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Abstract
It has an important meaning to improve green total factor performance in the construction industry for China’s green and 
high-quality development. In addition to the traditional desirable economic output and undesirable  CO2 emission output, the 
indicators representing social welfare of China’s construction industry were incorporated into the total factor framework. On 
this basis, a global non-radial DEA approach was employed to explore the sources and the key factors leading to changes 
in regional green total factor performance of China’s construction industry from both static and dynamic perspectives. The 
results were concluded as follows: (1) The lower energy efficiency and  CO2 emission efficiency were the main reasons for low 
level of green total factor efficiency. During the sample period, energy efficiency increased rapidly while capital efficiency 
remained almost unchanged. (2) The green total factor productivity demonstrated an increasing trend, which was driven by 
technological progress rather than technical efficiency. An in-depth decomposition revealed that the deterioration of technical 
efficiency was mainly caused by the negative effect of  CO2 emissions. (3) Regional green total factor performance of China’s 
construction industry demonstrated obvious spatial heterogeneity. Each province should comprehensively consider its own 
characteristics of green development in the construction industry to formulate the corresponding optimization strategy. These 
findings can help decision makers design specific policies on regional-oriented green development of China’s construction 
industry.

Keywords Construction industry in China · Global non-radial DEA approach · Green total factor efficiency · Green total 
factor productivity · Social welfare · Green development strategies

Nomenclature
CRS  Constant returns to scales
DMU  Decision making unit
DEA  Data envelopment analysis
SFA  Stochastic frontier approach
SBM  Slack-based measurement
DDF  Directional distance function
NDDF  Non-radial directional distance function
GNDDF  Global non-radial directional distance 

function

E  Energy consumption
L  Labor
K  Capital
O  Gross output value
F  Floor space under construction
P  Park green space
C  CO2 emissions
GEI  Green efficiency indicator
EEI  Energy efficiency indicator
LEI  Labor efficiency indicator
KEI  Capital efficiency indicator
CEI  CO2 emission efficiency indicator
GPI  Green productivity indicator
EPI  Energy productivity indicator
LPI  Labor productivity indicator
KPI  Capital productivity indicator
CPI  Carbon productivity indicator
EC  Technical Efficiency Change
TC  Technological Change
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CABEE  China Association of Building Energy 
Efficiency

IPCC  Intergovernmental Panel on Climate Change
MOHURD  Ministry of Housing and Urban–Rural 

Development

Introduction

As the world’s largest carbon emitter, China is willing to 
accept the weighty charge to tackle climate change. In the 
“Paris Agreement,” China pledged that the peak in  CO2 
emissions would be hit by the year 2030. Since 2020, the 
objective to peak  CO2 emissions and achieve carbon neutral-
ity have been reiterated on many vital occasions and incor-
porated into the overall layout of the ecological civilization 
construction of China. Thus, to achieve this goal, China 
should develop coordination and cooperation vigorously at 
the industrial level to pursue low-carbon development and 
better promote the comprehensive green transformation of 
society.

The construction industry has become a new engine of 
economic growth and urban development. With the rapid 
development of urban–rural construction, the issues of 
energy consumption and  CO2 emissions have become 
increasingly prominent. (He et  al. 2019). According to 
the China Building Energy Consumption Annual Report 
(CABEE 2021), the life cycle energy consumption and  CO2 
emissions of China’s construction industry have grown at 
an annual growth rate of 6.6% and 6.3% respectively since 
2005. In 2018, the life cycle energy consumption of China’s 
construction industry was 2.1 billion tons, accounting for 
46.5% of the total energy consumption of China, and  CO2 
emissions was 4.9 billion tons, accounting for 51.2% of the 
total energy-related  CO2 emissions of China. Large-scale 
construction has caused huge energy consumption and led to 
continuous high  CO2 emissions, which has brought serious 
environmental impacts to social development. As pointed 
out by MOHURD (2021), the green development of China’s 
construction industry has important meaning to the realiza-
tion of high quality and sustainable development of society. 
Therefore, an analysis of green total factor performance of 
China’s construction industry is necessary both in theory 
and in practice.

Indicators adopted to explore the static performance and 
dynamic change of green total performance in construction 
industry can be measured under the single factor framework 
and the total factor framework, respectively. The single fac-
tor type was originally defined from one input–output sys-
tem, such as energy intensity, carbon productivity, and car-
bon emission intensity (Ang 1999; Hu and Liu 2016; Zhang 
et al. 2014a). In general, the single factor type can make 
calculation and make comparison easily, but the linkages 

with other production factors are ignored and the underly-
ing technical efficiency fails to be reflected. On the contrary, 
the total factor framework is defined according to the actual 
production of multiple inputs and outputs. Energy efficiency 
under the total factor framework was initially defined by 
Hu and Wang (2006), and it rapidly got extensive attention 
since then.

The existing total factor performance are mainly meas-
ured by parametric methods and nonparametric methods. 
Compared with parametric method, the nonparametric 
model does not need to make assumptions on the function 
form in advance, which can avoid the influence of setting 
weights artificially on evaluation results. DEA, as a repre-
sentative of nonparametric methods, has been widely used in 
different countries, sectors, economics, and projects (Azadi 
et al. 2015; Ederer 2015; Halkos and Tzeremes 2009; Suey-
oshi and Goto 2014; Zhu et al. 2019). Initially, DEA was 
only adopted to measure the total factor efficiency from 
economic perspective. Mukherjee (2008a, b) investigated 
the energy efficiency in manufacturing sectors of India and 
the USA. Zhang et al. (2011) analyzed the energy efficiency 
and its variation trend of 23 developing countries. However, 
the total factor performance evaluation that only considers 
the economic output without considering the importance of 
ecological environment may lead to the result distortion. 
To address this issue, the environmental factors began to be 
integrated into the measurement of the total factor perfor-
mance by an increasing number of scholars in recent years 
(Du et al. 2021; Li and Lin 2017; Munisamy and Arabi 2015; 
Quintano et al. 2020; Rybaczewska-Błażejowska and Mas-
ternak-Janus 2018).

Related research methods and thoughts were also adopted 
in the field of the construction industry. Iribarren et al. 
(2015) proposed a method for selecting building components 
in accordance with the environmental efficiency based on 
DEA and life cycle assessment. Hu et al. (2017) evaluated 
the  CO2 emission performance of Australian construction 
industry on the basis of Malmquist-DEA approach and serial 
benchmark technology. Feng and Wang (2017) investigated 
the driving force leading to the change of energy efficiency, 
and the causes of both energy-saving potential and the lower 
energy efficiency of China’s regional construction industry 
by adopting meta-frontier DEA approach. Azman et al. 
(2019) offered meta-frontier DEA approach to analyze the 
total factor productivity of Malaysian construction com-
panies, further examining the components of productivity 
growth and capturing the technological gaps of construc-
tion companies. Li et al. (2020) established 30 provinces’ 
 CO2 emission performance index of China’s construction 
industry by employing a modified non-radial DEA approach.

As reviewed above, the performance measurement in the 
construction industry has shifted to a total factor type from a 
single factor type, and to an ecological perspective that takes 
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the environment into account from an economic perspective. 
However, there remain some gaps in the research of the con-
struction industry and can be summarized as follows. First, 
previous studies mostly ignored the indicators representing 
social welfare in the construction industry (Wang 2014; Wang 
et al. 2019; Zhou, et al. 2019). By comparing different versions 
of assessment standard for green building (GB/T 50,378–2006, 
2006; GB/T 50,378–2014, 2014; GB/T 50,378–2019, 2019), it 
showed that the new evaluation standards incorporated more 
thoughts of social dimension reflecting comfort and livability 
of buildings. This provides a basis for adding new social wel-
fare indicator. Second, previous studies mainly focused on a 
single perspective of static performance or dynamic change, 
which failed to fully reflect the green development level and 
potential in the construction industry. This hinders the com-
prehensive assessment of green development and the proposal 
of corresponding optimization strategies in the construction 
industry in different regions of China. Third, previous studies 
either paid attention on the energy and pollution performance 
reflecting energy conservation and environmental protection 
or green total factor performance assessment with particular 
concerns at the provincial level, but few studies discussed the 
contributions of individual factors to green total factor perfor-
mance from the decomposition perspective.

Based on these research gaps, the global non-radial DEA 
approach was employed in this paper to construct a unified 
framework combining both static and dynamic indexes. Con-
sidering that the increase of floor space under construction 
of different types of buildings can meet the public’s diversi-
fied living demands, and the size of park green space reflects 
the overall urban environment level and residents’ quality of 
life, both of them were selected as social welfare indicators 
of China’s construction industry representing comfort of liv-
ing space and livability of ecological environment respec-
tively. On this basis, the green total factor performance, 
including the static performance and dynamic change, were 
evaluated in 30 provinces of China’ construction industry 
over the period 2005–2018. It is more reasonable in reflect-
ing the green development level and potential of China’s 
construction industry. Furthermore, by decomposing per-
formance indexes, it cannot only clarify the driving factors 
of green development but also explore the reasons for the 
disparities among different regions, which is conducive to 
formulate more targeted policies to improve green total fac-
tor performance of China’s construction industry.

Methodology

Global environmental production technology

Assume that there are j provinces assessed regarded as DMUs 
and t periods in a production process. Each DMU employs m 

inputs Xt
m
=
(
Xt
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,… ,Xt

m
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∈ Rm
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 , to produce n desirable out-
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+ in period t. The corresponding pro-
duction technology set can be generally described as follows:

In accordance with the research of Färe and Primont 
(1995), the set P is convex, closed, and bounded. When 
joint production with multiple inputs and outputs are 
mentioned, three extra assumptions should be added 
(Färe et al. 1989):

(1) If (X,Y ,B) ∈ P,X
�

> X,Y
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< Y  , then 
(
X
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and desirable outputs states that the excessive inputs 
and desirable outputs can be disposed without any cost.

(2) If (X, Y ,B) ∈ P,B = 0 , then Y = 0 . Null jointness of 
desirable outputs and undesirable outputs states that 
undesirable outputs are unavoidable in production 
activities.

(3) If (X, Y ,B) ∈ P , and � ∈ [0, 1] , then (X, �Y , �B) ∈ P . 
Weak disposability of desirable and undesirable outputs 
states that the reduction of undesirable outputs in 
production activities is not free.

When the null jointness and the weak disposability 
assumptions holds, P is regard as the environmental 
production technology. The environmental production 
technology with constant returns to scale in period t is 
identified as follows:

where, zt
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variable of the jth DMU in period t, and 
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denotes the mth inputs, the nth desirable outputs, and the qth 
undesirable outputs of the jth DMU in period t.

Considering the limitations of environmental production 
technology in a single period, such as instability in estimating 
performance and inability to directly compare the performance 
of each DMU across periods, the global environmental 
production technology is adopted in this paper, which is 
mathematically expressed as follows (Wang et al. 2017):
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Global non‑radial directional distance function

The conventional directional distance function (DDF) 
may overestimate the efficiency of assessed DMUs 
when non-zero slacks exist (Fukuyama and Weber 2009, 
2010). Therefore, a non-radial directional distance func-
tion (NDDF) method proposed by Zhou et  al. (2012) 
is employed in this paper to identify slacks of inputs, 
desirable outputs, and by-products automatically. The 
NDDF with global environmental production technology 
(GNDDF) is defined as follows:

where � =
(
�X ,�Y ,�B

)T  is a normalized vector, rep-
resenting the weights allocated to each variable; 
� =

(
�X , �Y , �B

)T
≥ 0 is the vector that measure the maxi-

mum scaling possibility of the reduction of inputs and by-
products and expansion of the desirable output; diag(�) rep-
resents a diagonal matrix with �;g =

(
gX , gY , gB

)T represents 
the direction vector determining the orientation in which 
each variable is scaled.

It should be noted that the directional vector g and the 
weight vector � can be adopted differently for different 
policy objectives. In this paper, the province applied energy 
(E), labor (L), and capital (K) to produce desirable outputs 
namely gross output value (O), floor space under construc-
tion (F), park green space (P), and undesirable output 
 CO2 emissions (C). By recognizing that savings in inputs, 
desirable outputs growth, and  CO2 reduction are equally 
important (Lin and Du 2015; Wang et al. 2013), combined 
with the variables selected, the directional vector is set as 
(−E,−L,−K,O,F,P,−C) and the normalized vector is set 
as (1∕9, 1∕9, 1∕9, 1∕6, 1∕12, 1∕12, 1∕3, ).

Subsequently, the GNDDF value is obtained by the 
following linear programming solution:
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Similarly, the GNDDF of t + 1 period, and the NDDF of 
t and t + 1 period can be established. Then, four kinds of 
distance function values can be estimated.

Green total factor performance index

Green total factor efficiency indicator (GEI)

The energy efficiency indicator was initially defined by Zhou 
et al. (2012), as the ratio of actual energy efficiency to poten-
tial energy efficiency, and carbon performance indicator as 
the ratio of potential carbon intensity to actual carbon inten-
sity. On this basis, Zhang et al. (2014b) considered the effi-
ciency values of all inputs and the  CO2 emission efficiency 
to establish the total factor efficiency indicator. Suppose that 
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to Eq. (5), the input efficiency indicators and  CO2 emission 
efficiency indicator can be described as follows:

Unlike previous direct analysis of factor efficiency, or 
overall analysis of total factor efficiency with the thoughts 
of maximizing expected output and minimizing input and 
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efficiency indicators and  CO2 emission efficiency indicator 
as shown in Eq. (7). This cannot only estimate the green 
development level of China’s construction industry but also 
clarify its components.

Green total factor productivity indicator (GPI)

Zhang and Choi (2013) defined Malmquist-CO2 perfor-
mance indicator and measured total factor  CO2 produc-
tivity. Combined with GNDDF, this paper establishes the 
dynamic productivity indicator of each factor, and then 
decomposed it into technical efficiency change (EC) and 
technological change (TC) according to the decomposi-
tion of the global Malmquist-Luenberger index (Oh 2010)

Logarithm on both sides of each factor’s productivity 
indicator is taken to get the approximate value of its 
growth rate. The approximate growth rate of green total 
factor productivity indicator (GPI) can be defined as the 
arithmetic average of the sum of each factor’s growth rate 
to estimate the green development potential of China’s 
construction industry as shown in Eq. (9).

Results and discussion

Data source and variable definitions

In consideration of the validity and availability of the 
data, 30 provinces’ construction industry in China are 
used to evaluate the green total factor performance dur-
ing 2005–2018, except in Tibet, Hong Kong, Macao, and 
Taiwan. This paper adopts energy consumption, labor, and 
capital (capital is expressed as the total assets of China’s 
construction industry) as inputs and gross output value, 
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floor space under construction, park green space as desir-
able outputs. The undesirable output is  CO2 emissions. 
Almost all data for labor, capital, gross output value, and 
floor space under construction are obtained from China Con-
struction Statistical Yearbook (National Bureau of Statistics 
of China (NBSC), 2006–2019). Data on park green space 
come from China Urban Construction Statistical Yearbook 
(MOHURD 2006–2019). To eliminate the effect of inflation, 
the GDP deflator of the secondary industry is used to convert 
capital and total output value into constant prices in 2005.

Data pertaining to energy consumption are col-
lected from the China Energy Statistical Yearbook 
(NBSC 2006–2019). Seventeen kinds of fossil fuels are 
selects and converted into standard coal equivalent by con-
version coefficient. Indirect  CO2 emissions from construc-
tion materials extremely exceeded the direct  CO2 emis-
sions from fossil energy consumption for the construction 
industry (Oh et al. 2017; Wei et al. 2013). According to 
Zhang and Liu (2013),  CO2 emissions are composed of 
direct and indirect emissions. Total  CO2 emissions can be 
computed according to IPCC as follows:

For ith energy, where ECi,NCVi,CCi,COi represent the 
total energy consumption, net caloric value, carbon content, 
and carbon oxidation rate respectively. Because the relevant 
emission factors are updated, values of these parameters are 
suggested by Shan et al. (2018) as shown in Table 1. As for 

(10)

CO2 =

17∑
i=1

(
ECi × NCVi × CCi × COi ×

44

12

)
+

5∑
j=1

Fj × �j ×
(
1 − �j

)

Table 1  The carbon emission coefficients of fuels

Fuel type NCVi
PJ/104 tonnes, 
 108m3

CCi
tonneC/TJ

COi

Raw coal 0.21 26.32 83%
Cleaned coal 0.26 26.32 83%
Other washed coal 0.15 26.32 83%
Briquettes 0.18 26.32 83%
Coke 0.28 31.38 89%
Coke oven gas 1.61 21.49 91%
Other gas 0.83 21.49 91%
Other coking products 0.28 27.45 89%
Crude oil 0.43 20.08 96%
Gasoline 0.44 18.9 96%
Kerosene 0.44 19.6 96%
Diesel oil 0.43 20.2 96%
Fuel oil 0.43 21.1 96%
Liquefied petroleum gas 0.47 20 97%
Refinery gas 0.43 20.2 97%
Other petroleum products 0.51 17.2 96%
Natural gas 3.89 15.32 98%
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building material jth (including steel, wood, cement, glass, 
and aluminum), where Fj, �j, �j respectively denote material 
consumption, carbon emission coefficients, and recycling 
coefficients, whose values are obtained from Sun (2016) as 
shown in Table 2.

Variable definition and descriptive statistics of data are 
listed in Table 3. The geographical classification of three 
regions is shown in Table 4.

Green total factor efficiency of China’s construction 
industry

In this section, green total factor efficiency indicator (GEI) 
and its decompositions including energy efficiency indica-
tor (EEI), labor efficiency indicator (LEI), capital efficiency 
indicator (KEI), and  CO2 emission efficiency indicator (CEI) 
are analyzed from a static perspective.

Analysis of GEI at the national level

As seen from Fig. 1, the GEI generally kept an upward trend, 
rising from 0.4858 in 2005 to 0.6662 in 2018. The average 
GEI within the sample period was only 0.6023, indicating 
that GEI of the 30 provinces could achieve an 39.8% increase 
relative to the production technology frontier on average. 
This implies that the green development level of China’s 
construction industry still stays at a low level although some 
achievements have been made in transforming the develop-
ment model and increasing production capacity.

As mentioned above, EEI, LEI, KEI, and CEI together 
contributed to GEI. Among them, KEI and LEI had greater 
contributions to GEI, and their average efficiencies were 
0.1929 and 0.1806 respectively, accounting for 32.34% and 
30.00% of GEI. By contrast, EEI and CEI contributed little 
to GEI, with efficiencies of 0.1010 and 0.1279, accounting 
for about 16.38 and 21.30% of GEI respectively. It showed 
that GEI mainly depended on the efficiency of traditional 
factors, KEI and LEI. This implies that China’s construction 
industry is characterized with extensive economic growth 
mode, showing an urgent need for improvement in terms 
of transformation of economic development mode, energy 
conservation, and environmental protection.

During the sample period, the efficiencies of all factors 
improved to different extent and the gap among them showed 
a narrowing trend as shown in Fig. 2. The EEI was always 
lower than the efficiency indicators of other factors, but it 

Table 2  The carbon emission and recycling coefficients of main 
building materials

Building 
material 
type

Cement Glass Steel Aluminum Wood

�j 0.8150
kg/kg

0.9655
kg/kg

1.7890
kg/kg

2.6000
kg/kg

 − 842.8000
kg/m3

�j / 0.70 0.80 0.85 0.20

Table 3  Variable definition and descriptive statistics of data

Variable Definition Unit Min Max Mean Std. Dev

Desirable outputs
   y1 Gross output value 109 yuan in 2005 prices 5.97 1877.94 297.43 320.73
   y2 Floor space under construction 106m2 3.47 2491.77 298.04 400.88
   y3 Park green space 102hm2 5.62 1058.10 165.24 151.49

Undesirable output
   y4 CO2 emissions 106 tons 0.88 944.54 54.99 84.15

Inputs
   x1 Energy consumption 104 tons of standard coal equivalent 2.27 555.53 94.87 78.45
   x2 Labor 104 persons 5.48 811.03 138.89 155.49
   x3 Capital 109 yuan in 2005 prices 3.76 1651.40 262.59 265.46

Table 4  Regions in mainland 
China

Region Provinces, autonomous regions, and municipalities

East group Liaoning, Hebei, Beijing, Tianjin, Shandong, Zhejiang, Jiangsu, 
Shanghai, Fujian, Guangdong, Hainan

Central group Heilongjiang, Jilin, Henan, Jiangxi, Shanxi, Anhui, Hubei, Hunan
West group Inner Mongolia, Xinjiang, Qinghai, Gansu, Ningxia, Shaanxi, 

Guizhou, Chongqing, Yunnan, Sichuan, Guangxi
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had the most obvious improvement and tended to catch up 
with CEI. The corresponding contribution of EEI to GEI 
grew significantly from 10.98% in 2005 to 19.46% in 2018. 
By contrast, the KEI barely changed, with the correspond-
ing contribution of KEI to GEI falling from 36.4 to 29.08%. 
Besides, LEI and CEI also showed an upward trend to some 
extent, and their corresponding contributions to GEI were 
slightly increased and decreased respectively based on the 
calculated values in 2005.

The above analysis showed that the lower EEI was the 
main reason for the inefficiency of GEI. It is essential to 
formulate compulsory energy consumption policies, sup-
plemented by economic incentives like subsidies to the 

improvement of the energy efficiency. Some measures 
should also be taken for construction enterprises to improve 
energy efficiency in construction activities by rationally 
using energy-saving materials, increasing machinery uti-
lization, and arranging construction process. Besides, the 
improvement in EEI was more obvious than that in CEI. 
One reason is that energy consumption and  CO2 emissions 
have different characteristics. Reducing energy consumption 
can save costs, thereby improving the enthusiasm of enter-
prises to save energy. On the contrary,  CO2 emissions have 
high negative externalities, which weakens the incentive of 
enterprises to control pollution to some extent. Another rea-
son is that the energy utilization structure is unreasonable. 

Fig. 1  GEI and its decomposi-
tions during 2005–2018

Fig. 2  Average values of factors 
and their contributions to GEI 
during 2005–2018
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China’s construction industry is far more dependent on fossil 
energy than new energy, causing serious air pollution. Trans-
formation and upgrading of energy can ensure that equal 
amount of energy consumption produces less  CO2. There-
fore, the optimization of the energy structure and guidance 
for upgrading energy types will be an effective way to reduce 
pollution emissions and improve  CO2 emission efficiency. In 
addition, the KEI accounted for the largest proportion of the 
GEI, but the improvement of KEI was not obvious, indicat-
ing that more reasonable investment should be considered 
and the inputs of various factors need to be coordinated to 
improve KEI rather than a large amount of capital invested 
simply.

Regional discrepancy of GEI

The distribution of regional GEI was imbalanced as shown 
in Fig. 3. From 2005 to 2018, the overall performance of 
GEI decreased from the east to the west. The eastern region 
had the highest GEI with an average value of 0.6976, while 
those of the central and western regions were only 0.5830 
and 0.5211. The GEI of these three regions all increased 
over time, and the eastern region was the one where GEI 
rose even more significantly. This could be caused by many 
factors, such as a more solid economic foundation, a higher 
degree of openness, and a more mature construction market 
in the eastern region.

As far as the decomposition of GEI were concerned, the 
average values of all factors’ efficiency indicators during 
2005 to 2018 in the eastern region were almost in a leading 
position as shown in Fig. 4. Obviously, the allocation of 
the production factors in the eastern region tended to be 
more reasonable and effective. During the sample period, 
LEI in three regions maintained persistent and steady 

growth with little difference, while KEI grew weakly and 
KEI in the central region even showed a decreasing trend. 
In terms of EEI and CEI, their values in the eastern region 
have made significant leaps since around 2010, and the 
gap with those in central and western regions has further 
widened since then. Actually, the EEI in the central and 
western regions also increased, and the EEI in the western 
region had caught up with that in the central region around 
2015. On the contrary, the CEI in the central and western 
regions produced modestly change. It should be noted that 
the sources of the GEI were varied among three regions. 
In the eastern region, the contributions of EEI to GEI, and 
CEI to GEI were higher than those in the central and west-
ern regions, while the contributions of LEI to GEI, and 
KEI to GEI were lower than those in the central and west-
ern regions. Specifically, the contributions of EEI to GEI, 
and CEI to GEI were 20.23% and 22.08% respectively in 
the eastern region, while the corresponding contributions 
of these two indicators were 15.72% and 20.75% in the 
central region, 12.99% and 20.48% in the western region. 
The contributions of LEI to GEI, and KEI to GEI were 
28.15% and 29.55% respectively in the eastern regions, 
while the corresponding contributions of these two indica-
tors were 30.27% and 33.26% in the central region, 32.21% 
and 34.32% in the western region.

The above analysis indicated that the lower EEI and 
CEI were the main reasons for the inefficiency of GEI in 
underdeveloped regions. With the proposal of packages 
of policies related to energy conservation and emission 
reduction in the end of the Tenth Five-Year Plan, the work 
of energy conservation and environmental protection of 
China’s construction has been entered into a stage of com-
prehensive development. Obviously, the central and west-
ern regions still need to improve the creation of the soft 

Fig. 3  GEI in three regions: 
2005–2018
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environment for green development in the construction 
industry, and learn economic development mode from the 
eastern region. In addition to improving the efficiencies of 
traditional capital and labor inputs, energy conservation 
and environmental protection should be further strength-
ened in underdeveloped regions to reduce the gap with 
developed regions.

Green total factor productivity of China’s 
construction industry

After evaluation of GEI, green total factor productivity indi-
cator (GPI) and its decomposition were measured in this 
section from a dynamic perspective.

Analysis of GPI at the national level

GPI and its decomposition were shown in Table 5. During the 
sample period, the annual growth rate in GPI was 0.0322, with 
TC and EC changing 0.0331 and − 0.0009 respectively. It indi-
cated that technological progress was the determinant of GPI 

growth, and the decline in technical efficiency was its obstruc-
tive factor. For decades, a huge R&D inputs have been invested 
in the construction industry, leading to a sharp increase in the 
number of patents granted and new green buildings, which 
has significantly improved the technology of China’s construc-
tion industry. However, the technical efficiency improvement 
should not be ignored as a cost-effective way.

By decomposing GPI further, 0.0222 was rooted in EPI 
and 0.0067 was sourced from LPI, which were the main fac-
tors to the GPI growth. By contrast, KPI and CPI changed by 
0.0018 and 0.0015 respectively, the sum of which accounted 
for only about 10% of GPI. It indicated that the  CO2 emission 
and the capital efficiencies did not significantly improve during 
the sample period. For EC, EC of the energy contributed the 
most positive effects, while EC of the  CO2 emissions exerted 
the most negative impact. In order to reverse the deterioration 
of EC of the  CO2 emissions, it is necessary for construction 
enterprises to adopt more effective management for enhanced 
 CO2 emission reduction. The improvement of TC was driven 
by the technological progress of all factors, indicating that it 
made a great technological progress in energy conservation 
and energy efficiency, but very little progress in capital.

Fig. 4  Sources of GEI in three regions: 2005–2018
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To analyze the change in GPI more clearly, Fig. 5 reflects 
the dynamic evolution of GPI and its decomposition during 
2005–2018. On the whole, except for the three periods of 
2007–2008, 2014–2015, and 2016–2017, GPI kept positive 
increasing in the remaining years. TC showed downward 
trends in 2014–2015, 2015–2016, 2016–2017, and there 
were five periods when EC declined. Among them, GPI per-
formed the worst in 2014–2015, not only because it had the 
largest decline but also all factors had negative effects on it.

The trend of GPI was in agreement with the study 
results of Zhang et  al. (2020). During the period 
2014–2015, GPI experienced a sharp decline, followed 
by fluctuations in rising and falling trends. Slower growth 

of the desired outputs was the main reason for the fall of 
GPI over the period. The annual growth rate in gross out-
put value in 2015 was only 2.6%, which was significantly 
lower than that of 10.2% in 2014. The floor space under 
construction in 2015 decreased by 0.58%, while in 2014 it 
increased by 10.4%. Besides, the growth rate of the park 
green space also slowed down. These changes lead to the 
shift from the technological frontier of the same period to 
the global technological frontier in the direction of less 
expected outputs, causing the decline of GPI. In addition, 
the weak investment growth under the new normal also 
had a negative impact on GPI, which was heavily depend-
ent on inputs growth. Except for the period of 2014–2015, 

Table 5  GPI and its 
decompositions during 
2005–2018

Inputs CO2
emissions

Energy Labor Capital

National level GPI 0.0322 0.0222 0.0067 0.0015 0.0018
EC  − 0.0009 0.0016 0.0005  − 0.0004  − 0.0026
TC 0.0331 0.0207 0.0061 0.0019 0.0044

Regional level Eastern region
GPI 0.0388 0.0204 0.0072 0.0037 0.0074
EC 0.0002 0.0009 0.0001 0.0000  − 0.0008
TC 0.0385 0.0195 0.0072 0.0037 0.0082
Central region
GPI 0.0214 0.0166 0.0074  − 0.0006  − 0.0021
EC  − 0.0072  − 0.0033 0.0011 0.0000  − 0.0050
TC 0.0286 0.0199 0.0063  − 0.0005 0.0029
Western region
GPI 0.0335 0.0282 0.0056 0.0008  − 0.0011
EC 0.0025 0.0058 0.0006  − 0.0011  − 0.0028
TC 0.0310 0.0224 0.0050 0.0019 0.0017

Fig. 5  Dynamic evolution of 
GPI and its decompositions: 
2005–2018
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almost all the driving force for the GPI growth depended 
on the effects of inputs, while CPI only produced a weak 
promotion or even inhibition. This once again demon-
strated the importance of the Chinese government’s efforts 
to strengthen guidance on  CO2 emission reduction.

Regional discrepancy of GPI

Some disparities existed in GPI among different regions 
as shown in Table 5. The GPI in the eastern region was 
0.0388, higher than those in the central and western regions 
at 0.0214 and 0.0335, respectively. In these three regions, 
TC was always much higher than EC, indicating that 
technological progress made the major contribution to the 
GPI growth. Actually, the central region was the only one 
where EC had a negative effect to GPI. The eastern region 
took a lead in R&D of technology, while the western region 
was more advanced in technology diffusion.

The reasons for GPI growth in three regions were quite 
different. In the eastern region, the positive effects of all 
factors were contributors to the GPI growth. In the central 
region, the EPI and the LPI were the two main drivers to 
the increase in GPI, while the KPI and the CPI were the 
dominant factors behind the decrease in GPI. The CPI was 
the only obstructive factor to GPI in the western region. For 
EC, the EC of  CO2 emissions was the powerful inhibitor in 
all three regions. In addition, the EC of energy was another 
obstructive factor in the central region, and the EC of capital 
also had a negative effect in the western region. In the three 
regions, almost TC of all factors effected positively except 
for the TC of capital in the central region.

Figure 6 showed the distribution of GPI, TC, and EC in three 
regions. First, although the eastern region had the highest GPI, 
the internal provinces were quite divergent on GPI performance. 
It demonstrated that the “Matthew Effect” might exist, mainly 
because of the large differences in TC within the region. Second, 
though there was a gap with developed region in the increase in 
GPI, the GPI distribution in the western region was relatively con-
centrated, demonstrating that the green development in the con-
struction industry was more balanced within the western region. 
Third, the central region showed the lowest GPI growth, and there 
were significant regional differences in EC and TC within the 
region, demonstrating that there existed a big gap in the ability of 
technology diffusion in different provinces of the central region.

Selection of green development strategies 
in different provinces

Evaluation of the green development level and potential of 
each province can provide a reasonable and effective basis 
for formulating regional green development strategy. Using 
the median of GEI and GPI values  (GEIm and  GPIm represent 
the median of GEI and GPI respectively) as the dividing 
point, a provincial classification method was proposed in 
this study (see Fig. 7, Fig. 8). It cannot only analyze the 
ranking of GEI or GPI of each province individually but also 
consider them comprehensively, and thereby determine the 
key directions for future work.

As per the GEI ranking, the eastern region took the 
absolute lead, with eight provinces possessing higher GEI 
than  GEIm. By contrast, the western region generally lagged 
behind, with seven provinces possessing lower GEI than 

Fig. 6  GPI, EC, and TC in three 
regions
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 GEIm. The GEI of the central provinces was quite divergent, 
with Heilongjiang province ranking the first and Shanxi 
province ranking the third last. For GPI ranking, the eastern 
region still performed well, with seven provinces possessing 
higher GPI than  GPIm. Most western provinces ranked in 

the middle, but the performance was unsatisfactory in the 
central region, with six provinces possessing lower GPI than 
 GPIm.

From Fig.  8, Zhejiang and 10 other provinces were 
identified as type I provinces, which had high GEI and 

Fig. 7  Green total factor perfor-
mance of 30 provinces in China

Fig. 8  Province division for 
green total factor performance 
of China’s construction industry

26885Environmental Science and Pollution Research  (2023) 30:26874–26888

1 3



GPI growth. This implied that the economic, environmen-
tal, and social dimensions of the construction industry in 
these provinces could develop in coordination, which was 
worth learning from the neighboring provinces. The type 
II provinces had advantages in GEI but were weak in GPI 
growth. For such provinces, because they did not have the 
potential for green development, they were at risk of being 
overtaken by other provinces. Therefore, the local govern-
ments of type II provinces should focus on the improve-
ment of GPI growth. Specifically, the optimization strate-
gies for GPI growth in Hainan, Guangdong, Jiangxi, Jilin 
should focus on EC, and Heilongjiang should strengthen 
both EC and TC. Contrary to the type II provinces, the GEI 
of type III provinces was low, but the GPI grows rapidly. 
This was inseparable from the persistent efforts by the local 
authorities to reinforce governance effectively and innovate 
construction technology continuously. However, the weak 
effect of GEI indicated that avoiding unnecessary inputs and 
undesirable output is the key to improving GEI. Therefore, 
local governments should organize the input of various fac-
tors more rationally, and reinforce efforts in  CO2 emission 
reduction. The type IV provinces were at the bottom both 
in GEI and GPI, 80% of which belonged to the central and 
western regions. Such provinces were generally with low 
energy and  CO2 emission efficiency, which was related to 
their poor management and technical recessions, and they 
were the objects that need to be focused on comprehensive 
rectification. The analysis showed that significant disparities 
existed among different regions in the green development 
level and potential of China’s construction industry, so it is 
essential to formulate regional green development strategies 
based on local realities.

Conclusions and policy implications

Conclusions

The improvement of green total factor performance in the 
construction industry is an inherent requirement of China’s 
significant strategic decision to achieve carbon peak and 
neutrality goals. This paper adopted the Global non-radial 
DEA approach to make a deep analysis on regional green 
total factor performance of China’s construction industry 
from static and dynamic perspectives. The findings are as 
follows:

(1) The lower GEI indicated that China’s construction 
industry did not realize total factor coordination in the 
green development. Energy and  CO2 emissions were 
much less efficient than capital and labor. The efficien-
cies of all factors increased, with the largest increase 
in energy efficiency. This implies that great progress 

has been made in intensive use of energy in the con-
struction industry, but it still needs to be strengthened 
in terms of transformation of economic development 
mode, guidance for upgrading energy types, energy 
conservation, and environmental protection.

(2) The GPI demonstrated an increasing trend, mainly 
driven by technological progress rather than technical 
efficiency improvement. In green development of 
China’s construction industry, the technological 
innovation was superior to the management 
improvement. Specifically, the deterioration of 
technical efficiency was mainly caused by the negative 
effect of  CO2 emissions. The negative externality 
of  CO2 emissions could be the main reason why 
construction enterprises lack the motivation to improve 
management to reduce  CO2 emissions and improve 
 CO2 emission efficiency. In addition, KPI contributed 
least to GPI growth, indicating that the effect of capital 
allocation has not been effectively enhanced.

(3) Some disparities existed in green total factor 
performance among different regions. The eastern 
region took a leading position in terms of green 
development level and potential. Compared with the 
central region, the western region had greater potential 
for green development, although its green development 
level was relatively low. Notably, the eastern region was 
the only one where CPI had a positive effect on GPI 
growth due to its significant technological progress. 
EC of  CO2 emissions among regions deteriorated to 
different extent. The results of classification implied 
that provinces belonging to different types need adopt 
different strategies based on local realities.

Policy implications

The above findings have a series of corresponding policy 
implications. First, to achieve breakthroughs in green 
development of China’s construction industry, structural  CO2 
emission reduction should be put in the first place. On the 
one hand, it is necessary to focus on energy transformation 
and upgrading, such as replacing fossil energy with local 
renewable energy sources, and strengthening technology 
upgrading of building materials. On the other hand, the pre-
audit system for  CO2 emissions and economic incentives 
like subsidies should be implemented. The contractors’ 
commitment to reduce  CO2 emissions should be submitted 
in the bidding stage, and the indicators of energy-saving and 
emission reduction in the subsequent construction process 
should be evaluated.

Second, while strengthening technological innovation, we 
should pay more attention on management innovation and 
system innovation to promote technical efficiency in con-
struction activities. At the construction site, this goal can be 
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achieved by effectively and efficiently optimizing the site 
layout, organizing the construction process and allocating 
resources. A reasonable reward and punishment mechanism 
should also be established in the construction enterprise to 
encourage the advanced and eliminate the outdated and 
guide the managers’ behaviors in energy conservation and 
environmental protection. Besides, considering the poor per-
formance of KPI, the rationality and scientificity of capi-
tal allocation need to be further studied to fully release the 
potential of the capital utilization.

Third, different policies improving green total factor 
performance of China’s construction industry should 
be implemented with fully consideration of spatial 
heterogeneity. The vitality of market entities should be 
spurred to improve technical efficiency in construction 
activities in the eastern region. It is necessary to guide the 
transfer of advanced technology and experience in energy 
conservation and  CO2 reduction from the eastern region to 
the central and western regions to promote the coordinated 
development among regions and provinces. In addition, 
driving factors leading to the change of green total factor 
productivity in the construction industry in the central region 
should be monitored to prevent their deterioration.
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