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Abstract
Evaluating carbon emission performance of the construction industry is a significant prerequisite for developing regional carbon
mitigation plans. Taking environmental and technical heterogeneities into account, this paper employed ameta-frontier method to
measure the carbon emission efficiency, carbon mitigation potential, and costs of the construction sector in different regions of
China from 2005 to 2016. The empirical results show that substantial disparities in carbon emission efficiency exist in the
construction industry. The total carbon mitigation potential of this sector was 206.76 million tons, with the Lower Yellow river
area accounting for the largest proportion at 27%. Meanwhile, the carbon mitigation costs of this sector increased from 584.94 to
1273.30 yuan/ton during 2005–2016. The highest mitigation costs occur in the Lower Yangtze River area and the South Coastal
area, indicating it was more costly in these areas to conduct additional carbon emissions mitigation. The results could facilitate the
policy formulation on regional-oriented carbon emissions mitigation of the construction industry in China.
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Introduction

With the growing threat of global climate warming and
environmental degradation, undertaking effective mea-
sures to mitigate carbon emissions is a shared responsibil-
ity of the global community (Shuai et al. 2017). As the
world’s most important contributor to carbon emissions,
China has been actively participating in carbon mitigation
campaign (Yang et al. 2018). During the 2015 Paris
Climate Change Conference, China committed to cut

down its carbon intensity by 60–65% by 2030 based on
the 2005 level.

As a significant industry for economic development, the
construction industry in China exerts an important effect on
carbon emissions generation (Du et al. 2019a). It generated
1.4 billion tons of carbon emissions in 2016, making it respon-
sible for 15% of the national carbon emissions (Zhang et al.
2019). As China is still undergoing rapid urbanization and
industrialization, there is huge demand for construction pro-
jects, which will lead to increased carbon emissions (Huang
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et al. 2018). The Intergovernmental Panel on Climate Change
(2007) reported that the construction industry could realize a
carbon emissions reduction of 6 billion tons by 2030, imply-
ing that there is large carbon reduction potential in this sector.
Accurately assessing carbon emission efficiency and mitiga-
tion costs of the construction sector is the key step to evaluate
its production technology and carbon mitigation potential,
which can help this sector to explore a low-carbon develop-
ment path (Liu et al. 2016). Moreover, China has launched the
national carbon trading market in 2017, evaluating the carbon
mitigation costs could provide valuable information on the
operating rules of the trading market (He 2015).

In previous studies, only a few researches have considered the
effect of heterogeneities of production technology on the carbon
emission performance (Song et al. 2019). Due to distinct resource
endowments and economic infrastructure development, produc-
tion technology varies greatly in different regions (Li et al. 2019).
And it will cause deviations in outcomes if the heterogeneities are
neglected in empirical experiments (Xian et al. 2018; Zhang and
Wang, 2015). Therefore, taking the regional environmental and
technical heterogeneities into consideration, this study introduced
the meta-frontier analysis to comprehensively explore the carbon
emission efficiency, mitigation potential, and costs of the con-
struction industry in China during 2005–2016. This study could
help the policymakers to develop regional-oriented carbon miti-
gation strategies.

The rest of this paper is structured as follows. The next
section reviews the previous studies. The “Methodology and
data” section introduced the methodology used to estimate
carbon emission performance. The results are presented in
the “Results” section. The “Discussion” section discusses
the main results. The “Conclusion and policy implication”
section presents the key conclusions and policy implications
of this study.

Literature review

Over the past few decades, studies focused on the carbon
emission efficiency, and carbon mitigation characteristics of
various sectors have sprung up, including thermal power sec-
tor (Murty et al. 2007), metallurgical sector (Lin and Xu
2018), transportation sector (Wang and He 2017), and indus-
trial sector (Zhou et al. 2015). However, researches concen-
trating on the carbon emissions of the construction industry
are relatively limited; the major studies of this sector have
focused on calculation (Huang et al. 2018; Zhang and Wang
2017) and driving factor analysis (Lu et al. 2016; Shi et al.
2017). Based on the groundwork of previous research, Chen
et al. (2019) compared the energy and carbon emission effi-
ciency of the construction industry in China and found a stable
trend during 2003–2016. Wang et al. (2018) first estimated
carbon abatement costs of the construction industry in

China. To sum up, relatively less attention has been given to
a comprehensive exploration of carbon emission efficiency,
mitigation potential, and costs of the construction industry in
China.

Carbon emission efficiency, mitigation potential, and costs
can be derived from the directional output distance function
(DODF) introduced by Färe et al. (2005). There are non-
parametric and parametric methods to evaluate the value of
the DODF. The most well-received method among the former
is data envelopment analysis (DEA), while the latter often
utilizes the quadratic function form. The DEA method is
widely employed to evaluate environmental efficiency and
production growth (Boussemart et al. 2017; Wang and Feng
2015). However, the DEA model is not twice differentiable,
and the increase in undesirable outputs may bring about a
decrease in emission inefficiency, which would be inconsis-
tent with reality (Zhou et al. 2014). Unlike DEA, the paramet-
ric approach has the advantage of quadratic differentiability
and can provide specific function to estimate the mitigation
costs (Färe et al. 2005). Matsushita and Yamane (2012)
employed a quadratic DODF model to evaluated carbon mit-
igation costs in Japan. Peng et al. (2018) calculated the carbon
abatement potential and costs in the thermal power industry of
China based on a parametric quadratic DODF and found that
the Middle Yellow River area has the greatest potential for
carbon mitigation. Therefore, this paper choses the quadratic
DODF to assess carbon emission efficiency, carbonmitigation
potential, and costs of the construction industry in China.

Due to distinct resource endowments and economic infra-
structure development, different production technology can be
found in the construction sector across different regions of
China (Li et al. 2018). To take the production technology
heterogeneities into consideration, Oh (2010) introduced the
meta-frontier Malmquist-Luenberger index incorporating
group heterogeneities to calculate productivity growth and
its decomposed factors, applying it to 46 countries. Lin et al.
(2013) then expanded the examination to 70 countries to cap-
ture the green productivity of the whole world. Wang et al.
(2020) constructed a three-level meta-frontier model to mea-
sure carbon emission efficiency in China and found that east-
ern China is the most efficient area. In this study, the meta-
frontier method is introduced into the carbon emission perfor-
mance analysis of China’s construction industry, in an effort to
help the policymakers to develop scientific and reasonable
carbon mitigation strategies.

Methodology and data

Methodology

The procedures for analyzing carbon emission performance
consist of three steps: first, develop the DODF to represent
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production technology; then, employ a parametric quadratic
function to measure the parameters needed for estimation;
finally, based on the estimated parameters and empirical data,
assess the carbon emission inefficiency, carbon mitigation po-
tential, and costs.

Directional output distance function

The environmental production technology illuminates a joint
production process where desirable outputs y∈RM

þ and unde-

sirable outputs b∈RN
þ are produced simultaneously given cer-

tain inputs x∈RJ
þ (Färe et al. 2005). Specifically, this study

implemented a meta-frontier analysis to assess the production
performance of decision-making units (DMUs) in different
regions. That is, dividing all the DMUs into k groups (k = 1,
2,..., K) based on the geographic features and technical con-
ditions, then the group frontiers representing regional leading
production technology are constructed, and the meta-frontier
of all regions can be built by enveloping all the group fron-
tiers. Thus, the group output possibility sets can be defined as:

Pk xð Þ ¼ y; bð Þ : x can produce y; bð Þ under technology kf g
ð1Þ

The output possibility sets reflect certain assumptions, in-
cluding closed and compact sets, weak disposability and null-
jointness of outputs, and strong disposability of inputs and
desirable outputs (Zhou et al. 2015). Consequently, the
meta-output possibility sets consist of all k groups and can
be described as follows:

P xð Þ ¼ P1∪P2⋯Pk� � ð2Þ

To simultaneously seek the expansion of desirable output
and contraction of undesirable output, this study applied the
DODF to clarify the production technology. The group
DODF, whose value represents the group carbon emission
inefficiency, can be specified as follows:

Dk
�!

x; y; b; gy;−gb
� �

¼ max βk : yþ βkgy; b−β
kgb

� �
∈Pk xð Þ

n o
k

¼ 1;…;K ð3Þ

Similarly, the meta-DODF, whose value represents the
meta-carbon emission inefficiency is described as follows:

D
!

x; y; b; gy;−gb
� �

¼ max β : yþ βgy; b−βgb
� �n o

ð4Þ

where the directional vector of outputs is denoted as g ¼

gy;−gb
� �

∈RM
þ � RN

þ t o e n s u r e t h e d i r e c t i o n o f

simultaneously proportional change on outputs. βkand βrefer
to the value of the group and meta- DODF, respectively; both
describe the proportion of a DMU increase in gross domestic
product (GDP) and decrease in carbon emissions. As shown in
Fig. 1, assuming that point A is a combination of outputs given
the inputs x of a DMU in group 2. The value of a group DODF
is represented by line segment AB, indicating the emission
inefficiency of the DMU compared with the group frontier.
Similarly, the value of the meta-DODF is represented by line
segment AC. This means that if the DMU is working with the
full efficiency of all production units across groups, it will
reach the point ′(b − βgb, y + βgy), where the meta-emission
inefficiency is equal to zero.

If all the emission inefficiency is eliminated, the carbon
mitigation potential Δbth can be calculated by the following:

Δbth ¼ D
!

xth; y
t
h; b

t
h; gy;−gb

� �
� b ð5Þ

where D
!

xth; y
t
h; b

t
h; gy;−gb

� �
represents the value of the

meta-DODF and b indicates the absolute value of undesirable
outputs.

The carbon mitigation cost is the opportunity cost of a
DMU that must pay to achieve one more unit of carbon mit-
igation. Once the production frontier is captured, according to
the duality relation between the DODF and revenue function
(Rødseth 2013), the value of undesirable output can be de-
rived from Eq. (6).

q ¼ −p
∂D! x; y; b; gy;−gb

� �
=∂b

∂D! x; y; b; gy;−gb
� �

=∂y

2
4

3
5 ð6Þ

where p is the price of desirable output and q is the price of
undesirable output.

Parametric quadratic directional output distance function

To evaluate the value of the DODF, it has to specify a function
form. This study employed a parametric quadratic function

Fig. 1 The group and the meta-frontier of production technology
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form because it has the advantage of twice differentiability
and satisfies the translation property, which facilitates the cal-
culation of carbon mitigation costs (Peng et al. 2018; Zhou
et al. 2014). Additionally, to simultaneously credit the maxi-
mum increase of desirable output and decrease of undesirable
output, this study chose (gy, −gb) = (1, −1) as the directional
vector (Färe et al. 1993). Therefore, the parametric quadratic
DODF can be characterized as Eq. (7):

D
!

xth; y
t
h; b

t
h; 1;−1

� � ¼
c0 þ ∑

N

n¼1
dnxn þ c1yþ c2bþ 1

2
∑
N

n¼1
∑
N

0

n0¼1

cnn0 xnxn0

þ 1

2
αy2 þ 1

2
βb2 þ ∑

N

n¼1
δnxnyþ ∑

N

n¼1
γnxnbþ μyb

ð7Þ

where t is the time trend, t = 1, 2, …, T, h denotes the hth
DMU, x, y and b refer to the inputs, desirable output and
undesirable output respectively, c0 is the constant,
dn; c1; c2; cnn0 ;α;β; δn; γn;μ s tands for the es t imated
parameters.

Supposing that there are Sk DMUs in group k, the param-
eters of the group parametric quadratic DODF can be estimat-
ed by solving the minimization linear programming problem
(Aigner and Chu 1968; Zhang et al. 2014):

min ∑
T

t¼1
∑
s¼1

Sk

Dk
�!

xth; y
t
h; b

t
h; 1;−1

� �
−0

	 


s:t:

Dk
�!

xth; y
t
h; b

t
h; 1;−1

� �
≥0

Dk
�!

xth; y
t
h; 0; 1;−1

� �
< 0

∂Dk
�!

xth; y
t
h; b

t
h; 1;−1

� �
∂y

≤0

∂Dk
�!

xth; y
t
h; b

t
h; 1;−1

� �
∂b

≥0

∂Dk
�!

xth; y
t
h; b

t
h; 1;−1

� �
∂xn

≥0n ¼ 1; 2;…;N

c1−c2 ¼ −1;α ¼ β ¼ μ; δn ¼ γn; cnn0 ¼ cn0n

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

ð8Þ

The purpose of the objective function is to minimize
the sum of the deviations of the estimated group DODF
value from the group production frontier. The first con-
straint means that all the observed values of the group
DODF are non-negative under feasible input vectors.
The second constraint states the null-jointness property
of outputs, which indicates that without undesirable out-
put, the output sets are infeasible. The third to fifth con-
straints impose monotonicity on outputs and inputs, re-
spectively. The sixth constraint specifies symmetry and
translation properties.

The meta-production frontier is the envelope of all the
group frontiers. It can be constructed by minimizing the
absolute sum of deviations between meta-DODF and

group DODF (Battese et al. 2004; Lin and Zhao 2016).
That is, besides all the constraints of the group DODF, the
value of the meta-DODF must be larger than those of the
group DODF. Therefore, the meta-parametric quadratic
DODF linear programming problem can be interpreted
as Eq. (9). The linear programming problems can be
solved by MATLAB R2019.

min ∑
T

t¼1
∑
H

h¼1
D
!

xth; y
t
h; b

t
h; 1;−1

� �
−Dk
�!

xth; y
t
h; b

t
h; 1;−1

� �����
����

s:t:

D
!

xth; y
t
h; b

t
h; 1;−1

� �
≥ Dk
�!

xth; y
t
h; b

t
h; 1;−1

� �
D
!

xth; y
t
h; 0; 1;−1

� �
< 0

∂D! xth; y
t
h; b

t
h; 1;−1

� �
∂y

≤0

∂D! xth; y
t
h; b

t
h; 1;−1

� �
∂b

≥0

∂D! xth; y
t
h; b

t
h; 1;−1

� �
∂xn

≥0n ¼ 1; 2;…;N

c1−c2 ¼ −1;α ¼ β ¼ μ; δn ¼ γn; cnn0 ¼ cn0n

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

ð9Þ

Data

Regional division

To estimate the group and meta- frontiers, respectively, all the
DMUs have to be divided into different groups based on cer-
tain criterions. According to the Development Research
Center of the State Council of the People’s Republic of
China (DRC), the division of regions requires comprehensive-
ly evaluation of geographic features, economic conditions,
and resource endowments. Therefore, this study divided
China into eight areas on the basis of the overall district de-
veloping plan promulgated by the DRC (Wang and He 2017;
Du et al. 2019b). The detailed classification is shown in
Table 1.

Table 1 The geographical classification of eight regions

Regions Provinces

Northeast area Liaoning, Jilin, Heilongjiang

Lower Yellow River area Beijing, Tianjin, Hebei, Shandong

Middle Yellow River area Shanxi, Henan, Inner Mongolia, Shaanxi

Upper Yangtze River area Chongqing, Sichuan, Guizhou, Yunnan

Middle Yangtze River area Jiangxi, Hubei, Hunan

Lower Yangtze River area Shanghai, Jiangsu, Zhejiang, Anhui

South Coastal area Fujian, Guangdong, Guangxi, Hainan

Northwest area Gansu, Qinghai, Ningxia, Xinjiang
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Variable selection

This paper employed panel data for the construction industry
covering 30 provinces and regions of China from 2005 to
2016. Due to inconsistent statistical caliber and lack of data,
HongKong,Macao, Taiwan, and Tibet are not included in this
study. According to the corresponding relationship between
inputs and outputs (Färe et al. 2005; Lin and Xu 2018), this
study employed capital stock (K), labor force (L), and energy
consumption (E) of the construction industry as inputs, GDP
(y) as the desirable output, and carbon emissions (b) as the
undesirable output.

1 Capital stock is estimated using the widely accepted per-
petual inventory method (Du et al. 2017; Zhang et al.
2012). The formula is as follow:

Kt ¼ Kt−1 1−δtð ÞI t ð10Þ
where Kt and Kt-1 refer to the capital stock of the construction
industry in year t and year t-1, respectively. δt represents the
economic depreciation rate of year t, and It is the fixed asset
investment in year t, which have to be deflated to constant the
2000 price to eliminate the effect of price. The unit of capital
stock is 108 yuan.

2. Labor force corresponds to the year-end employed per-
sons for the building industry in the China Statistical
Yearbook. The unit of labor force is 104 people.

3 Energy consumption of the construction industry can be
acquired from the National Bureau of Statistics of China
and have been converted to standard coal equivalent. The
unit of energy consumption is 104 tce.

4 GDP of the construction industry is considered as the de-
sirable output in this study and is obtained from the
National Bureau of Statistics of China. It has to be deflated
to the 2000 constant price. The unit of GDP is 108 yuan.

5 Carbon emissions generated from the construction indus-
try are the undesirable output. The data of carbon emis-
sions cannot be directly acquired from the China Statistical
Yearbook or the National Statistical Bureau. The study
calculated the carbon emissions of this sector based on
IPCC (2006).

CO2 ¼ ∑
i
Ei � NCVi � CEFi � COFi � 44=12: ð11Þ

where Ei denotes the energy consumption of the building in-
dustry, NCVi represents the net calorific value, CEFi refers to
the carbon emission coefficient, COFi is the carbon oxidation

factor of energy i, and 44/12 is the conversion coefficient of
carbon to CO2.

To avoid the convergence of the evaluation model, each
input and output variable must be normalized by dividing
the raw data by their mean values before estimation (Boyd
et al. 2002; Färe et al. 2005). The statistical description of
input and output variables in eight areas of China are shown
in Appendix Table 2.

Results

Group and meta-carbon emission inefficiency

The value of group DODF represents group carbon emission
inefficiency, which could reflect the disparities of production
technology inside each area. The change trends of the group
emission inefficiency for the eight areas are different (see
Fig. 2). The group emission inefficiency in the Middle
Yellow River area and the South Coastal area decreased dur-
ing the study period, while those in the Northeast area and the
Middle and Upper Yangtze River areas increased slightly.
However, the changes in the Lower Yellow River area, the
Lower Yangtze River area, and the Northwest area are not
clear. The Lower Yangtze River area and the Lower Yellow
River area have relatively lower average value of group emis-
sion inefficiency, indicating that DMUs inside these areas
have similar production technology. In contrast, the produc-
tion technology within the Middle Yellow River area varies
greatly with the highest mean value of group emission ineffi-
ciency at 0.122.

The meta-carbon emission inefficiency is applied for com-
parison of production technology across the eight areas. As
shown in Fig. 3, the Northeast area has the most efficient
production technology among the eight areas, followed by
the Lower Yangtze River area and the South Coastal area.
The most inefficient areas are the Lower Yellow River area
and the Northwest area, where the average values of the meta-
emission inefficiency are 0.67 and 0.62, respectively. To be
specific, the meta-emission inefficiency in the Lower Yellow
River area showed a substantial decrease from 0.75 in 2005 to
0.53 in 2016, which means that the inputs and outputs of the
DMUs in this area are becoming more acceptable. However,
the changes in the Yangtze River areas are not significant. The
values of the meta-emission inefficiency in the Lower Yangtze
River area varies from 0.22 to 0.32, while those of the Upper
and Middle Yangtze River areas are distributed around ap-
proximately 0.54 during the sample period. The emission in-
efficiency in the Northeast area and South Coastal area in-
creases slightly and fluctuates during 2005–2016. Overall,
the average value of the meta-DODF is 0.47, which indicates
that the carbon emission inefficiency of the construction in-
dustry in China is 47% from 2005 to 2016.
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Figure 4 illustrates the regional carbon mitigation potential
of the construction industry from 2005 to 2016. If all the
carbon emission inefficiency was eliminated, the national car-
bon emissions mitigation in the construction industry was ex-
pected to reach 206.76 million tons, accounting for approxi-
mately 47% of total carbon emissions. The overall carbon
mitigation potential shows an ascending trend and peaks in
2013 at 22.10 million tons. The Lower Yellow River area
shows the greatest potential for carbon mitigation. It is expect-
ed to reduce its carbon emissions by 55.94 million tons, which
accounts for 27% of the total carbonmitigation potential in the
construction industry. The percentages of carbon mitigation in
the Middle Yangtze River area, the Upper Yangtze River area,
and the Middle Yellow River area are approximately 17%,
13%, and 12%, respectively, which ranking second through
fourth. In general, the four regions mentioned above are re-
sponsible for more than 70% of the total carbon mitigation
potential. However, the percentage of carbon mitigation po-
tential is less than 10% in the other areas, indicating that the

DMUs in the Lower Yellow River area, the Middle Yellow
River area, and the Middle and Upper Yangtze River areas
play a vital role in carbon emissions mitigation in the con-
struction industry.

Carbon mitigation costs

Carbon mitigation costs reflect the economic interests that
must be foregone to reduce carbon emissions under certain
production technology. The carbon mitigation costs in eight
areas of the construction industry were estimated based on Eq.
(6) and were classified into three categories. As shown in
Fig. 5, significant spatial cluster features exist, and the miti-
gation costs increase from northwest to southeast. In particu-
lar, the areas with higher mitigation costs are mainly located in
the coastal areas of China (the Northeast area, the Lower
Yangtze River area and the South Coastal area), where the
average carbon mitigation costs are all above 1000 yuan/ton.
The Middle Yellow River area and the Upper and Middle

Fig. 3 Meta-carbon emission
inefficiency of the construction
industry

Fig. 2 Group carbon emission
inefficiency of the construction
industry
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Yangtze River areas are in the second tier, where the mitiga-
tion costs vary from 600 yuan/ton to 1000 yuan/ton. The
Northwest area and the Lower Yellow River area show the
lowest carbon mitigation costs, all being under 600 yuan/ton.

From a temporal point of view (see Fig. 6), an almost increas-
ing trend in carbon mitigation costs is observed in the eight areas
during the sample period. The national carbon mitigation costs
increased from 584.94 yuan/ton in 2005 to 1273.30 yuan/ton in
2016. Specifically, the carbon mitigation costs in the Lower
Yangtze River area have the highest growing speed with an
expansion of 587.21 yuan/ton to 1698.80 yuan/ton. Following
this, the mean growth rates of the mitigation costs in the Lower
Yellow River area and the South Coastal area are 5.90 and
5.11%, respectively. Similarly, the mitigation costs in other areas

show slow but steady growth trends during the sample period.
The lowest mitigation costs occur in the Northwest area and the
Lower Yellow River area, where the average mitigation costs are
568.61 yuan/ton and 590.70 yuan/ton, indicating that there are
great opportunities for the DMUs in these areas to achieve more
carbon reduction under relatively lower economic costs.

Discussion

Substantial disparities in carbon emission efficiency exist in
the construction industry across different regions of China.
The Northwest area and the Lower Yellow River area have

Fig. 5 Geographic distribution of
carbon mitigation costs in eight
areas

Fig. 4 Regional carbon
mitigation potential of the
construction industry
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the lowest emission efficiency for the construction process,
while higher emission efficiency appears in the Northeast
area, the Lower Yangtze River area, and the South Coastal
area. The results are in line with Guo et al. (2017) and Wu
et al. (2019) that significant heterogeneities exist in terms of
economic and social development across regions, which have
evident effects on the performance of the local construction
industry. The Northeast area, the Lower Yangtze River area
and the South Coastal area are more developed and econom-
ically advanced areas of China, and their production technol-
ogy is superior to that in other regions. Therefore, cross-
regional coordinated carbon emission reduction mechanism
should be reinforced to encourage the DMUs in these areas
to provide more technology and capital support for the under-
developed areas. However, the carbon emission inefficiency
in the Northeast area rebounded slightly after 2012, which is
probably due to the development dilemma of advanced tech-
nology. As the most efficient area, it is difficult for the
Northeast area to realize further advancement in production
technology. And rapid expansion of urbanization in China has
brought great pressure on this area with tremendous infra-
structure construction projects, which may result in an ineffi-
ciency rebound effect. Nevertheless, the DMUs in the
Northeast area could achieve further emissions reduction by
using renewable and clean energy.

The carbon emission efficiency in each area is nega-
tively correlated with the carbon mitigation potential of
the construction industry except for the Northwest area.
The Northwest area has the second lowest carbon emis-
sion efficiency among eight regions yet only accounts for
approximately 5% of the national carbon mitigation po-
tential. The reason is that the construction projects are
inadequate in the Northwest area due to the underdevel-
oped economy and remote location; thus it produces the

smallest amounts of carbon emissions on average (see
Appendix Table 2). With the lowest carbon emission
efficiency and the highest mitigation potential, the
Lower Yellow River area, the Middle Yellow River area,
and the Middle and Upper Yangtze River areas play
prominent roles in carbon emission mitigation in the
construction industry. The Middle and Upper Yangtze
River areas are located in the hinterland of western
Ch ina and a r e more l i ke l y to su f f e r f r om an
underpr iv i leged economy and to have de layed
technology updating. This phenomenon is consistent
with the situation revealed by He et al. (2018) that, as a
result of obsolete production technology, western China is
facing great obstacles to fulfilling their carbon mitigation
potential. The Lower Yellow River area is composed of
Beijing, Tianjin and Hebei, and Shandong provinces,
where Hebei and Shandong provinces show the lowest
emission efficiency of all 30 administrative districts.
Unreasonable resource allocation and poor management
of the construction process are the main reasons for the
carbon emission inefficiency in these two provinces,
which also resulted in the inefficiency of the Lower
Yellow River area. Therefore, the DMUs in the Lower
Yellow River area and the Middle and Upper Yangtze
River areas should construct a more reasonable structure
of management, phase out outdated production equip-
ment, and invest more in technology updating to achieve
full potential for carbon mitigation.

The carbon mitigation costs of the construction industry in
all regions grow rapidly during the study period, especially in
2010, when the Twelfth Five-Year Plan was initially put into
effect and the Chinese government announced the target for
the construction industry to decrease its energy consumption
per unit of added value of construction products by 10%.

Fig. 6 Regional carbon
mitigation costs of the
construction industry (2005–
2016)
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Since then, investments to update production technologies
have been increasing, which led to an obvious rise in carbon
mitigation costs. In particular, as the pioneer in industrial in-
novation and technical promotion, the Lower Yangtze River
area shows a rather sharp increasing trend in mitigation costs
than other areas. Among this area, Shanghai is one of eight
pilot cities implementing carbon emission trading schemes.
Advanced production technology and carbon trading policies
in this area invigorated the rapid development of its construc-
tion industry, leading it to achieve the highest carbon mitiga-
tion costs (Lin and Xu 2018). Besides, areas with higher mit-
igation costs are mainly located in the coastal areas of China,
while the costs in western and central China are relatively low,
which implies that the carbon trading scheme of the construc-
tion industry has broadmarket prospects. The carbon emission
accounting and quota allocation system should be strength-
ened to promote the carbon trading activities across different
regions.

It is noteworthy that the estimated carbon mitigation
costs in this study are much higher than those found by
Peng et al. (2018) and Zhang et al. (2014). The reason is
that this study chose the DODF to represent the produc-
tion technology of the construction industry, which im-
pose a more “costly” direction of simultaneously
expanding GDP and contracting carbon emissions that
the government promotes. In addition, Peng et al. (2018)
and Zhang et al. (2014) focused on the costs of carbon
mitigation at the national level, while this study explored
the construction industry. Due to the high dependence on
the use of gasoline, diesel, and petroleum, the greenhouse
gas emissions generated by the construction industry are
higher than other industries. Therefore, it is more chal-
lenging for the building sector to conduct additional car-
bon mitigation. Moreover, the carbon mitigation costs es-
timated in this study exceed the actual trading price in the
current carbon trading market in China, implying that the
carbon price in the market does not reflect the real value
of carbon emissions. The evaluation of carbon mitigation
costs in this study could be a benchmark for the initial
carbon trading price. The exchange rate between US dol-
lars and RMB fluctuated from 1:8.07 to 1:6.09 during the
sample period; the results could also provide references
for the carbon mitigation costs in an international scope.

Conclusion and policy implication

Since the construction industry in China plays a pivotal role in
carbon mitigation campaigns, this paper estimated regional
carbon emission efficiency, carbon mitigation potential, and
costs of the construction industry in China from 2005 to 2016
using meta-frontier parametric quadratic direction output

distance function. The main conclusions are summarized as
follows:

1 Substantial disparities in carbon emission efficiency exist
in the construction industry across different regions of
China. The mean value of emission inefficiency is 0.47,
indicating 47% of inefficient production in China’s con-
struction industry. The Lower Yellow River area and
Northwest area have the lowest emission efficiency among
the eight regions, whereas the Northeast area, the Lower
Yangtze River area, and the South Coastal area have
higher emission efficiency.

2 The carbon emission mitigation potential of the construc-
tion industry was 206.76 million tons from 2005 to 2016,
which accounts for 47% of the total carbon emissions of
this sector. The Lower Yellow River area accounts for 27%
of the total mitigation potential, followed by the Middle
Yangtze River area, the Upper Yangtze River area, and the
Middle Yellow River area.

3 The cost to conduct additional carbon emission reduction
in the construction sector gradually increases over time.
The national carbon mitigation costs increased from
584.94 to 1273.30 yuan/ton during 2005–2016. The
Northwest area and the Lower Yellow River area have
the lowest carbon mitigation costs with an average value
of 568.61 and 590.70 yuan/ton, respectively. The Lower
Yangtze River area, the South Coastal area, and the
Northeast area have the highest carbon mitigation costs
among the eight regions.

On account of the main conclusions, significant hetero-
geneities of carbon emission performance of the construc-
tion industry exist in different regions. Therefore, the
policymakers should uphold the “common but differentiat-
ed” principle to formulate carbon mitigation schemes based
on the regional specific conditions. First, with the lowest
carbon emission efficiency, the largest mitigation potential
and the lowest mitigation costs, the Lower Yellow River
area should be the primary focus of the carbon emissions
reduction in China. Stricter emission regulations should be
committed in this area to fully utilize its potential of carbon
reduction. Areas with relatively advanced production tech-
nology, such as the Northeast area and the Lower Yangtze
River area, could achieve further emission reduction by
using renewable and clean energy. Second, technical com-
munications in the construction sector between different
regions should be strengthened, and more capital and tech-
nology support should be devoted to underdeveloped areas
such as the Northwest area. Phasing out outdated produc-
tion equipment and improving the resources allocation and
management system could also be conducive to the achieve-
ment of carbon mitigation targets in these areas. Third, the
carbon trading market in the construction industry has great
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development potential. The government should set up spe-
cialized register system and supervision department to ex-
plicitly identify the carbon emissions sources of the con-
struction production units and collect the data of energy
consumption and estimate the carbon emissions, so as to
improve the carbon quota allocation system of the construc-
tion sector and facilitate the development of the national
carbon trading market.

Future research could further explore the carbon emission
performance from the perspective of construction enterprises

and capture the influence of carbon trading scheme on carbon
emissions.
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Appendix

Table 2 Descriptive statistics of
input and output variables Region Variable Mean Std. dev Min Max

Northeast area K 272.4 243.6 7.9 850.9
L 77.7 50.8 30.1 199.4
E 100.9 76.1 19.1 290.2
y 1171.2 775.7 485.6 3277.6
b 246.9 188.1 12.2 713.0

Lower Yellow River area K 287.8 507.1 3.1 2283.8
L 123.7 94.5 26.7 314.3
E 282.8 178.7 50.4 711.0
y 1993.1 704.8 754.4 3200.2
b 701.0 447.5 123.9 1746.7

Middle Yellow River area K 138.9 186.6 1.3 636.3
L 99.3 72.2 26.3 260.9
E 175.4 88.5 64.7 367.7
y 1216.0 676.6 361.4 2718.6
b 420.2 207.9 158.9 903.3

Upper Yangtze River area K 62.8 72.4 1.8 284.2
L 119.5 77.7 29.1 305.2
E 175.1 110.0 56.4 468.3
y 1204.6 776.2 256.1 2988.0
b 430.1 270.3 138.5 1150.4

Middle Yangtze River area K 135.6 141.6 3.4 621.8
L 136.1 49.2 60.2 269.6
E 221.8 123.0 48.7 428.0
y 1697.0 802.1 566.0 3558.8
b 544.9 302.1 119.7 1051.5

Lower Yangtze River area K 152.3 186.4 2.6 613.1
L 347.6 256.9 69.0 787.2
E 242.6 103.0 54.3 476.3
y 4079.1 2530.9 963.5 8450.4
b 596.4 252.9 133.4 1170.1

South Coastal area K 74.7 80.1 1.8 303.7
L 110.2 87.2 5.5 325.3
E 201.8 221.9 9.9 740.2
y 1230.4 983.0 55.4 2897.5
b 495.7 545.0 24.3 1818.4

Northwest area K 260.8 578.1 0.9 2710.6
L 23.8 17.2 6.6 58.7
E 65.6 38.6 17.5 166.8
y 319.5 213.5 90.9 792.5
b 161.1 94.9 42.9 409.8

*The units of capital stock (K), labor force (L), energy consumption (E), GDP (y), and carbon emissions (b) are
108 yuan, 104 people, 104 tce, 108 yuan, and 104 ton
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