission reduction in its construction sector is even 
greater. Therefore, improving the construction model of China’s construction sector and encouraging consumers 
to choose green buildings is necessary for achieving low-carbon development in the entire economic system. 
For example, policy measures that can be taken to encourage the low-carbon development of the construction 
sector include green building standards, incentives for using sustainable materials, or regulations that restrict 
high-emission construction practices55.

When decomposing the NFLE and NBLE of the construction sector from an international perspective, as 
Table 5 shows, the majority of NBLE in the US construction sector comes from China and Mexico. However, 
China’s situation is slightly different, with Russia and South Korea being the main contributors to the NBLE in 
China’s construction sector. The primary reason for this is the differing trade structures between the US and 
China. Table  6 illustrates that the total volume of NFLE from international sources within the construction 
sector is very low, suggesting that the influence of foreign NFLE on total NFLE is nearly negligible.

To further trace the origins of NBLE from international sources in the construction sectors of both China and 
the United States, it has been found that the primary source of NBLE in these sectors is the electricity, gas, steam, 
and air conditioning supply (S23) sector. The construction materials purchased by the construction sectors in 

Fig. 4.  Production-based CO2 emissions by final demand category in the (a) United States and (b) China 
(unit: Mt).

 

Fig. 3.  Composition of production-based CO2 emissions in the (a) United States and (b) China (unit: Mt).
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both countries consume significant amounts of electricity during production, in addition to directly using fossil 
energy sources. Consequently, policymakers in China and the United States should consider imposing carbon 
tariffs on these products. When formulating policies, it is essential not only to consider the direct CO2 emissions 
from the production process but also to take into account the entire lifecycle CO2 emissions of the products.

Decomposing the NBLE at the sector level from a domestic perspective offers insights into how the 
construction sectors in the United States and China drive CO2 emissions in other sectors. Figure 7 illustrates 
that the top three sources of NBLE for the construction sectors in both countries include the electricity, gas, 

Sector

United States China

CBE Contribution Rank CBE Contribution Rank

S1 39.26 0.92% 22 216.58 2.38% 9

S2 0.23 0.01% 44 25.41 0.28% 34

S3 33.52 0.78% 23 5.04 0.06% 41

S4 4.43 0.10% 43 6.74 0.07% 40

S5 14.41 0.34% 35 0.08 0.00% 44

S6 184.51 4.31% 8 344.51 3.79% 5

S7 10.82 0.25% 38 219.18 2.41% 8

S8 4.68 0.11% 42 3.48 0.04% 43

S9 17.07 0.40% 32 33.32 0.37% 31

S10 131.38 3.07% 11 48.55 0.53% 28

S11 54.49 1.27% 17 60.67 0.67% 24

S12 62.80 1.47% 15 107.08 1.18% 17

S13 17.90 0.42% 31 28.56 0.31% 33

S14 11.92 0.28% 36 31.15 0.34% 32

S15 9.24 0.22% 39 24.55 0.27% 36

S16 22.42 0.52% 29 186.33 2.05% 10

S17 20.42 0.48% 30 330.51 3.64% 6

S18 14.76 0.34% 34 243.78 2.68% 7

S19 54.99 1.28% 16 540.60 5.95% 3

S20 126.39 2.95% 12 423.47 4.66% 4

S21 28.77 0.67% 26 114.32 1.26% 15

S22 40.74 0.95% 21 171.04 1.88% 11

S23 807.40 18.86% 1 1,504.99 16.56% 2

S24 6.75 0.16% 40 57.14 0.63% 25

S25 307.25 7.18% 4 3,012.73 33.15% 1

S26 262.26 6.12% 5 152.21 1.67% 13

S27 99.28 2.32% 13 136.32 1.50% 14

S28 44.20 1.03% 20 71.32 0.78% 22

S29 148.83 3.48% 9 39.63 0.44% 30

S30 10.96 0.26% 37 25.40 0.28% 35

S31 5.74 0.13% 41 4.14 0.05% 42

S32 137.90 3.22% 10 110.33 1.21% 16

S33 29.18 0.68% 25 19.01 0.21% 39

S34 31.97 0.75% 24 49.33 0.54% 27

S35 26.18 0.61% 28 40.18 0.44% 29

S36 87.18 2.04% 14 23.45 0.26% 37

S37 355.90 8.31% 3 73.94 0.81% 21

S38 44.77 1.05% 19 69.44 0.76% 23

S39 16.86 0.39% 33 88.07 0.97% 20

S40 442.22 10.33% 2 160.03 1.76% 12

S41 209.26 4.89% 7 99.30 1.09% 19

S42 226.59 5.29% 6 106.90 1.18% 18

S43 28.56 0.67% 27 21.32 0.23% 38

S44 47.63 1.11% 18 57.12 0.63% 26

S45 0.00 0.00% 45 0.00 0.00% 45

Total 4282.00 100% \ 9087.28 100% –

Table 4.  Consumption-based CO2 emissions in United States and China. Unit of CBE: Million tons (Mt).
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steam, and air conditioning supply (S23) sector and the other non-metallic mineral products (S14) sector, with 
NBLE related to S23 comprising more than 30% of the total NBLE. These sectors are significant sources of CO2 
emissions, driven by the development of construction sectors in both countries. Particularly in the context of 
China’s rapid modernization, the construction sector not only directly consumes large amounts of electricity and 
non-metallic materials (such as talc, cement, etc.) to support its production activities but also relies on materials 
from other sectors, the production processes of which also consume electricity and non-metallic raw materials.

However, there are some differences between the construction sectors in the U.S. and those in China. 
During the construction process, the Chinese construction sector consumes more metal materials, leading to 
considerable CO2 emissions from the Basic Metals (S15) sector in China. In contrast, the greater reliance of the 
United States on land transport due to economic development results in the final demand of the construction 
sector pulling CO2 emissions from the Land Transport and Transport via Pipelines (S27) sector, making it the 
second-largest source of NBLE for the construction sector in the United States.

When decomposing the NFLE to the sector level domestically, it becomes evident which sectors primarily 
stimulate CO2 emissions from the construction sector. In almost all countries, real estate activities (S37) and 
public administration and defense and compulsory social security (S40) are significant demanders of the 
construction sector’s services. Consequently, for the construction sectors in the United States and China, these 
two sectors are the main stimulators of NFLEs. The third-largest source of NFLEs for the construction sector 
in the United States is the Wholesale and Retail Trade; Repair of Motor Vehicles (S26) sector, while in China, 
it is the Education (S41) sector. This discrepancy is due to China’s large population and substantial demand 
for education versus the greater demand for social retail and car-related services in the United States. As a 
source of CO2 emissions, the low-carbon development of the construction sector is crucial in shaping greener 
downstream sectors.

Structural path analysis of CO2 emissions in construction sector
In the preceding section, the MHEM was applied to assess the construction sector, focusing on its influence on 
the CO2 emissions of both upstream and downstream sectors across various industrial stages. Understanding 

Fig. 5.  CO2 emissions linkages in the United States and China (unit: Mt).
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the transmission routes of carbon dioxide emissions within the construction sector is crucial for formulating 
emission reduction strategies, promoting the green transformation of the sector, and achieving national emission 
reduction targets. Therefore, in this chapter, we employ SPA to explore the transmission routes of CO2 emissions 
within the construction sector. Specifically, we will approach this analysis from two perspectives. First, by 
treating the construction sectors of China and the United States as producers, we will examine the distribution 
and impact pathways of CO2 emissions in the construction sector’s production chain from the perspective of the 
NFLE. On the other hand, considering the construction sectors of both countries as consumers, we investigate 
the distribution and impact pathways of CO2 emissions in the construction sector’s consumption chain from the 
perspective of NBLE. Through structural path analysis, our aim is to identify the key pathways influencing the 
CO2 emissions of the construction sectors in China and the United States.

Structural path analysis in different layers
According to Eq. (22) to (28), Table 7 displays the total CO2 emissions and their proportions at each layer for 
the NFLE and NBLE in the construction sector in China and the United States. The second layer represents the 
direct supply path, while the third layer and above signify indirect supply paths. In both China and the United 
States, the CO2 emissions from the second to fourth layers of the NBLE and NFLE constitute the vast majority 
(all exceeding 80%), indicating that efficient CO2 emission management strategies need to focus only on these 
three layers. From the perspective of the NFLE, in both China and the United States, the proportion of indirect 
paths in the second layer exceeds 50% (53.40% in China and 73.32% in the United States), suggesting that the 
net export of CO2 emissions in the construction sector is primarily transferred to other sectors through direct 
supply paths. From the perspective of NBLE, both direct and indirect supply paths significantly contribute to 
emissions. Therefore, from the perspective of NBLE, effective CO2 management strategies need to consider CO2 
emissions in both single-layer and multilayer supply chains.

Fig. 6.  Net transfer CO2 emissions by sector in the United States and China (unit: Mt).
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Country/region

United States China

NBLE Contribution Rank NBLE Contribution Rank

AUS 0.59 0.27% 22 11.63 0.40% 6

AUT 0.20 0.09% 35 0.38 0.01% 40

BEL 0.18 0.08% 37 0.52 0.02% 38

CAN 9.38 4.21% 3 3.66 0.13% 19

CHL 0.54 0.24% 24 2.52 0.09% 21

COL 0.40 0.18% 25 1.12 0.04% 27

CRI 0.02 0.01% 60 0.01 0.00% 66

CZE 0.18 0.08% 38 0.33 0.01% 43

DNK 0.10 0.04% 46 1.12 0.04% 28

EST 0.03 0.01% 55 0.05 0.00% 56

FIN 0.11 0.05% 44 0.41 0.01% 39

FRA 0.57 0.26% 23 1.72 0.06% 22

DEU 1.64 0.74% 12 4.62 0.16% 15

GRC 0.23 0.11% 31 0.56 0.02% 36

HUN 0.07 0.03% 50 0.16 0.01% 51

ISL 0.01 0.00% 65 0.02 0.00% 64

IRL 0.13 0.06% 41 0.29 0.01% 45

ISR 0.18 0.08% 36 0.21 0.01% 49

ITA 0.79 0.36% 19 0.95 0.03% 29

JPN 2.15 0.96% 9 11.51 0.40% 7

KOR 2.24 1.01% 8 15.53 0.54% 4

LVA 0.01 0.01% 63 0.02 0.00% 63

LTU 0.02 0.01% 58 0.03 0.00% 60

LUX 0.02 0.01% 61 0.05 0.00% 57

NLD 0.32 0.14% 30 0.81 0.03% 33

NZL 0.05 0.02% 52 0.25 0.01% 48

NOR 0.14 0.06% 40 0.37 0.01% 41

POL 0.37 0.17% 28 0.87 0.03% 30

PRT 0.15 0.07% 39 0.12 0.00% 54

SVK 0.08 0.03% 49 0.14 0.00% 52

SVN 0.03 0.01% 56 0.04 0.00% 58

ESP 0.61 0.27% 21 0.84 0.03% 31

SWE 0.12 0.05% 42 0.30 0.01% 44

CHE 0.11 0.05% 43 0.26 0.01% 47

TUR 1.11 0.50% 15 1.17 0.04% 26

GBR 0.61 0.27% 20 1.56 0.05% 23

USA 130.64 58.65% 1 10.92 0.38% 8

ARG 0.20 0.09% 33 0.53 0.02% 37

BRA 1.97 0.89% 10 5.03 0.17% 14

BRN 0.01 0.01% 62 0.11 0.00% 55

BGR 0.07 0.03% 51 0.26 0.01% 46

KHM 0.02 0.01% 59 0.03 0.00% 61

HRV 0.01 0.00% 64 0.02 0.00% 65

CYP 0.01 0.00% 66 0.01 0.00% 67

IND 5.53 2.48% 5 7.07 0.24% 10

IDN 1.03 0.46% 16 6.08 0.21% 12

HKG 0.10 0.05% 45 1.30 0.04% 24

KAZ 0.36 0.16% 29 3.82 0.13% 17

LAO 0.04 0.02% 54 0.34 0.01% 42

MYS 0.97 0.44% 17 3.71 0.13% 18

MLT 0.00 0.00% 67 0.03 0.00% 62

MAR 0.09 0.04% 48 0.12 0.00% 53

MMR 0.04 0.02% 53 0.82 0.03% 32

PER 0.20 0.09% 34 0.76 0.03% 34

PHL 0.22 0.10% 32 0.71 0.02% 35
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Structural path analysis of net backward linkage CO2 emission from construction in the United States and China
When the construction sector serves as the final link in the supply chain, structural path analysis of the NBLE 
can reveal how other sectors transfer CO2 to the construction sector.

According to Eq.  (26) to (28), Table 8 shows that the top 10 NBLE pathways for the construction sector 
in the United States are secondary and tertiary pathways, accounting for 26.84% of the total NBLE, and all 
sources are domestic. The sectors with the most significant influence on NBLE are electricity, gas, steam, and 
air conditioning supply (S23), Other non-metallic mineral products (S14); and land transport and transport via 
pipelines (S27). As shown in Fig. 8, approximately 76% of CO2 emissions from S23 indirectly transferred to the 
construction sector. For S14 and S27, the direct supply pathway proportions are 89% and 65%, respectively. This 
result is driven by the American lifestyle and production activities, high fossil fuel consumption, and the limited 
use of new energy vehicles in 2018. Products such as limestone, talc, and cement, which are produced by the 
other S14 sectors, are the main demand for construction and are less needed in other sectors.

In China, the construction sector’s top ten NBLE pathways, including secondary, tertiary, and quaternary 
pathways, make up 46.50% of the total NBLE, and all sources are domestic. The three sectors with the most 
significant impacts are electricity, gas, steam, air conditioning supply (S23), basic metals (S15), and other non-
metallic mineral products (S14). As shown in Fig. 8, for the construction sector, 83% of CO2 emissions from 
S23 and 79% from S15 are transferred through indirect and direct supply pathways, respectively. The reasons 
are similar to those in the U.S. However, S14 is unique since CO2 is equally transferred through direct and 
indirect supply pathways. This is mainly because products from S15, such as steel bars, are directly bought by the 
construction sector, and other products consuming S15 products, such as light bulbs and other metal products, 
are also purchased by the construction sector.

This chapter reveals the top 10 NBLE pathways of the construction sector in the U.S. and China, guiding 
policymakers on emission reduction strategies. It is crucial to pay extra attention to S23, the primary CO2 
source, and consider both its direct use in construction and its consumption by related sectors. Furthermore, in 
the United States, the top 10 NBLE pathways account for a relatively minor proportion of the total NBLE, with 
all sources being domestic, thereby highlighting the complexity of carbon emissions within the construction 
industry’s supply chain. The development of effective emission reduction policies necessitates an understanding 
of the inter relationships within the supply chain.

Structural path analysis of net forwards linkage emission from construction in the United States and China
According to Eq. (23) to (25), Table 9 lists the top 10 pathways that lead to the highest NFLEs in the construction 
sectors of both the U.S. and China, showing how CO2 from construction reaches consumers through the supply 
chain.

In the U.S., the main NFLE pathways in the construction sector are secondary and tertiary, and the secondary 
pathways account for 72.22% of the total emissions. In China, the top ten pathways are all secondary, accounting 
for 54.59% of emissions. This indicates that both countries primarily export CO2 from construction through 
direct supply pathways. The three largest pathways for both are real estate activities (S37), public administration 
and defence, compulsory social security (S40), and education (S41), which are driven by their direct procurement 
from construction. CO2 often moves directly from construction to sectors S27 and S40 due to fewer intermediate 
links.

As shown in Fig. 9, the third-largest source of NFLEs for the U.S. construction sector is S26, with 75% of 
its CO2 exports to S26 occurring indirectly. This is because the retail and automotive repair industries usually 
purchase goods from other sectors, such as agriculture or consumer goods, which need construction services, 
such as building factories. Therefore, S26 does not have a high direct need for construction products or services.

Country/region

United States China

NBLE Contribution Rank NBLE Contribution Rank

ROU 0.09 0.04% 47 0.17 0.01% 50

RUS 4.26 1.91% 7 18.76 0.65% 3

SAU 0.40 0.18% 26 3.92 0.14% 16

SGP 0.39 0.18% 27 5.48 0.19% 13

ZAF 1.48 0.67% 14 11.99 0.41% 5

TWN 1.74 0.78% 11 10.04 0.35% 9

THA 0.91 0.41% 18 3.45 0.12% 20

TUN 0.02 0.01% 57 0.04 0.00% 59

VNM 1.58 0.71% 13 6.11 0.21% 11

ROW 4.76 2.14% 6 29.60 1.02% 2

MEX 9.34 4.19% 4 1.22 0.04% 25

CN 32.76 14.71% 2 2,701.05 93.21% 1

Total 222.75 100% \ 2,897.67 100% \

Table 5.  Decomposition of construction’s NBLE in United States and China (abroad). Unit of NBLE: Million 
tons (Mt).
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Country/region

United States China

NFLE Contribution Rank NFLE Contribution Rank

AUS 0.01 0.01% 18 0.00 0.00% 15

AUT 0.00 0.00% 41 0.00 0.00% 38

BEL 0.01 0.00% 22 0.00 0.00% 35

CAN 0.06 0.05% 3 0.00 0.00% 12

CHL 0.00 0.00% 28 0.00 0.00% 34

COL 0.01 0.00% 21 0.00 0.00% 37

CRI 0.00 0.00% 43 0.00 0.00% 56

CZE 0.00 0.00% 45 0.00 0.00% 31

DNK 0.00 0.00% 40 0.00 0.00% 40

EST 0.00 0.00% 63 0.00 0.00% 58

FIN 0.00 0.00% 44 0.00 0.00% 43

FRA 0.02 0.01% 11 0.00 0.00% 10

DEU 0.02 0.02% 7 0.00 0.00% 7

GRC 0.00 0.00% 50 0.00 0.00% 52

HUN 0.00 0.00% 48 0.00 0.00% 45

ISL 0.00 0.00% 54 0.00 0.00% 64

IRL 0.01 0.01% 13 0.00 0.00% 42

ISR 0.00 0.00% 33 0.00 0.00% 39

ITA 0.01 0.01% 15 0.00 0.00% 20

JPN 0.04 0.04% 6 0.00 0.00% 4

KOR 0.02 0.02% 9 0.00 0.00% 5

LVA 0.00 0.00% 65 0.00 0.00% 66

LTU 0.00 0.00% 61 0.00 0.00% 63

LUX 0.00 0.00% 39 0.00 0.00% 54

NLD 0.01 0.01% 14 0.00 0.00% 24

NZL 0.00 0.00% 47 0.00 0.00% 44

NOR 0.00 0.00% 36 0.00 0.00% 36

POL 0.00 0.00% 37 0.00 0.00% 26

PRT 0.00 0.00% 49 0.00 0.00% 53

SVK 0.00 0.00% 53 0.00 0.00% 50

SVN 0.00 0.00% 56 0.00 0.00% 57

ESP 0.01 0.01% 19 0.00 0.00% 23

SWE 0.00 0.00% 34 0.00 0.00% 33

CHE 0.00 0.00% 26 0.00 0.00% 30

TUR 0.00 0.00% 27 0.00 0.00% 27

GBR 0.02 0.02% 8 0.00 0.00% 18

USA 106.88 99.51% 1 0.01 0.01% 2

ARG 0.00 0.00% 30 0.00 0.00% 32

BRA 0.01 0.01% 12 0.00 0.00% 22

BRN 0.00 0.00% 66 0.00 0.00% 62

BGR 0.00 0.00% 59 0.00 0.00% 59

KHM 0.00 0.00% 62 0.00 0.00% 47

HRV 0.00 0.00% 58 0.00 0.00% 61

CYP 0.00 0.00% 64 0.00 0.00% 67

IND 0.02 0.02% 10 0.00 0.00% 6

IDN 0.00 0.00% 23 0.00 0.00% 14

HKG 0.00 0.00% 35 0.00 0.00% 13

KAZ 0.00 0.00% 52 0.00 0.00% 48

LAO 0.00 0.00% 67 0.00 0.00% 60

MYS 0.00 0.00% 29 0.00 0.00% 21

MLT 0.00 0.00% 55 0.00 0.00% 65

MAR 0.00 0.00% 46 0.00 0.00% 51

MMR 0.00 0.00% 60 0.00 0.00% 46

PER 0.00 0.00% 31 0.00 0.00% 41

PHL 0.00 0.00% 38 0.00 0.00% 25
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Fig. 7.  Decomposition of the NFLE and NBLE in the United States and China (domestic).

 

Country/region

United States China

NFLE Contribution Rank NFLE Contribution Rank

ROU 0.00 0.00% 51 0.00 0.00% 49

RUS 0.00 0.00% 24 0.00 0.00% 16

SAU 0.00 0.00% 32 0.00 0.00% 29

SGP 0.01 0.01% 16 0.00 0.00% 19

ZAF 0.00 0.00% 42 0.00 0.00% 28

TWN 0.01 0.01% 17 0.00 0.00% 17

THA 0.01 0.01% 20 0.00 0.00% 11

TUN 0.00 0.00% 57 0.00 0.00% 55

VNM 0.00 0.00% 25 0.00 0.00% 8

ROW 0.04 0.04% 5 0.00 0.00% 3

MEX 0.05 0.05% 4 0.00 0.00% 9

CN 0.07 0.06% 2 115.91 99.96% 1

Total 107.41 100% \ 47,627.98 100% \

Table 6.  Decomposition of construction’s NFLE in United States and China (abroad). Unit of NFLE: Million 
tons (Mt).
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Fig. 8.  Direct and indirect supply chain shares of net backward linkage CO2 emissions.

 

Country Rank Emission Contribution Layer Supply chain path

United States

1 19.66 8.95% 2 Other non-metallic mineral products→construction

2 10.87 4.95% 2 Electricity, gas, steam and air conditioning supply→construction

3 7.79 3.55% 2 Land transport and transport via pipelines→construction

4 5.04 2.30% 3 Electricity, gas, steam and air conditioning supply→ Wholesale and retail trade; repair of motor vehicles→construction

5 3.9 1.78% 2 Coke and refined petroleum products→ Construction

6 3.27 1.49% 3 Electricity, gas, steam and air conditioning supply→ Other non-metallic mineral products→construction

7 2.6 1.18% 3 Mining and quarrying, energy producing products→coke and refined petroleum products→construction

8 1.98 0.90% 2 Mining and quarrying, non-energy producing products→construction

9 1.92 0.87% 2 Wholesale and retail trade; repair of motor vehicles→construction

10 1.91 0.87% 3 Basic metals→ Computer, electronic and optical equipment→construction

total 58.94 26.84%

China

1 361.54 12.48% 2 Basic metals→construction

2 345.57 11.93% 2 Other non-metallic mineral products→construction

3 178.8 6.17% 2 Electricity, gas, steam and air conditioning supply→construction

4 111.03 3.83% 3 Electricity, gas, steam and air conditioning supply→other non-metallic mineral products→construction

5 101.28 3.50% 3 Basic metals→basic metals→construction

6 79.96 2.76% 3 Electricity, gas, steam and air conditioning supply→basic metals→construction

7 65.25 2.25% 3 Other non-metallic mineral products→other non-metallic mineral products→construction

8 39.71 1.37% 3 Electricity, gas, steam and air conditioning supply→electricity, gas, steam and air conditioning supply→construction

9 35.84 1.24% 3 Basic metals→computer, electronic and optical equipment→construction

10 28.37 0.98% 4 Basic metals→basic metals→basic metals→construction

Total 1347.35 46.50%

Table 8.  The top 10 ranking paths for net backward linkage CO2 emissions in the U.S. and China (domestic).

 

United States China

Layer Emission Contribution Layer Emission Contribution

Net backward linkage CO2 
emissions

2 60.12 27.38% 2 992.97 34.27%

3 40.26 18.33% 3 711.91 24.57%

4 16.88 7.69% 4 419.7 14.48%

Total 117.26 53.40% total 2124.59 73.32%

Net forward linkage CO2 emissions

2 14.2 71.86% 2 0.59 65.73%

3 3.37 17.05% 3 0.15 16.71%

4 1.24 6.28% 4 0.07 7.80%

Total 18.81 95.19% total 0.81 90.24%

Table 7.  CO2 emissions linkages at different layers of construction in the United States and China (domestic). 
Unit of emission: Million tons (Mt).
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In summary, alongside the strategies outlined in Sect. 4 to mitigate the NFLE of the construction sector in the 
U.S. and China, the U.S. must also consider the transfer of CO2 to the downstream sector S26 through indirect 
supply pathways from S23 when devising pertinent green building policies.

Conclusion and discussion
This paper begins by conducting an in-depth study of PBE and CBE in the construction sectors of China and 
the United States under the MHEM. Although the proportion of CO2 emissions from the construction sector 
based on production is not high in both China and the United States, from the perspective of consumption, the 
levels of CBE in the construction sectors of both countries are relatively high. Therefore, the development of the 
construction sector leads to a significant amount of indirect CO2 emissions that cannot be ignored. This fact 
necessitates that policymakers consider the consumption-based CO2 emissions of the construction sector when 
formulating low-carbon policies.

This research analyses the CO2 emission linkages (NBLE, NFLE, IEE, and MEE) and the NTE between the 
construction sector and its upstream and downstream sectors. By identifying data related to CO2 emission 
linkages, policymakers can better understand the drivers of emissions and develop targeted policies to reduce 
the carbon footprint. The results indicate that the NBLE of the construction sectors in both China and the United 

Fig. 9.  Direct and indirect supply chain shares of net forward linkage CO2 emissions.

 

Country Rank Emission Contribution Layer Supply chain path

United States

1 6.67 33.75% 2 Construction→real estate activities

2 5.05 25.56% 2 Construction→public administration and defence; compulsory social security

3 0.58 2.94% 2 Construction→education

4 0.42 2.13% 3 Construction→real estate activities→wholesale and retail trade; repair of motor vehicles

5 0.37 1.87% 3 Construction→real estate activities→human health and social work activities

6 0.27 1.37% 2 Construction→wholesale and retail trade; repair of motor vehicles

7 0.25 1.27% 3 Construction→real estate activities→real estate activities

8 0.23 1.16% 2 Construction→coke and refined petroleum products

9 0.22 1.11% 2 Construction→other service activities

10 0.21 1.06% 2 Construction→electricity, gas, steam and air conditioning supply

total 14.27 72.22%

China

1 0.18 20.05% 2 Construction→real estate activities

2 0.15 16.71% 2 Construction→public administration and defence; compulsory social security

3 0.06 6.68% 2 Construction→education

4 0.02 2.25% 2 Construction→electricity, gas, steam and air conditioning supply

5 0.02 2.20% 2 Construction→human health and social work activities

6 0.02 1.18% 2 Construction→accommodation and food service activities

7 0.02 1.76% 2 Construction→wholesale and retail trade; repair of motor vehicles

8 0.01 1.15% 2 Construction→arts, entertainment and recreation

9 0.01 1.13% 2 Construction→agriculture, hunting, forestry

10 0.01 1.10% 2 Construction→telecommunications

Total 0.49 55.30%

Table 9.  The top 10 ranking paths for net forward linkage CO2 emissions in the U.S. and China (domestic). 
Unit of emission: Million tons (Mt).
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States significantly contributes to the total CBE, with both industries being net importers of CO2 emissions. 
However, the net CO2 imports of the Chinese construction sector far exceed those of the United States, primarily 
due to its greater demand for high-energy-consuming products. Additionally, the structural characteristics of 
Chinese and American constructions differ, with Chinese construction predominantly using steel and concrete, 
while wooden structures are more common in the United States. The American construction sector has more 
stringent policies on material use and provides tools for assessing the CO2 emissions of construction production 
activities. Therefore, China can reduce the use of high-energy-consuming and high-emission building materials, 
and offer assessment tools to professionals in the construction sector to plan for the CO2 emissions of construction 
production activities in advance.

Further decomposition of the NBLE structure revealed that the electricity, gas, steam, and air conditioning 
supply (S23) sector contributes significantly to the NBLE of the construction sector. According to the results, 
China’s S23 is more dependent on fossil fuels, which is one of the reasons for China’s construction sector having a 
higher NBLE than that of the United States. Although the residential construction structure in the United States 
tends to use fewer high-energy-consuming materials, the production and transportation of these materials still 
contribute substantially to CO2 emissions from the S27.

Therefore, to reduce the NBLE of the construction sector in both China and the United States, it is crucial 
to optimize their respective energy structures and actively promote the use of renewable energy sources such 
as solar, wind, hydro, and geothermal power as ideal alternatives to fossil fuels. Additionally, governments can 
encourage the research, development, and production of renewable energy through policy-making, subsidies, 
and loans while also strengthening the construction of energy infrastructure to improve the transmission and 
distribution efficiency of renewable energy.

This study has limitation, as it primarily focuses on China and the United States, and its findings may not 
be fully applicable to other countries. Future research could expand the scope to include a broader range of 
countries and regions, thereby enhancing the generalizability and applicability of the findings. Meanwhile, it 
could further investigate the CO2 emission characteristics of various materials and technologies within the 
construction industry to identify more effective mitigation strategies. Additionally, it could examine the efficacy 
of policy interventions by analyzing the specific impacts of various policy measures on CO2 emissions in the 
construction sector. Lastly, considering the global impact of climate change, future research should emphasize 
international collaboration to collectively seek global solutions for reducing CO2 emissions in the construction 
industry.

China and the United States are the world’s largest CO2 emitters, and the construction sector is one of the 
largest sources of CO2 emissions. To reduce the impact of CO2 emissions from the construction sector, this 
study, based on previous research, analyses the CO2 emissions of construction sectors in China and the United 
States using the structural path analysis (MHEM-SPA) method and explores the current status and influencing 
factors of CO2 emissions in construction sectors.

Data availability
The datasets generated during the current study are available in the OECD ​r​e​p​o​s​i​t​o​​​​r​y​​，​h​​t​​t​​p​s​​:​/​/​w​​w​w​.​​o​e​​c​​d​.​o​​r​g​/​​e​
n​/​​d​a​t​a​/​d​a​t​a​s​e​t​s​/​i​n​t​e​r​-​c​o​u​n​t​r​y​-​i​n​p​u​t​-​o​u​t​p​u​t​-​t​a​b​l​e​s​.​h​t​m​l​.​​
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