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China is the largest producer of carbon in the world. China’s construction industry has
received widespread attention in recent years due to its environmental issues. However,
little research has been conducted to investigate the environmental efficiency of the
domestic part of this industry. As the foreign contribution is beyond China’s control,
identification of domestic carbon emissions is necessary to formulate effective policy
interventions. Based on a multi-regional input-output model, this study attempts to reduce
the statistical bias associated with international trade, thereby obtaining a more accurate
indicator of domestic carbon emission intensity. This study aims to reveal the change in the
domestic carbon emission intensity of China’s construction industry during 2000–2014
and analyze the reason behind it. The results show that, first, both the constructed intensity
indicator and commonly used measures of carbon emission intensity have exhibited a
decreasing trend over the study period. However, the former has been consistently larger
than the latter. Moreover, this difference first increased and then suddenly decreased after
a particular year. Second, although the domestic carbon emission intensity shows a
gradually declining trend, it has moved from second to first in global rankings, implying that
China’s domestic construction industry’s carbon emission efficiency, while falling, lags
behind other major economies. Third, the structural decomposition results reveal that
changes in direct production emission intensity are the leading causes of the decline in
domestic carbon emission intensity. In contrast, a change in the intermediate input
structure led to an increase in the emission intensity in China’s construction industry.
In addition, the enormous gaps of domestic carbon emission intensity in the construction
industry between China and the selected countries are mainly attributable to the difference
in the intermediate input structure. The study suggests that China’s construction industry
needs to promote high value-added output, optimize intermediate input structure, and
improve energy and emission efficiency.
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INTRODUCTION

The global climate crisis necessitates more effective reductions in
carbon emissions. China is the largest CO2 emitter in the world
and has received increasing attention from the international
community in this regard. In response, the Chinese
government has specified the goal of reaching peak carbon
emissions by 2030and committed to reducing the emission
intensity to a value that is 60–65% lower than the 2005 levels
by the year 2030 (Chen et al., 2019a). China has recently made an
announcement in the UN General Assembly describing its vision
to achieve carbon neutrality by 2060 (The Chinese Government,
2020). The attainment of such ambitious climate goals would
require the development and implementation of vigorous
policies, as well as the strengthening of existing measures.

The construction industry is a typical example of an energy-
intensive sector that is particularly becoming a cause of great
concern in China. On the one hand, it produces the second-
highest amount of carbon, with the record that its embodied
carbon input contributed 32% to the increase in total carbon
emissions during 1992–2012 (Hou et al., 2020). On the other
hand, it represents a backbone industry in China’s economic
development, accounting for approximately 7% of the gross
domestic product (GDP) and creating over 55 million jobs
(NBSC, 2019). Given the vast population, massive
urbanization, and the ongoing modernization process, the
ensuring excessive construction projects would make the
emissions mitigation tasks even more challenging (Wu et al.,
2018). Therefore, to better balance the emission reduction tasks
and output demands, targeted measures should be formulated to
lower the carbon emission intensity of China’s construction
industry.

Accurately measuring the carbon emission intensity of domestic
production has been particularly challenging due to the proliferation
of the global value chain (GVC), usually characterized by extensive
intra-product division across countries.With the deepening of trade,
production networks often extend to multiple countries. As Johnson
and Noguera (2012) pointed out, intermediate goods transactions
could explain about 67% of the global trade volume. In China’s
construction industry, 27% of the inputs are imported products
(Huang et al., 2018). Another noticeable phenomenon is the transfer
of pollution across the boundaries (Han et al., 2018). This implies
that China’s construction industry not only induces value-added and
pollution emissions from domestic upstream production but also
induces value-added and pollution emissions from abroad through
import channels.

Considering that traditional emission intensity does not
distinguish between country sources, it is difficult to measure
the emissions per unit of domestic value-added, which could
easily result in misleading policy design. However, the
reconsideration of carbon emission intensity in the context of
GVC has not yet been investigated in the previous literature.

The present attempts to fill this gap in research by constructing
a new indicator called domestic carbon emission intensity
(DCEI), which excludes foreign intermediate inputs and the
associated emissions. In particular, this study uses the multi-
regional inputoutput (MRIO) model and the structural

decomposition analysis (SDA) method to analyze the changes
in the DCEI of China’s construction industry during 2000–2014.
Furthermore, some cross-country comparative analyses of DCEI
were carried out to provide a more thorough picture of the
Chinese construction industry. The considerable references
and policy implications that may follow from the empirical
results of this study are expected to enhance the carbon
emission efficiency of China’s construction industry.

This study extends previous studies in this field from the
following three aspects: 1) by separating domestic and foreign
contents, this study proposes an analytical framework for
measuring domestic carbon emission intensity that is
applicable to various sectors; 2) this study uses the most
recent data from the World InputOutput Database (WIOD) to
measure the DCEI of China’s construction industry during
2000–2014; 3) it analyzes the drivers of DECI variation and
the gap between China and other global Frontier economies,
thus expanding this type of research to 2014.

The remainder of this study is organized as follows. Literature
Review provides a brief review of the relevant literature. The
methodology and data are presented in Methodology and Data.
Results and Discussion presents the results and discussion of the
study. The final section presents the main conclusions of
the study.

LITERATURE REVIEW

As reported by Zhou et al. (2020), industry-related changes in
China’s carbon emission intensities are mostly shaped by the
construction industry. A growing body of literature has focused
on carbon mitigation in China’s construction industry. One
noticeable feature of this industry is its intensive industrial
linkages, which describe the dependence of different economic
sectors on each other’s supply and demand (Zhang L. et al., 2019).
With the prevalence of GVC, these complicated industrial
linkages have broadened to involve various sectors in
countries, resulting in misleading traditional measures (Xu
et al., 2021). Therefore, it is essential to reevaluate China’s
construction industry’s environmental performance from a
more integrated production chain perspective. The literature
relevant to this study covers the following two main categories.

Carbon Emission Evaluation and
Decomposition Analysis
Considerable research efforts have been devoted to evaluating the
construction industry’s carbon emissions with varying research
scopes. At the macro level, Huang et al. (2018) compared the
construction industry’s carbon emissions performance in 40
countries and observed that China is the world’s largest
contributor to construction carbon emissions. In China, the
carbon emissions in the construction sector have been
investigated in different ways, such as process-based life cycle
assessment (Chen et al., 2017), inputoutput analysis (Zhang Y.
et al., 2019), and hybrid analysis (Zhang and Wang, 2016; Chen
et al., 2017; Zhang Y. et al., 2019). At the megaregion level, Qi
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et al. (2020) estimated the induced pollution emissions in the
export of the Yangtze River Delta region through a four-level
analytical framework and found that the environmental impact in
the construction sector had the largest growth rate and
contributed the most to the increase in cross-regional
environmental emissions.

In addition, some researchers have identified the factors
contributing to carbon emission changes and quantified their
contributions. For example, Shi et al. (2017) examined the driving
factors of carbon emission changes in China’s construction
industry during 1995–2009 using the SDA method. The total
final demand has been the leading cause of the increase in the
emissions while the energy intensity has led to the highest
decrease in the emissions associated with China’s construction
industry. Following a life cycle perspective, Wu et al. (2019)
applied the logarithmic mean divisia index (LMDI) method to
evaluate the drivers of carbon emissions within China’s
construction industry during 2000–2015. It was observed that
the extraction and manufacturing of raw materials accounted for
58% of the life cycle carbon emissions. Thus, improving energy
efficiency as well as lowering emission factors was proposed.

Most existing literature on carbon emission intensity
conducted the decomposition analysis, with the index
decomposition analysis (IDA) being one of the most
intensively used methods (Zhao et al., 2021). However, one
major limitation of the IDA approach is that it only considers
the driver’s direct impact and disregards the indirect impact of
the drivers. In contrast, the SDA method addresses this issue by
capturing both direct and indirect effects (Hoekstra and Van den
Bergh, 2003). As mentioned above, many studies have utilized the
SDA method for total carbon emission decomposition analysis.
For example, Wang et al. (2017a) and Wang et al. (2017b)
explored the changes in carbon emission intensity at national
and sectoral levels, respectively, using the SDA method. Dong
et al. (2018) combined SDA and quantile regression to analyze the
drivers of changes in China’s carbon emission intensities. Su and
Ang (2020) employed the SDA and attribution analysis methods
to investigate Singapore’s aggregate carbon intensity at different
levels, including the final demand, sector, and transmission levels.

Although the above literature has enriched our understanding
of decomposition analysis on carbon intensity by covering many
levels, few designs enable both temporal and cross-country
comparisons of carbon intensities.

Value-Added Accounting Perspective
With the prevalence of GVC, the misleading quality of traditional
statistics has been verified universally with the expansion of
intermediate product trade (Johnson and Noguera, 2012). As
mentioned before, intermediate inputs and value-added in a
certain stage are exported and counted as the cost of the next
stage of production, resulting in double-counting problems and
statistical biases. This is especially true for countries located
downstream of the GVC, such as China (Koopman et al.,
2014). A typical example is the iPhone production case.
China, the largest exporter of the iPhone, completes the final
step of production as a processing hub. However, China gains
only 1.8% of the price of each iPhone. In terms of gross

calculations, China’s actual economic profits from export trade
are far less than those reported using traditional statistics
(Kremer et al., 2011).

As Wang et al. (2018) suggested, the deepening GVC system
has challenged conventional wisdom on value creation and
emissions generation in a given industry in any country.
However, studies on carbon emission intensity against the
background of GVC are relatively rare (Xiao et al., 2020),
particularly in the construction industry. In terms of value
measurement, domestic value-added has become a reliable
and popular measure of a country’s true economic profits
(Xu et al., 2021). In the area of pollution generation, the
complexity of GVC makes it difficult to attribute
responsibility for domestic and foreign emissions, thus
exacerbating the difficulty of formulating sound
environmental governance policies. More recent literature has
shown that the energy consumption or carbon emissions
resulting from a country’s demand are closely associated with
the extent, manner, and location of the importing country’s
engagement in GVC in addition to its own level of green
production (Meng et al., 2018; Wang et al., 2020).

Nevertheless, these limited studies have focused almost
exclusively on aggregate indicators rather than intensity or
efficiency indicators. Analysis of trends in intensity indicators
within the context of GVC has been lacking. One exception is the
study conducted by Xiao et al. (2020), whichmeasured the carbon
intensities in aggregated demand and further differentiated the
demand routes within the context of GVC. However, Xiao et al.
(2020) decomposed aggregate emissions instead of intensity
indicators for the impact mechanism analysis.

A brief review of the extant literature shows that there are still
some gaps in the decomposition analysis of carbon emission
intensity from a GVC perspective. As reported by Hung et al.
(2019), ongoing vertical specialization and globalization have
made the construction industry’s supply chain span an
increasing number of economies and have accelerated the
displacement of environmental impacts. Therefore, it is
important to gain a comprehensive understanding of the
carbon emission intensity of China’s construction industry
from the GVC trade perspective.

METHODOLOGY AND DATA

Domestic Emissions per Domestic
Value-added
As mentioned above, three common approaches are widely used to
estimate embodied emissions in the construction field: process-based
analysis, hybrid analysis, and inputoutput analysis (Zhang andWang,
2016). Owing to the distinct research processes and characteristics of
these methods, they have been adopted in various studies. Moreover,
the construction industry has a strong link with the rest of the
economy, particularly its input suppliers. Therefore, the inputoutput
approach is more feasible when analyzing both direct and indirect
environmental impacts (Acquaye and Duffy, 2010).

The single-region inputoutput (SRIO) model has been
commonly adopted to evaluate environmental impacts for quite
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some time (Nansai et al., 2009; Shan et al., 2017). However,
considering the chains of intermediate inputs and final products,
the MRIOmodel would be more effective from a global perspective
(Wiedmann, 2009). This method combines bilateral trade data at
the sectoral level, which facilitates the identification of relationships
between different countries/regions as well as between various
sectors in different countries/regions. Therefore, it is a powerful
tool for tracking value-added or pollution emissions amidst the
surge in international trade (Zhao et al., 2021).

To facilitate intuitive illustration, this section assumes a simplified
MRIO model that includes only two countries and two sectors
throughout the world (Table 1). This assumption and its findings
can be easily extended to a real-world case where there are n countries
and/or regions and m sectors. The countries and sectors are denoted
using superscripts (s and r) and subscripts (1 and 2), respectively.
Letters in the upper case denote thematrix, and lowercase letters denote
an element of the corresponding matrix or some numerical value.

Additionally, this study defines the intermediate input
coefficient matrix as A, the industry output vector as X, the
final demand matrix as Y , and the pollutant emissions vector as
FT. Based on the equilibrium attribute of the inputoutput table,
the row balance condition holds:

X � AX + Y (1)

Let the parameter B denotes the Leontief inverse matrix. Then the
total output vector can be computed using Eq. 2 and can be
further extended to a blocked matrix form, as shown in Eq. 3.

X � (I − A)−1Y � BY (2)
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where V and F represent the value-added coefficient vectors and
the emissions coefficient vectors, respectively. Two identities hold
for sector i in country s are:

vis � vais/x
i
s (4)

fi
s � ftis/x

i
s (5)

Since the value-added (or pollutant emissions) can be expressed as the
product of the industry output and the value-added coefficient (or
emissions coefficient), this relationship can be used to quantitatively

compute value-added (or pollutant emissions). Taking the value-
added as an example, it can be expressed as follows1:

VA � V · X � V · [(I − A)−1Y] � V · (BY) (6)
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To further track the value creation induced by the final demand in
different sectors, Eq. 7 can be translated into a 4 × 4 square form:
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In addition, the value creation in each sector can be derived using
the row summation of Eq. 8, and the value creation induced by the
final demand can be obtained through the column summation of
Eq. 8. Since final demand induces domestic value creation through
the use of domestic inputs and foreign inputs, it accordingly induces
foreign value creation as well. To isolate the domestic value-added
component of the final product, we take the example of the final
demand in sector 1 of country s. Assuming that the superscript u
denotes any given country and the subscript i represents any given

TABLE 1 | Illustration of inter-regional inputoutput table (two countries and two sectors).

Intermediate demand Final demand Total output

Region s Region r Region s Region r

Sector 1 Sector 2 Sector 1 Sector 2

Intermediate input Region s Sector 1 – – – – – – –

Sector 2 – – – – – – –

Region r Sector 1 – – – – – – –

Sector 2 – – – – – – –

Value-added – – – – – – –

Pollutant emissions – – – – – – –

Total input – – – – – – –

1The dot product between the two matrices here represents the corresponding
elements of the two for multiplication.
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sector, the value-added induced by the final demand in sector 1of
country s can be expressed as follows.
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(9)

It can be observed that the value in the final demand of sector 1
for country s can be divided into domestic value-added in final
demand (DVA) and foreign value-added in final demand (FVA).
FVA is the only part created by using foreign intermediate inputs
imported from abroad. Thus, the value-added due to the final
demand in country s is not all derived from the home country,
and only the DVA part represents the pure value from country s.

Analogously, the pollutant emissions caused by the demand
for final demand can be obtained by substituting the value-added
coefficient vector V with the emissions coefficient vector F.
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Thus, for sector 1 of country s, the pollutant emissions resulting
from the demand for final demand can be expressed as follows.

∑2
u�1

∑2
i�1

fu
i b

us
i1y

s
1 � fs

1b
ss
11y

s
1 + fs

2b
ss
21y

s
1︸�������︷︷�������︸

domestic CO2 emissions

+fr
1b

rs
11y

s
1 + fr

2b
rs
21y

s
1︸�������︷︷�������︸

foreign CO2 emissions

� ∑2
i�1

fs
i b

ss
i1y

s
1︸����︷︷����︸

domestic CO2 emissions

+ ∑2
i�1

fr
i b

rs
i1y

s
1︸����︷︷����︸

foreign CO2 emissions

(11)

Given that country s only bears the burden of domestic CO2 emissions
in the final demand, attention should be paid to the fs

1b
ss
11y

s
1 +

fs
2b

ss
21y

s
1 part of the equation. Using the ratio of domestic CO2

emissions in final demand to embodied domestic value-added, the
carbon emission intensity index DCEI can be expressed as follows:
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This implies that the higher the value of DCEIs1 is, the more
pollutant emissions are generated per unit DVA. Therefore, the
DCEI index can be used to measure the domestic carbon emission
intensity of sector 1 in country s.

Structural Decomposition Analysis Method
Changes in DCEI During Different Periods
Considering that static measurements of DCEI cannot capture
the effects of drivers on changes in emission intensity, this study
further applies the SDA method to elaborate the inter-temporal
changes of sector 1 in country s. To depict this dynamic process,
this study defines the indicator dCs

1, which represents the change
in DCEI between two periods. When dCs

1 > 0, the value of DCEI
increases from period t–1 to period t; whereas when dCs

1 < 0, the
value of DCEI decreases from period t–1 to period t.

dCs
1 � DCEIs1,t −DCEIs1,t−1 (13)

For the sake of convenience, the four matrices are detailed as
follows:
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where Fs andV s are the emission coefficient vector and the value-
added coefficient vector of country s, respectively. Bss is Leontief’s
inverse matrix of country s, and Y s is the final demand vector of
sector 1 in country s. Thus, Eq. 13 can be expressed as follows.2
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Consequently, the change in DCEI (dĈ
s
1) can be decomposed into

four distinct parts dF̂, dV̂, dB̂, and dŶ, which reflect the direct
production emission intensity effect, the value-added coefficient effect,
the intermediate input structure effect, and the final demand structure
effect on DCEI, respectively. Because there is no change in the final
demand product structure for a certain single sector (dŶ ≡ 0), the
change in DCEI is primarily shaped by dF̂, dV̂, and dB̂.

2The superscript T represents the transpose of the matrix. Since the SDA
decomposition form is not unique, this paper defines dĈ

s
1 as the first pole

decomposition and dC
s
1 as the second pole decomposition.
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To eliminate the limitation that the decomposition
results are not unique because of the different ordering
of elements in the SDA process, this study uses the
geometric average method suggested by Xu and
Dietzenbacher (2014) to estimate the size of each part.
First, the symmetrical form of Eq. 15 can be constructed
as below.
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Second, the geometric average of these two parts is calculated as
below.
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1)/2 (17)

Finally, the index dCs
1 is converted into the geometric average to

accurately analyze the contribution of the four factors to the
DCEI changes.

Changes in Differences in DCEI Between Various
Countries
The SDA method can also be used to capture the variance in the
DCEI of the two countries for a given period. For example, during
period t, the difference in DCEI between country s and country r
can be specified in two forms.
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Furthermore, taking the geometric average of Eqs 18, 19, this
study also facilitates the traceability of the drivers of the difference
in DCEI across various countries/regions based on the bipolar
decomposition that has been described in Eq. 17.

Data
This study investigates CO2 emissions and value-added induced
by the final demand for China’s construction industry during
2000–2014. In addition, four developed countries (the
United States, Japan, France, and Germany) were selected for
further cross-country comparisons. These countries have been
among the world’s leaders in terms of the final demand scale, as
well as their carbon emission efficiency in the construction
industry. In particular, the United States, although not very
efficient, is included in this analysis on the basis that its final
demand scale is merely lower than that of China.

The SRIO model can only explain the total emissions of an
economy. It fails to measure the foreign value-added and total
emissions caused by the construction industry. Moreover, due to
the fact that the data for each country has been published during
different years, single-region inputoutput tables cannot be used for
consistent cross-country comparisons. With the improvement of
inputoutput data, many studies have started to use multi-regional
inputoutput tables such asWIOD or Eora to address environmental
issues in the context of global value chains. However, the Eora data
have a negative final output scenario, contrary to our economic
intuition. Therefore, we chose the WIOD database, a more widely
used database in the prevailing literature, for our research analysis.

The core database of WIOD is the World InputOutput Tables
(WIOT), which includes 28 member countries of the European
Union and 15 other important economies, including the
United States and China. All other countries are classified into
the rest of the world (RoW) region. The 43 economies directly
accounted for 90.8 and 85.8% of the world’s GDP in 2000 and 2014,
respectively. Moreover, their production outputs accounted for 89.9
and 84.1% of the global production output in 2000 and 2014,
respectively (WIOD, 2016). Accordingly, the WIOT can effectively
depict the patterns of production technology and domestic (or
international) trade. These economies accounted for 82.1 and 78.4%
of the world’s carbon emissions in 2000 and 2014, respectively
(WIOD, 2016). Therefore, it is adequate to adopt these WIOT
sequences and environmental accounts provided by the WIOD to
study the impacts of economic operations on natural resources and
the environment in different countries or regions.

RESULTS AND DISCUSSION

This section first provides an overview of DVA and DCE of
China’s construction industry over the study period, followed by
a comparison between DCEI and total carbon emission intensity
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(TCEI) of this sector. This section then analyzes the factors
influencing the changes in China’s construction DCEI by
utilizing the SDA technique. Furthermore, this section
discusses the differences in DCEI between China and other
major construction countries (the United States, Japan, France,
and Germany) to analyze and bridge the gap between
international and domestic carbon efficiency.

DVA and DCE of China’s Construction
Industry
By plugging the data into Eqs 8, 9, the final output of China’s
construction industry and its domestic part during 2000–2014
were measured (Figure 1). The total final output of China’s
construction industry increased from 231.5 billion United States$
in 2000–2775.6 billion United States$ in 2014, with its DVA part
increasing from 202.2 billion United States$ in 2000–2410.6
billion United States$ in 2014. Both parameters maintained an

increasing trend throughout the study period, with nearly
identical growth rates. By plugging the data into Eqs 10, 11,
the values of the total induced carbon emissions from China’s
construction industry and its domestic part during 2000–2014
were calculated (Figure 2). The total carbon emissions induced by
the final output increased from 864.1 million tons in 2000 to 4.1
billion tons in 2014, with its DCE part increasing from 814.3
million tons in 2000 to 3.8 billion tons in 2014. These two
parameters also maintained consistent growth over the entire
study period and exhibited similar growth rates.

Combining the two results, it can be observed that
regardless of the year, the estimation results under the gross
value method were higher than those under the domestic-only
accounting method. As mentioned before, this deviation is
caused by the ever-increasing decentralization of global
production and trade liberalization. Without the capability
to distinguish value-added sources, traditional estimation
methods tend to overestimate domestic value creation, as

FIGURE 1 | The final output and domestic value-added in the final output of China’s construction industry during 2000–2014.

FIGURE 2 | The total carbon emissions and the domestic carbon emissions of China’s construction industry during 2000–2014.
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well as domestic-induced carbon emissions. Another
interesting point that can be intuitively understood from
the graph is that the gross final output overestimates the
domestic component to a greater extent than total carbon
emissions. This may imply a persistent bias between
traditional carbon intensity and pure domestic carbon
intensity. Accordingly, the constructed DCEI can serve as
an essential basis for depicting China’s pure-domestic
construction market’s economic and environmental
performance.

DCEI of China’s Construction Industry
Total carbon emission intensity is a commonly used measure in
existing studies, and it is usually defined as the amount of carbon
emissions per unit of output. As highlighted earlier, both the
emissions and output measurements have become complicated in
the context of GVC, and this study attempts to reduce such
statistical bias. The indicator DCEI constructed in Domestic
Emissions Per Domestic Value Added enables us to better
understand the true carbon intensity of domestic production
in China’s construction industry than the traditional
indicator TCEI.

Figure 3 provides an overview of the DCEI and TCEI of
China’s construction industry during 2000–2014. On the whole,
both indicators have exhibited a significant decline, except for a
brief rise during 2002–2004 and a short stagnation during
2008–2009. The TCEI fell from 3.7 kg/$ in 2000 to 1.5 kg/$ in
2014, which represents a decrease of 59.5%. At the domestic level,
the carbon intensity fell from 4.0 kg/$ in 2000 to 1.6 kg/$ in 2014,
which represents a decrease of 60%. Moreover, the value of DCEI
has been consistently larger than that of TCEI, suggesting that the
domestic carbon emission efficiency of China’s construction
industry is actually worse than its global environmental
performance.

This is in accordance with the conclusions implied by
Huang et al. (2018), who showed that China’s construction
industry imports 27% of its intermediate inputs, which only

release 5% of its total carbon emissions. Combined with the
fact that a tiny percentage of the industry’s final products are
exported, the vast majority of the construction carbon
emissions would eventually be absorbed domestically.
Therefore, the domestic production of China’s construction
industry exhibits more extensive characteristics. This implies
that the TCEI underestimates the carbon intensity of domestic
production to some extent and overestimates its
environmental efficiency.

On the positive side, however, the gap between these two
indicators was observed to be narrowing during the study’s later
phases. The numerical difference peaked at 0.5 kg/$ in 2005 and
then continued to decrease until it reached 0.1 kg/$ in 2014. This
may indicate that China’s construction industry’s domestic
carbon emission efficiency has gradually improved recently,
considerably bridging the gap with the rest of the world.

Table 2 reports the final output andDCEI inChina’s construction
industry over the study period. Generally, as mentioned in the
previous subsection, the final output in China’s construction
industry has been expanding, while its DCEI has been
diminishing. However, these two parameters have one feature in
common: China has consistently ranked the highest in the world in
terms of both these parameters. Besides, the global ranking of DCEI
surpassed that of the final output. Taken together, China’s
construction industry has been big in economic output, but not
excellent in carbon efficiency.

Furthermore, to better visualize the carbon emission
efficiency of China’s construction industry, the DCEI of
China and the seven major construction countries are
depicted in Figure 4. Overall, the construction DCEI in all
the countries declined over the study period, indicating an
overall improvement in clean technology at the global level.
In these samples, all developed countries have a lower DCEI
than developing countries. France had the lowest DCEI, with a
value of 0.1 kg/$ in 2014, which represents only 6.7% of China’s
construction DCEI. In terms of changes in DCEI, the decrease
in DCEI was also greater in developing countries than in

FIGURE 3 | DCEI and TCEI of China’s construction industry during 2000–2014.
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developed countries. In fact, China’s construction industry has
made the most progress in carbon efficiency, reducing DCEI by
2.4 kg/$. Despite this remarkable improvement, it has still

maintained its top ranking throughout the world. Therefore,
the green development of China’s construction industry is not
optimal.

TABLE 2 | Final output and DCEI of China’s construction industry during 2000–2014.

Final output (million dollars) DCEI (kilogram/dollar)

Absolute value Global ranking Absolute value Global ranking

2000 231,453.29 4 4.03 2
2001 266,023.82 4 4.00 1
2002 312,967.95 4 3.98 1
2003 364,043.14 4 4.31 1
2004 422,895.37 4 4.33 1
2005 480,976.28 4 4.12 1
2006 619,901.15 3 3.77 1
2007 833,746.95 3 3.27 1
2008 1,108,227.34 2 2.56 1
2009 1,338,163.29 1 2.51 1
2010 1,585,449.10 1 2.31 1
2011 1,973,944.19 1 2.03 1
2012 2,242,936.96 1 1.86 1
2013 2,513,099.6 1 1.74 1
2014 2,775,619.87 1 1.60 1

FIGURE 4 | DCEI of the world’s major construction countries in the years 2000, 2008, and 2014.

FIGURE 5 | SDA results of changes in DCEI of China’s construction industry during 2000–2014.
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Decomposition of DCEI of China’s
Construction Industry
As discussed above, the DCEI of China’s construction industry
has been ranked first globally, indicating significant room for the
improvement of carbon efficiency through targeted measures.
Based on Eqs 13–17, the changes in DCEI during the entire study
period and subperiods can be decomposed into the effects of three
factors: the direct production emission intensity, the value-added
coefficient, and the intermediate input structure, as displayed in
Figure 5.

Throughout the study period, the direct production emission
intensity effect contributed the most to the decrease in the DCEI
of China’s construction industry, driving a drop of
approximately 115.6%. High direct production emission
intensity adversely alters the environment, meaning that this
factor’s decrease promotes a reduction in DCEI. According to
Figure 5, the effect of direct production emission intensity on
the decline of DCEI was negative before 2002 and positive
thereafter. This phenomenon is possibly closely related to a
sharp improvement in cleanliness in many industries in China.
With the implementation of environmental regulations such as
the Law of the People’s Republic of China on Promoting Cleaner
Production in 2003 (Hicks and Dietmar, 2007), the emission
intensities of the sectors located upstream of the construction
industry have decreased significantly.

Additionally, the construction industry is typically in great
need of intermediate inputs from domestic upstream industries.
For example, the construction industry accounts for
approximately 70% of cement products and 25% of steel
products in China (Shi et al., 2017). Consequently, through
the transmission along with the production chains, the
domestic emissions caused by one unit of final output would
reduce drastically. Consequently, the domestic emissions caused
by one unit of final output reduce drastically via transmission
along the production chains.

In fact, many initiatives have shown that China has
endeavored to improve energy efficiency to save energy and
reduce emissions. For example, the Chinese government set
the goal of a 20% reduction in national energy intensity

against the 2006 levels in the 11th Five-Year Plan (Liu et al.,
2018). From Figure 6, it is evident that the direct production
emission intensity of all sectors maintained a downward trend,
especially during the 11th Five-Year Plan period. Such a recent
decline shows the effective management of energy efficiency,
which should be sustained. For the construction industry itself,
China implemented a national energy-efficient design standard
for commercial buildings by setting the goal of reducing energy
use by up to 50% compared to preexisting buildings. In addition,
for large-scale public buildings, a range of targeted regulations
concerning energy statistics, energy consumption information
disclosure, and energy monitoring systems have been developed
and implemented since 2007.

The impact of the intermediate input structure was slightly
more complicated. Overall, this factor contributed to a 9.0%
increase in DCEI. Although this value was much smaller than
that of the direct production emission intensity, it did not mean
that it had a weak influence on the carbon intensity. It can be
observed from Figure 5 that during each subperiod, the impact of
the intermediate input structure was slightly weaker than that of
the direct production emission factor but much stronger than that
of the value-added rate factor. In fact, the relatively low total effect
arose from the offset of the different effects at different
subperiods. Basically, the intermediate input structure effect
contributed negatively towards the decrease in DCEI from
2002 to 2007; however, its contribution was positive during
other time periods. That implies that it played a significant
role in lowering the carbon efficiency of China’s construction
industry in the period after China’s accession to the WTO and
before the 2008 subprime mortgage crisis.

From the perspective of historical development, the overall
competitiveness of China’s construction industry was relatively
inadequate during 2002–2007. In the face of fierce competition
brought about by China’s opening up, the construction sector has
exhibited characteristics of high energy consumption and low
value-added acquisition capacity along the production chain,
eventually resulting in high carbon emission intensity.
However, after the subprime mortgage crisis, with the decay of
foreign competitors and the implementation of the four trillion

FIGURE 6 | Weighted direct production emission intensity of China’s domestic industry during 2000–2014.
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stimulus plan, the Chinese construction industry, which had
become increasingly competitive, switched to the development
mode of low energy consumption and high profitability
acquisition. Therefore, subject to contrasting effects at each
stage, the overall impact is relatively weak.

The role of the value-added coefficient is of particular note,
as it adversely affects the reduction of DCEI in China’s
construction industry. As shown in Figure 5, the change in
the value-added rate resulted in a total increase of 14.0% in
DCEI relative to the base period. The explanation for this may
lie in the following points: On the one hand, according to the
inputoutput theory, the input of one industry is mainly
composed of intermediate input and primary input
(i.e., value-added). With China’s opening up to the outside
world, a large influx of foreign capital has intensified

competition between domestic industries. To fulfill the
demands of discerning customers and improve the quality
of goods and services, the proportion of foreign intermediate
inputs has continued to increase during the domestic
industrial development process, which has squeezed the
primary input (value-added) space (Kim and Xin, 2021).
Accordingly, there has been a substantial reduction in the
value-added coefficients of most domestic sectors.

As shown in Figure 7, only 13 sectors’ value-added coefficients
achieved a positive shift out of 56 domestic departments. On the
other hand, with the decline in value-added coefficient of the
domestic upstream sector, the extent of domestic value-added by
one unit towards the final output of the construction sector was
bound to decline. Therefore, specific policies are required to
prevent further decline in the domestic value-added coefficient.

FIGURE 7 | The change in the value-added coefficients of China’s domestic industries during 2000–2014.

FIGURE 8 | SDA results of DCEI differences between China and selected countries in the years 2000, 2008, and 2014.
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Comparison in Construction DCEI of China
and Selected Countries
Based on Eqs 18, 19, this section employs the SDA approach to
further identify the drivers for the large gaps in the DCEI of the
construction industry between China and other major
construction countries. The results are presented in Figure 8.

The decomposition results of cross-country comparisons
show that the construction intermediate input structure was
the primary cause of the variation in DCEI between China
and the selected countries. On average, this factor index could
explain 43.0, 46.0, and 52.9% of the inter-country gaps in DCEI in
2000, 2008, and 2014, respectively.

One critical reason is that there has been a much greater
demand for new buildings and infrastructure projects in China
due to the ongoing modernization and urbanization wave. These
new construction activities would inevitably induce massive
upstream carbon emissions through the increasing demand for
basic raw materials, which are typically carbon-intensive (Huang
et al., 2018). In contrast, developed economies generally focus
more on maintenance and repair (M&R) activities in the
construction industry, which are relatively low carbon and
high value-added. For example, Chen et al. (2019b) observed
that the United States construction industry absorbs intermediate
inputs mostly from repairing works such as the renting of M&R
activities. However, China will maintain this considerable
demand for new and sophisticated buildings for the
foreseeable future. For instance, as a multitrillion-dollar
infrastructure program, China’s BeltRoad Initiative will
definitely trigger more demand for new construction activities.

In addition, China’s urbanization rate reached 60.3% in 2019,
which is still much smaller than 82.5 and 91.7% in the
United States and Japan, respectively (World Bank, 2020).
Therefore, it might not be practical to reduce the negative
impact of intermediate input structures on DCEI gaps by
limiting the demand for new construction activities (Zhang
et al., 2021). Given that upstream suppliers play a
tremendously important role, it will be useful to improve the
environmental performance of the construction industry by
promoting low-carbon production technology within upstream
sectors and optimizing the industrial structure. Regarding the
construction industry itself, innovative construction
technologies, such as off-site construction and low-carbon
building materials such as wood, should be given higher priority.

The second most influential factor was the difference in direct
production emission intensities. On average, it accounted for
45.7, 42.3, and 29.2% of the international gaps in the DCEI in
2000, 2008, and 2014, respectively. According to Peng et al.
(2016), China’s carbon emissions intensities were estimated to
be 2.4 times greater than the world’s average level in 2007,
primarily due to its coal-dominated energy consumption
pattern. In 2014, coal consumption constituted 66.0% of
China’s primary energy consumption, while for the
United States, Japan, France, and Germany, it accounted for
19.7, 27.7, 3.8, and 24.9%, respectively (BP, 2015). Although the
share of coal use in China fell to 58.2% in 2018 (BP, 2019), the
effect of such a slight decline on environmental efficiency would

be quite limited. Coal causes more pollution emissions under the
same energy demand, given that coal has a higher pollutant
emission factor than other fossil fuels such as oil and natural gas
(Jiang et al., 2019).

To optimize the energy structure, the Chinese government
imposed a cap on coal consumption at 4.2 billion tons before
2020, and at the same time, the use of nonfossil fuels was set to
account for 15% (Wu et al., 2018). However, compared with
developed countries, clean energy still accounts for a small
proportion of total energy in China, making it difficult to
completely replace coal when meeting the growing demand for
energy consumption in the short term. To control coal
consumption without negatively affecting economic
development, policy-makers should take active measures, such
as reducing the coal share in the energy mix, encouraging the use
of clean energy sources, and improving energy efficiency.

Another factor was the difference in value-added coefficients,
which could only explain 11.3, 11.8, and 18.0% of these regional
DCEI gaps in 2000, 2008, and 2014, respectively. The low value-
added rate in China’s construction industry has been expanding
the international gap in environmental efficiency, reinforcing the
above finding. Policy guidance is needed to close the gap in value-
added rates between China and advanced economies. For
example, although outsourcing and importing intermediate
inputs are conducive to the national economy through the
“learning by doing” effect, encouraging deep processing after
import trade is equally essential. In addition, enhancing the labor
force’s skill training and promoting technological innovation will
help to upgrade China’s capacity for supplying high-value-added
products.

Comparisons of Construction Intermediate
Input Structure Across Countries
As discussed in the previous subsection, the intermediate input
structure was the most critical factor for China’s higher DCEI
than other economies, and its effect has grown over time. This
subsection comparatively examines the construction
intermediate input structures of China and the selected
countries. Figure 9 depicts the distinct differences in the
construction intermediate input structure between China and
the four selected countries. Compared with other countries,
China’s construction industry relies more on primary
products, manufacturing, electricity, gas, and water collection
industries, but less on the service industry when absorbing
intermediate inputs.

Consider the difference between China and the United States
as an example. In 2000, the proportions of China’s construction
intermediate inputs transformed from the primary product,
manufacturing, electricity, gas, and water collection sectors,
and the service industry in China was 3.9% higher, 7.5%
higher, 3.0% higher, and 14.1% lower than those of the
United States, respectively. These gaps have widened. In 2014,
the ratios of construction intermediate inputs converted from the
primary product, manufacturing, electricity, gas, and water
collection sectors, and the service industry in China was 3.6%
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higher, 17.7% higher, 3.4% higher, and 24.2% lower than those in
the United States

From the perspective of industry characteristics, in general, the
service industry has the advantages of higher value-added rate
and lower pollution emissions compared with the primary
product, manufacturing, electricity, gas, and water collection
sectors. Consequently, the development mode of construction
intermediate input structures has seriously hindered the
reduction of its DCEI in China. More emphasis should be
placed on transforming and optimizing the construction
intermediate input structure to narrow the specific gap with
other economies. In addition, as a highly profitable and
environmentally friendly industry, the service industry has
great potential for improving the domestic environmental
performance of China’s construction industry. Therefore, there
is an urgent need for China’s construction industry to raise the
share of input from the service sector by utilizing more research
and development (R&D) products and brand operation services,
rather than high pollution production links.

CONCLUSIONS AND POLICY
IMPLICATIONS

Given the tremendous amount of carbon emissions from the
construction industry, reducing the carbon intensity is imperative
to achieve China’s ambitious carbon mitigation targets. In the
context of GVC, it is easy to disambiguate the value-added source
and destination of carbon emissions when studying the carbon
intensity of an industry in a country. This may create misleading
information for policy interventions, which can only be effective
for domestic production.

In this study, we rigorously extracted the domestic value-
added and domestic carbon emission components from the total
carbon emissions. Furthermore, using the SDA technique, the
changes in DCEI during different periods, as well as the changes
in differences of DCEI across various countries, can be

decomposed into the effects of three influencing factors: direct
production emission intensity, value-added coefficient, and
intermediate input structure.

Several key findings are provided. First, for China’s
construction industry, the commonly used TCEI and the
constructed DCEI have been declining over the entire research
period. Nevertheless, the values of TCEI have always been smaller
than those of DCEI, revealing that China’s domestic construction
production has worse emission performance compared to its
international suppliers.

Second, although the DCEI of China’s construction industry
has decreased significantly, it has moved from second to first in
terms of global rankings. That is, the carbon efficiency of China’s
construction industry, while improving, lags behind other major
economies of the world. Therefore, China’s construction industry
shows the typical characteristic of being large in economic
outputs, but relatively poor in environmental efficiency.

Third, the cross-year decomposition analysis reveals that
changes in direct production emission intensity (principally
from upstream sectors) and intermediate input structure are
the key factors for reducing DCEI in China’s construction
industry. Specifically, the former has a promoting effect, while
the latter has an inhibitory effect. Finally, compared with other
major construction countries, China’s poor environmental
performance is chiefly attributable to its extensive mode of
intermediate input structure, which is too biased towards high
pollution and low value-added products.

In light of the above findings, some useful recommendations
for policy-makers are provided. First, emphasis should be placed
on optimizing the construction intermediate input structure. This
can be achieved through two policy instruments. One involves
promoting innovative and low-carbon building structures. With
the massive demand for new and complex buildings in China,
there are many opportunities to promote innovative building
structures. For example, compared with the conventional brick
concrete structure or shear-wall structure, the steel structure,
encouraged in recent years, consumes less cement while meeting

FIGURE 9 | Differences in the construction intermediate input structure between China and selected countries in the years 2000, 2008, and 2014. Note: pri
represents the primary product industry including four sectors (S01-S04); man represents the manufacturing industry including 19 sectors (S05-S23); ewt represents
electricity, gas, and water collection sectors (S24-S25); was represents the waste collection sector (S26); con represents construction industry (S27); ser represents the
service industry including 29 sectors (S28-S56).
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the needs of high-rise, long-span buildings. The other instrument
involves promoting the development and utilization of low-
carbon and recyclable building materials. The intermediate
input structure transformation could also be strengthened by
reducing the dependence on high energy consumption and
carbon-intensive products and enhancing construction services.

Second, there is an urgent need for the construction industry
and its upstream sectors to employ clean production
technologies. From the perspective of China’s energy
consumption structure, limiting coal consumption, improving
energy efficiency, and encouraging sustainable energy sources
should be prioritized. In addition, to promote clean innovation
and technological development, the government should provide
sufficient support for capital investment, such as financial
subsidies and tax reductions, to relevant enterprises.

Finally, raising the value-added coefficients of the involved
industries is also an important part of the efforts directed towards
the mitigation of emissions. In other words, the construction
industry should upgrade the capacity to provide high value-added
products. To fulfill this purpose, the government should improve
the talent training mechanism, enabling lower-level workers to
improve vocational skills. Additionally, policies should
strengthen intellectual property protection, encourage the
transformation of R&D results into products, and promote
cooperation between industries and research institutes.

Due to the constraints regarding data availability, the main
limitation of this study is that the data used were confined

between 2000 and 2014. Therefore, future studies should work
on strengthening the research effort by revising these data-related
issues. In addition, this study can be extended to analyze other
pollutant emissions or other important industries in various
countries.
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