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Abstract: In this paper, based on the spatial panel data of 30 provinces in China from 2008 to 2019,
the relationship between environmental regulation (ER), environmental decentralization (ED) and
the green total factor productivity of the construction industry (hereafter GTFPCI) was investigated
through the spatial Dobbin model, and the heterogeneity of the relationship between three environ-
mental regulations and the GTFPCI under different environmental decentralization intensities was
studied through a threshold panel model. The results showed that the three environmental regula-
tions had different degrees of impact on the GTFPCI, among which market-based environmental
regulations (MERs) played the most obvious role. Environmental regulation and environmental
decentralization have spillover effects on the GTFPCI in surrounding provinces. On the whole, with
the increasing intensity of environmental decentralization, environmental regulation plays a stronger
positive role in promoting the GTFPCI. However, through a threshold analysis, it was seen that
the regulatory impact of different environmental regulations on the GTFPCI are heterogeneous in
different ranges of environmental decentralization intensity.

Keywords: GTFPCI; spillover effects; heterogeneous; threshold analysis

1. Introduction

The construction industry has played a great role in promoting the development
of China’s national economy. The booming construction industry has provided jobs for
tens of thousands of Chinese people and contributed a lot to China’s gross domestic
product (GDP). However, the construction industry consumes a lot of energy and produces
greenhouse gases and other pollutants in the production process. According to research,
the construction industry accounts for 25% of global CO2 emissions and 40% of energy
consumption [1]. The total carbon emission of China’s construction industry in the whole
process reached a staggering 4.93 billion tons in 2018, accounting for 51.3% of China’s total
carbon emission and 14.9% of the world’s total carbon emission [2]. China’s construction
industry has great emission reduction potential. At the Paris Conference on Climate Change,
China committed to reducing CO2 emissions per unit of GDP by 60–65% compared with
2005 and achieving a proportion of non-fossil energy in energy consumption of about 20%
by 2030. In order to achieve these goals, it is urgent for the construction industry to achieve
sustainable development [3]. In the face of the huge resource consumption and greenhouse
gas emissions caused by the development of the construction industry, China’s relevant
departments must issue relevant policies to improve the energy conservation and emission
reduction efficiency of the construction industry and promote the green development of
the construction industry. Environmental problems have become a major issue hindering
the green development of China’s construction industry. Therefore, this paper brings
environmental factors into the framework of traditional total factor investigation and
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calculates the green total factor productivity of the construction industry (hereafter the
GTFPCI) to reflect the green production of the construction industry.

In previous studies, it has been found that environmental regulation (ER) can im-
prove energy efficiency and regulate environmental problems. It regulates and supervises
economic production activities and promotes the green and sustainable development of
production activities. Environmental regulation makes the regulated subjects improve their
production efficiency and create more energy-saving and environmental protection prod-
ucts, thus bringing “innovation compensation” [4,5]. Common environmental regulations
include command-controlled environmental regulation (CER), market-based environmen-
tal regulation (MER) and voluntary environmental regulation (VER) [6]. The regulatory
impacts of different types of environmental regulation on enterprise production activi-
ties are heterogeneous [7]. Policies such as the regulations on the energy conservation of
civil buildings and the comprehensive work plan for energy conservation and emission
reduction in the 13th five-year plan issued by China in recent years have stipulated the
production energy conservation and pollution emission of the construction industry. China
has also increased its investment in environmental pollution control. The total investment
has increased from 238.8 billion CNY in 2005 to 953.9 billion CNY in 2017. The government
expects to achieve the goal of environmental protection and promoting green development
by increasing investment in pollution control, but the results are not ideal. The Chinese
government began to reform its environmental management system, emphasizing that
governments at all levels cooperate with each other to jointly fulfill their responsibilities
for environmental protection, and the core issue is the decentralization of environmental
management power, that is, environmental decentralization.

The effectiveness of ER on environmental protection depends on the supervision and
implementation of relevant departments, and the effect of government environmental
supervision at all levels is affected by the authority distribution of environmental manage-
ment affairs, that is, by environmental decentralization (ED) [8]. Is there heterogeneity in
the effect of environmental decentralization on the production activities of the construction
industry through different types of environmental regulations? In addition, there are
obvious differences in economic and environmental conditions between different regions
of China. Will this situation lead to significant differences in green total factor productivity
of construction industry in various regions? In order to answer these questions, this paper
establishes some related models to explore the relationship among the ER, ED and GTF-
PCI and provides theoretical support and relevant policy suggestions for the sustainable
development of China’s construction industry.

The innovations of this paper are the following: (1) This paper studies the heterogene-
ity of the interaction between different ERs and EDs on the GTFPCI. (2) The spatial Dobbin
model was used to calculate the spillover effects of the ED and ER on the GTFPCI under
different geographical distances. (3) The threshold model was used to calculate the impact
of the three ERs on the GTFPCI under different ED intensities.

The contents of the remaining sections of the article are as follows. Section 2 is a
literature review, Section 3 is an introduction of the calculation methods and data sources
used, Section 4 is the empirical regression conducted and Section 5 is the proposed pol-
icy suggestions.

2. Literature Review

The issues of green total factor productivity, environmental regulation and environ-
mental decentralization are one of the focuses of academic attention. The research on
enterprise productivity has a long history. In the early days, researchers usually used
single-factor indicators such as the number of products produced per capita per unit time
to measure enterprise productivity. In 1954, the connotation of total factor productivity was
first put forward in Hiram Davis’s productivity accounting [9]. The connotation empha-
sizes that it is unscientific to use only one index to measure the productivity of enterprises,
and the calculation process of productivity needs to include all input and output indicators.
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In recent years, researchers realized that when investigating production activities, they
should not only pay attention to the desirable output, such as economic growth, but also
add the analysis of undesirable output indicators, such as carbon emissions. Therefore,
the concept of green total factor productivity has been put forward. Its connotation is the
productivity of sustainable development of enterprises obtained by bringing the indicators
reflecting environmental problems in production activities into the evaluation index sys-
tem [10]. Pittman (1983) first incorporated undesirable output into the index system and
calculated green total factor productivity by using a data envelopment analysis model [11].
Since then, green total factor productivity has been applied to evaluate the efficiency of
various industries [12–15].

Many studies have shown that environmental regulation is a measure that plays an
important role in production efficiency and pollutant emission. The existing relevant litera-
ture is mainly divided into “green paradox” and “forced emission reduction”. The concept
of a “green paradox” was put forward by Sinn (2008) [16]. He believed that fossil energy
miners would reduce the impact of stricter environmental regulation in the foreseeable
future by accelerating mining, which would make pollution more serious. Reyer (2010)
believed that if the government issued incentive policies to encourage the development of
clean energy, it would reduce the cost of fossil energy exploitation, but would accelerate
fossil energy exploitation and bring more pollution [17]. Through research, Ploeg and
Withagen (2012) found that unreasonable policy setting, ineffective implementation of
policies and non-uniformity of local policies were the three main reasons for the “green
paradox” [18]. Fünfgelt and Schulze (2016) believed that the government’s environmental
regulation made enterprises increase production costs and reduce their share of enterprise
innovation costs, which was not conducive to enterprises improving their productivity
and reducing pollutant emissions [19]. These theories have been confirmed in relevant
studies [20,21].

However, most researchers support the view of “forced emission reduction”. Amer-
ican scholar Porter (1991) put forward the famous “Porter Hypothesis” in 1991 [22]. He
believed that the means of government environmental regulation would force enterprises
to transform, upgrade and improve their production technology, so as to improve their
production efficiency and reduce pollutant emissions, although enterprises would put
production costs into production in the short term. However, in the long-term production
process, this would bring higher profits and compensate the early investment, which is
the “innovation compensation theory”. Porter and Linde (1995) further complemented
the “Porter Hypothesis” [23]. They believed that environmental regulation would force
enterprises to achieve the “win-win” goal of improving productivity and protecting the
environment. Since then, many scholars have empirically verified Porter’s hypothesis, but
their conclusions have been different. Some studies found that although environmental
regulation makes enterprises reduce pollutant emissions, it also leads to the reduction in
enterprise production efficiency [24–27], while other studies confirmed the existence of the
“innovation compensation theory”, whereby reasonable environmental regulation enables
enterprises to improve production efficiency, reduce pollutant emissions, obtain more
profits in long-term production activities and achieve the “win-win” goal of protecting the
environment and increasing profits [28–33].

Previous studies have proven that the rationality of environmental regulation and
the degree of policy implementation determine whether environmental regulation can
play a positive role in the sustainable production of enterprises [34–37], and the key issue
affecting the formulation and implementation of environmental policies is environmental
decentralization [38,39], which refers to a central government delegating the power of
environmental supervision and governance to local governments. Local governments
formulate and implement environmental laws and regulations by themselves, and local
governments need to assume the responsibility of environmental protection in economic
construction [40,41]. Many scholars have obtained different research results on whether
environmental decentralization can effectively improve the efficiency of environmental pro-
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tection. The research results can mainly be divided into two aspects: decentralization will
reduce pollution and increase pollution. Some scholars believe that the centralized manage-
ment model is conducive to improving the efficiency of environmental management. The
central government can formulate environmental policies and provide environmental ser-
vices, which can avoid the problem of pollution transfer caused by different environmental
policies in different regions [42,43]. More and more scholars believe that when the central
government decentralizes the power of environmental control, regional governments have
more autonomy in environmental management, which will improve the efficiency of envi-
ronmental monitoring and management, and local governments will reduce the generation
of pollutants by improving environmental standards [44,45]. There is heterogeneity be-
tween different regions. Decentralization is conducive to local governments to better deal
with regional environmental problems [46].

It can be seen from the above analysis that the characteristics of high energy con-
sumption and high pollution of the construction industry determine that more government
environmental supervision is needed in its production activities. The degree of ED and
the intensity of ER affect its development; however, there is no previous literature that
analyzed and synthesized the ER, ED and GTFPCI into a unified framework. No scholar has
studied the relationship between them and the impact of the interaction of environmental
regulation and environmental decentralization on the GTFPCI. Therefore, this paper exam-
ines the relationship between three environmental regulations and the GTFPCI through a
linear model and examines the direct impact and spatial spillover impact of environmental
regulation, environmental decentralization and their interaction on the GTFPCI through
a spatial Dobbin model. A threshold model was used to calculate the impact of the three
environmental regulations on the GTFPCI when the environmental decentralization was at
different threshold intervals.

3. Methods and Data Sources
3.1. Methods and Data Sources Used to Calculate the GTFPCI
3.1.1. Method of Calculating the GTFPCI

The data envelopment analysis (DEA) model was proposed by Charnes et al. (1978) [47].
The theory behind the DEA model is to envelop input and output data. If the decision-
making unit (DMU) is located on the data envelopment surface, its value is 1 and efficiency
is the highest. The closer the value is to 0, the lower the efficiency. However, the traditional
DEA model cannot add undesirable indicators in the calculation of an efficiency value,
and production activities will produce a large number of undesirable outputs such as
greenhouse gases. If only input and desirable output are calculated in the evaluation of
production efficiency, the calculation results will lose objectivity. In order to solve this
problem, Tone (2001) perfected the DEA model and proposed the SBM—DEA model, so
that the calculation of economic production efficiency (2001) could include undesirable
output indicators [48]. The specific calculation formula is the following:

β∗0 = min
1− 1

m ∑m
i=1

s−i0
xi0

1 +
1

s1 + s2

(
∑s1

r=1
sy

r0
yr0

+ ∑s2
r=1

sd
r0

dr0

)
x0 = Xλ + s−0
y0 = Yλ− sy

0
d0 = Dλ + sd

0 s−0 ≥ 0, sy
0 ≥ 0, sd

0 ≥ 0, λ ≥ 0

(1)

In the formula, β∗0 represents the calculated efficiency value, X, Y and D represent
the set of input, desirable output and undesirable output, respectively, vectors s−0 and sd

0
represent the excess value of the input and undesirable output, respectively, vector sy

0 is the
slack variable of the desirable output, and subscript 0 represents the DMU currently being
calculated, where λ is the weight vector.
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3.1.2. Indicator Data Source for Calculating the GTFPCI

The calculation indicators and data sources used in the SBM-DEA are shown in Table 1:

Cdir = ∑ Qi × NCVi × Ai ×Oi ×
44
12

+ W1× β1 + W2× β2 (2)

Table 1. Data sources used for calculations.

Type of Indicator Indicator Unit Data Source

Input

Total assets CNY billion
China Statistics Yearbook On
Construction (2009–2020) [49]

Number of employees 10,000 persons

Technical equipment CNY/person

Standard coal 10,000 tons China Energy Statistical
Yearbook (2009–2020) [50]

Desirable output
Total profit CNY billion China Statistics Yearbook On

Construction (2009–2020) [49]Floor space of buildings completed Million square meters

Undesirable output CO2 emissions 10 thousand tons CO2 emission calculated
according to Formula (2)

The meanings and sources of symbols and numbers in the formula are shown in
Table 2.

Table 2. Data sources of the CO2 emission calculation formula.

Indicator Unit Data Sources

i Types of energy
China Energy Statistical Yearbook (2009–2020) [50]

Q Energy consumption

NCV Low calorific value

General Principles for Calculation of the Comprehensive Energy Consumption
(GB/T 2589-2008) [51], 2006 Intergovernmental Panel on Climate Change (IPCC)

Guidelines for National Greenhouse Gas Inventory [52]

A Carbon emission factor

O Carbon oxidation rate

44/12 Carbon conversion coefficient

W1 Electricity consumption
China Statistics Yearbook On Construction (2009–2020) [49]

W2 Heat consumption

β1 Electric energy carbon emission factor
China Building Energy Consumption Research Report (2018) [53]

β2 Carbon emission factor of heat

3.2. Index Introduction and Data Source of the Regression Model
3.2.1. Environmental Regulation

(1) Command-controlled environmental regulation
CER refers to the relevant mandatory commands or punishment measures imple-

mented by an environmental department to protect the environment. Previous studies
usually use the number of new environmental regulations issued in that year as the strength
measurement standard of the CER [54], but some scholars believe that the newly issued
laws and regulations may not be effectively implemented [55], so this paper used the
number of environmental administrative punishment cases of the government every year
as the strength measurement standard of the CER.

(2) Market-based environmental regulation (MER)
MER refers to a government regulating the production activities of enterprises through

market means to achieve the purpose of reducing pollution. Referring to the previous
research [56], this paper took the pollutant discharge fees of each region as an index to
measure the intensity of the MER.
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(3) Voluntary environmental regulation (VER)
VER refers to an environmental regulation in which the public spontaneously par-

ticipates in environmental protection activities and reports the environmental damage of
enterprises, so as to standardize the behavior of enterprises. Referring to the previous re-
search literature [7], this paper used the number of written reports received by the Ministry
of Ecology and Environment (China) as the index to measure the intensity of the VER.

In order to compare the impact of the three environmental regulations, the data on the
three environmental regulations were standardized.

3.2.2. Environmental Decentralization

Referring to a previous study [39], the author took the personnel distribution of local
environmental protection systems at all levels as the standard to measure environmental
decentralization. The specific calculation formula is the following:

EDit =
LEPit/LPOPit
NEPt/NPOPt

× [1− (GDPit/GDPt)] (3)

where LEPit and NEPt, respectively, represent the number of staff in region i and national
environmental protection systems in year t, LPOPit and NPOPt, respectively, represent
the population of the region i and country in year t, [1− (GDPit/GDPt)] is an economic
reduction coefficient to eliminate the endogenous problem of economic development and
environmental decentralization, and GDPit and GDPt, respectively, represent the GDP of
the regional i and country in year t.

3.2.3. Data Source of the Regression Model

The data source of the three environmental regulation indicators and environmental
decentralization indicators was the China Environmental Yearbook (2009–2020) [57]. The
control variable set Xi,t in the above model included research and test development funds
(R&D), gross domestic product (GDP) and foreign direct investment (FDI). The data sources
of the control variables were the China Statistical Yearbook [58]. To address the issue of
inaccurate evaluation efficiency caused by inflation and other factors, this study utilized the
GDP deflator method to convert all relevant economic indicators into 2008 data. According
to data released by the People’s Bank of China, the exchange rate of the CNY to USD in
2008 was CNY/USD = 0.147. The descriptive statistics for the variables utilized in this
paper are presented in Table 3.

Table 3. Descriptive statistics of all variables included in this paper.

Indicator Unit Mean S.D. Min Max

Total assets CNY billion 415.088 428.371 4.068 2722.064

Number of employees 10,000 persons 146.565 166.599 5.480 811.030

Technical equipment CNY/person 13,429.691 8654.852 3069.000 91,231.000

Standard coal 10,000 tons 93.495 66.986 3.766 275.551

Total profit CNY billion 16.376 18.579 1.146 116.177

Floor space of buildings completed Million square meters 114.569 144.015 17.397 768.239

CO2 10 thousand tons 6.51 8.52 0.080 60.097

CER Ten thousand 0.055 0.072 0.003 0.308

MER CNY billion 0.507 0.493 0.025 2.019

VER Ten thousand 0.704 0.513 0.045 2.026

ED None 0.975 0.505 0.324 2.579

R&D CNY billion 0.901 1.172 0.018 4.519

FDI CNY billion 4.059 12.035 0.030 64.121

GDP CNY billion 2499.252 1987.970 225.820 8216.320
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3.3. The Basic Regression Model

In this paper, in order to study the linear relationship between the ER and GTFPCI, the
author first established a linear model as follows, in which βn is the correlation coefficient,
ER is the environmental regulation and Xi,t is the set of control variables. i, t and n,
respectively, represent regions, years and descriptions of environmental regulations, αi and
vt are the fixed effects of individual and time, respectively, and εi,t is the heterogeneous
error term.

GTFPCIit = β1 + β2CERit + β3MERit + β4VERit + β5Xit + αi + vt + εit (4)

According to previous studies, there may be a nonlinear relationship between environ-
mental regulation and productivity [59]. Therefore, this paper added the investigation of
the relationship between the quadratic term of environmental regulation and the GTFPCI.
The research model is the following:

GTFPCIit = β1 + β2CERit + β3MERit + β4VERit + β5CER2
it

+β6MER2
it + β7VER2

it + β8Xi,t + αi + vt + εi,t
(5)

Considering that the impact of the ER on the GTFPCI may lag, this paper established
the following two models by delaying all independent variables by one year to compare
with the previous two models, to study the effect of the ER on the GTFPCI. In the new
model, the author also treated the control variables with a lag of one year in order to avoid
the two-way causal effect between the control variables and the GTFPCI [5].

GTFPCIit = β1 + β2CERit−1 + β3MERit−1 + β4VERit−1 + β5Xit−1
+αi + vt−1 + εit−1

(6)

GTFPCIit−1 = β1 + β2CERit−1 + β3MERit−1 + β4VERit−1 + β5CER2
it−1

+β6MER2
it−1 + β7VER2

it−1 + β8Xit−1 + αi + vt−1 + εit−1
(7)

3.4. Spatial Durbin Model
3.4.1. The Design of the Spatial Durbin Model

Spillover effect is an objective phenomenon in economic production and the embod-
iment of economic externality. It refers to the external impact of economic production.
The impact of spatial spillover effect should be considered when studying issues related
to an economic environment [60]. The spatial Dobbin model can calculate the spillover
effects of environmental regulation and environmental decentralization from the two di-
mensions of time and space. This paper established a spatial Dobbin model, and the model
is the following:

GTFPCIit= β1 + β2CERit + β3MERit + β4VERit + β5CER2
it + β6MER2

it + β7VER2
it+

β8EDit + β9CERit × EDit + β10MERit × EDit + β11VERit × EDit + β12

N

∑
j=1

WijCERjt+

β13

N

∑
j=1

Wij MERjt + β14

N

∑
j=1

WijVERjt + β15

N

∑
j=1

WijEDjt + β16

N

∑
j=1

(WijCERjtEDjt)+

β17

N

∑
j=1

(WijVERjtEDjt) + β18

N

∑
j=1

(Wij MERjtEDjt) + β19Xi,t + αi + vt + εi,t

(8)

3.4.2. Construction of a Spatial Weight Matrix

To carry out the analysis of spatial econometrics, we first had to calculate the spatial
weight matrix. This paper used a 0–1 spatial weight matrix, distance reciprocal weight
matrix and distance threshold weight matrix to investigate the spatial spillover effect.
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The 0–1 spatial weight matrix is defined as the following:

Wij =

{
1, i 6= j and regions i and j have shared borders

0, i = j or regions i and j do not have shared borders
(9)

The reciprocal distance weight matrix is defined as Formula (9), where dij is the
distance between regions i and j.

Wij =

{
1

dij
, i 6= j

0, i = j
(10)

The distance threshold value weight matrix is defined as Formula (10), where d is the
threshold critical value.

Wij =

{
1, dij ≤ d and i 6= j
0, dij > d or i = j

(11)

3.4.3. Calculation of a Moran Index

The Moran index is an effective method for measuring spatial auto-correlation. Its
value is between −1 and 1. If there is a positive correlation, the value is greater than 0. If
there is a negative correlation, the value is less than 0. The closer the Moran index value is
to −1 or 1, the stronger the spatial correlation. The closer the Moran index value is to 0,
this indicates that there is no spatial auto-correlation. The global Moran index formula is
the following:

Im orans =
n∑n

i=1 ∑n
j=1 Wij(xi− x)(xj− x)

S2∑n
i=1 ∑n

j=1 Wij
(12)

where S2 =
n
∑

i=1
(xi − x) is the sample variance and x is the sample average.

The Moran index of region i is calculated as the following:

Ii =
(xi− x)

S2 ×
n

∑
j=1

Wij
(
xj − x

)
(13)

3.5. Threshold Panel Model

Based on previous studies [61,62], this paper establishes dynamic threshold panel
models (14)–(16) with the ED as the threshold variables to study the effects of three ERs on
the GTFPCI under different ED intensities. The dynamic threshold model could make up
for the endogenous shortcomings between the variables of the traditional threshold model,
and the evaluation results were more reasonable. The dynamic threshold panel model is
the following:

GTFPCIi,t = β0 + β1CERi,t × I (ED ≤ c) + β2CERi,t × I (ED > c) + β3Xi,t + αi + vt + εit (14)

GTFPCIi,t = β0 + β1 MERi,t × I (ED ≤ c) + β2 MERi,t × I (ED > c) + β3Xi,t + αi + vt + εit (15)

GTFPCIi,t = β0 + β1VERi,t × I (ED ≤ c) + β2VERi,t × I (ED > c) + β3Xi,t + αi + vt + εit (16)

4. Discussion
4.1. Analysis of the Green Total Factor Productivity of China’s Construction Industry

In this study, based on the relevant panel data, the SBM-DEA model was used to
calculate the GTFPCI. The panel data spanned from 2008 to 2019, including 30 provinces in
China. The calculation results are shown in Table 4. According to the different geographical
locations of China’s provinces, the author divided China’s 30 provinces into three regions:
eastern, central and western.
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Table 4. Green total factor productivity of China’s construction industry.

Province 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 Mean S.D.

Eastern region

Beijing 1 1 1 1 1 1 1 1 1 1 1 1 1.000 0.000

Tianjin 1 1 1 1 1 1 1 1 1 1 1 1 1.000 0.000

Hebei 0.781 0.872 0.836 1 1 1 1 1 1 1 1 1 0.957 0.076

Liaoning 0.711 0.88 0.827 0.827 0.864 0.874 0.904 0.958 0.993 0.976 0.993 1 0.901 0.084

Shanghai 1 1 1 1 1 1 1 1 1 1 1 1 1.000 0.000

Jiangsu 0.601 0.836 0.744 1 0.812 1 1 0.936 0.891 0.934 0.977 1 0.894 0.120

Zhejiang 1 1 1 1 1 1 1 1 1 1 1 1 1.000 0.000

Fujian 0.673 0.73 0.756 0.54 0.639 0.654 0.763 0.763 0.75 0.83 0.854 0.799 0.729 0.085

Shandong 0.969 0.806 0.809 0.934 0.859 0.865 0.934 0.896 0.886 0.901 0.833 0.97 0.889 0.054

Guangdong 0.527 0.504 0.525 0.569 0.607 0.602 0.654 0.667 0.676 0.733 0.745 0.731 0.628 0.082

Hainan 0.671 0.773 0.751 0.512 0.762 0.651 0.603 0.594 0.578 0.569 0.602 0.568 0.636 0.082

Middle region

Shanxi 0.65 0.648 0.668 0.647 0.615 0.675 0.726 0.704 0.681 0.669 0.641 0.637 0.663 0.029

Anhui 0.651 0.765 0.766 0.504 0.545 0.571 0.588 0.586 0.588 0.576 0.646 0.6 0.616 0.077

Jiangxi 0.649 0.522 0.799 0.589 0.54 0.649 0.824 0.741 0.699 0.656 0.643 0.711 0.669 0.089

Henan 0.698 0.525 0.61 0.635 0.657 0.695 0.728 0.796 0.889 0.814 0.896 0.933 0.740 0.122

Hubei 0.696 0.756 0.778 0.6 0.594 0.639 0.746 0.853 0.863 0.886 1 0.924 0.778 0.125

Hunan 1 1 1 1 1 1 1 1 1 1 1 1 1.000 0.000

Jilin 0.656 0.633 0.604 0.588 0.886 0.578 0.725 0.557 0.524 0.569 0.549 0.51 0.615 0.100

Heilongjiang 0.59 0.752 0.545 0.533 0.794 0.776 0.737 0.685 0.722 0.631 0.645 0.664 0.673 0.083

Western region

Inner Mongolia 0.638 0.607 0.693 0.611 0.711 0.796 0.727 0.662 0.824 1 0.918 1 0.766 0.136

Guangxi 0.683 0.688 0.621 0.666 0.622 0.661 0.615 0.705 0.755 0.756 0.776 0.523 0.673 0.069

Chongqing 0.711 0.798 0.661 0.704 0.726 0.66 0.842 0.922 0.899 0.9 0.843 0.876 0.795 0.094

Sichuan 0.633 0.697 0.728 0.513 0.573 0.592 0.786 0.773 0.556 0.518 0.815 0.675 0.655 0.102
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Table 4. Cont.

Province 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 Mean S.D.

Western region

Guizhou 0.589 0.623 0.612 0.648 0.649 0.654 0.631 0.628 0.639 0.75 0.789 0.722 0.661 0.058

Yunnan 0.651 0.626 0.684 0.727 0.727 0.793 0.536 0.795 0.508 0.509 0.577 0.708 0.653 0.099

Shaanxi 0.7 0.717 0.719 0.712 0.568 0.777 0.787 0.734 0.506 0.794 0.574 0.786 0.698 0.092

Gansu 0.57 0.544 0.537 0.662 0.635 0.676 0.412 0.667 0.661 0.608 0.576 0.595 0.595 0.072

Qinghai 0.566 0.586 0.646 0.563 0.568 0.623 0.631 0.639 0.646 0.635 0.645 0.574 0.610 0.034

Ningxia 0.604 0.621 0.692 0.656 0.705 0.684 0.501 0.714 0.738 0.715 0.645 0.65 0.660 0.062

Xinjiang 0.47 0.54 0.469 0.504 0.517 0.537 0.602 0.555 0.536 0.569 0.489 0.451 0.520 0.043

East 0.812 0.855 0.841 0.853 0.868 0.877 0.896 0.892 0.889 0.904 0.909 0.915 0.876 0.030

Middle 0.699 0.734 0.711 0.634 0.701 0.693 0.759 0.728 0.746 0.725 0.753 0.747 0.719 0.033

West 0.620 0.660 0.670 0.661 0.663 0.668 0.632 0.713 0.658 0.680 0.672 0.652 0.662 0.022

National 0.711 0.751 0.743 0.724 0.748 0.751 0.763 0.783 0.766 0.774 0.781 0.774 0.756 0.021
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Table 4 shows the results: the GTFPCI in Beijing, Tianjin, Shanghai, Jiangsu, Zhejiang,
Hubei and other places was high, while the energy efficiency of Gansu, Qinghai, Xinjiang
and other provinces was low. Among them, the GTFPCI in Beijing, Tianjin, Shanghai,
Zhejiang and Hunan was 1 from 2008 to 2019. The efficiency values of these five provinces
constitute the frontier of data envelopment. A vertical comparison in each province showed
that the productivity values of the provinces Guangdong, Henan and Inner Mongolia
showed an obvious upward trend, and the efficiency values of other provinces did not
fluctuate significantly from 2008 to 2019.

Through the horizontal comparison of the average value of the GTFPCI in 30 provinces,
it was found that the efficiency value varied greatly among provinces, with the highest
being 1 and the lowest being only 0.520, which indicates that the provinces with low
efficiency value had great room for improvement, while the average value of the GTFPCI in
the east, middle and west showed a decreasing trend and great difference of 0.876, 0.719 and
0.662, respectively. The efficiency value of the eastern region was greater than the national
average efficiency value, while the efficiency value of the central and western regions was
less than the national average efficiency value. The possible reasons for the above results
are the following: the economic foundation, talents, capital, production technology and
construction maturity of the eastern region were better than those of the central and western
regions, which made the allocation and utilization of construction production factors in the
eastern provinces more efficient and reasonable. Thus, the GTFPCI in the eastern region
was generally high. Although the central and western regions enjoyed the policy dividends
of a “central rise” and “western development”, respectively, their economic development
levels were still far from that in the eastern region. In particular, Gansu, Qinghai, Xinjiang
and other provinces with low efficiency were in the western region, and there were serious
low-efficiency problems in the production of the construction industry in these provinces,
which needed to be improved.

4.2. Estimation Result of the Basic Model

In this paper, the annual GTFPCI in each province was used as the dependent variable
and three different types of ER were used as the independent variable to explore the linear
and nonlinear relationships between the current and lagging ER and the GTFPCI; the
results are shown in Table 5. The results of AR (2) estimation and the Sargan test indicated
the absence of second-order sequence correlation in random error terms, with all R2 values
exceeding 0.65, suggesting a high level of model fitting.

(1) Relationship between the CER and GTFPCI: The CER and GTFPCI in the current
period were not significant in the regression of the two models, which showed that the
impact of the CER in the current period on the GTFPCI was small and can be ignored.
The regression results of the one-year lag model show that there was a significant positive
correlation between the lag term of the CER and GTFPCI, and this correlation is a U-
shaped relationship rather than a linear relationship (the coefficient of the first-order term is
negative, and the coefficient of the square term is positive). With the increase in CER from
0.003, the GTFPCI first decreased and then increased, which shows that the government’s
mandatory policy can promote the improvement in GTFPCI only after it is promulgated
for a period of time and reaches a certain intensity. Therefore, the government should
promulgate environmental regulations with appropriate intensity, increase punishment
and promote technical improvement in the construction industry.

(2) Relationship between the MER and GTFPCI: The MER in the current period
and MER in the lag period have an inverted U-shaped relationship with the GTFPCI
(the coefficient of the first order is positive, and the coefficient of the square order is
negative). The GTFPCI first increased and then decreased with the increase in MER, and
the relationship between the MER in the lag period and GTFPCI was more significant than
that in the current period. The above relationship shows that due to the regulatory role of
the market, the MER has a more significant impact on the GTFPCI in the lag period. To a
certain extent, the increase in MER intensity will “force” enterprises to carry out reform,
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so that the GTFPCI will increase. Once the MER intensity exceeds a specific value, the
construction industry has to invest more funds in pollution control, which will reduce the
production investment of other items in the construction industry, resulting in the reduction
in total factor productivity.

(3) Relationship between the VER and GTFPCI: The current VER and lag VER were
positively correlated and linear with the GTFPCI. The masses reflect the environmental
problems caused by enterprise production to the government through letters and other
means. The government will manage enterprise production under the pressure of public
opinion, so as to promote the improvement in the GTFPCI.

Table 5. Dynamic panel regression results.

Variable
No Lag One-Year Lag

Linear Model Square Term Model Linear Model Square Term Model

CER
−0.207 −0.909 −0.118 −1.755 **

(−1.31) (−1.36) (−1.18) (−2.07)

CER2
0.756 0.637 ***

(1.04) (3.09)

MER
0.119 2.352 ** 0.167 ** 3.344 ***

(1.07) (2.07) (2.63) (3.50)

MER2
−0.109 ** −0.101 ***

(−2.59) (−2.80)

VER
0.006 * 0.146 0.092 ** 0.300

(1.82) (1.15) (2.51) (0.06)

VER2
−0.090 −0.024

(−1.55) (−0.89)

R&D
0.300 ** 0.410 ** 0.022 * 0.040 *

(2.40) (2.00) (1.85) (1.88)

GDP
0.015 * −0.020 * 0.003 0.000

(1.73) (−1.77) (0.03) (0.38)

FDI
0.134 * 0.256 * 0.039 * 0.042

(1.80) (1.90) (1.88) (0.12)

Constant
0.048 *** 0.091 *** −0.001 *** −0.112 ***

(3.89) (3.28) (−3.03) (−3.10)

R2 0.654 0.747 0.705 0.819

Diagnostic test Statistic p-value Statistic p-value

AR (1) −3.190 0.000 −1.600 0.000

AR (2) 0.251 0.8012 0.546 0.584

Sargan test 13.712 0.3195 17.798 0.401

Wald test 5522.73 *** 0.000 7440.42 *** 0.000
Note: The data in parentheses are the Z-values, *** p < 0.01, ** p < 0.05, * p < 0.1.

Based on the above research, it was found that the relationship between the three
environmental regulations and China’s GTFPCI are different. Among them, the relation-
ship between the GTFPCI and MER in the current period and lag period passed the 5%
significance test, which shows that among the three environmental regulations, the MER
has the most far-reaching impact on the GTFPCI.

Among the three control variables, only R&D showed a significant positive strong
correlation with the GTFPCI in the regression results of all models, which shows that the
impact of scientific research investment on the GTFPCI is very far-reaching. Although the
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other three control variables had a certain impact on the GTFPCI of the current period, they
had a weak impact on the GTFPCI of subsequent years.

4.3. Spatial Correlation Test

Referring to previous studies, in this paper, the 0–1 weight matrix (W1), reciprocal
geographical distance weight matrix (W2) and four distance threshold matrices were used
to calculate the Moran index of the GTFPCI. The calculation results are shown in Table 6.
From the results, all Moran indexes were greater than 0 and most Moran indexes passed
the significance test, which shows that the GTFPCI had obvious positive spatial correlation
in all years and under all threshold conditions. Under different weight matrices, the
Moran index showed an increasing trend with the increase in years, which showed that
the relationship between the construction industry in various provinces became closer and
closer, and the correlation was also increasing, which is similar to the results of previous
studies [63].

Table 6. Calculation results of the Moran index.

Year Indicator W1 W2 W500KM W1000KM W1500KM W2000KM

2008
Moran’s I 0.237 *** 0.531 *** 0.215 ** 0.207 * 0.165 * 0.098

Z-value 2.985 2.543 2.554 3.850 1.970 2.400

2009
Moran’s I 0.254 *** 0.345 *** 0.222 *** 0.198 * 0.176 * 0.093

Z-value 2.006 2.333 2.897 2.218 2.156 2.563

2010
Moran’s I 0.263 *** 0.365 *** 0.233 *** 0.201 * 0.195 * 0.098

Z-value 2.638 2.537 3.789 3.287 2.140 4.044

2011
Moran’s I 0.269 *** 0.397 *** 0.240 ** 0.211 ** 0.199 * 0.100

Z-value 3.655 2.165 1.678 2.276 3.569 1.345

2012
Moran’s I 0.273 *** 0.412 *** 0.257 ** 0.236 ** 0.220 * 0.113 *

Z-value 2.689 3.469 2.861 3.700 2.264 3.321

2013
Moran’s I 0.305 *** 0.473 *** 0.297 * 0.256 ** 0.237 * 0.123 *

Z-value 3.573 1.269 2.708 4.176 2.975 3.809

2014
Moran’s I 0.325 *** 0.489 *** 0.301 * 0.272 ** 0.258 ** 0.138

Z-value 2.678 2.826 4.174 3.618 2.973 2.772

2015
Moran’s I 0.332 *** 0.501 *** 0.311 *** 0.283 ** 0.279 * 0.155 **

Z-value 1.497 2.379 3.561 2.360 2.539 3.367

2016
Moran’s I 0.357 *** 0.546 *** 0.324 * 0.307 * 0.293 * 0.175 *

Z-value 2.604 2.847 3.698 2.991 2.503 1.197

2017
Moran’s I 0.373 *** 0.550 *** 0.338 ** 0.314 ** 0.302 * 0.186

Z-value 2.316 3.437 2.913 3.864 3.965 4.032

2018
Moran’s I 0.385 *** 0.563 *** 0.350 *** 0.330 ** 0.317 * 0.194 *

Z-value 2.289 2.443 3.113 3.147 3.369 2.443

2019
Moran’s I 0.404 *** 0.587 *** 0.368 * 0.351 *** 0.335 ** 0.207 *

Z-value 2.289 2.581 2.442 2.113 3.912 3.447

Note: ***/**/* significant at 1%, 5% and 10%, respectively.

In this paper, Moran index scatter charts for 2008 and 2019 were drawn according to
the 0–1 weight matrix. The role of the Moran scatter chart was to investigate the correlation
of the GTFPCI among provinces, which was divided into four quadrants according to
different correlation relations. When a province was in the first or third quadrant, this
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indicated that the province had a positive spatial auto-correlation, while when a province
was in the second or fourth quadrant, this indicated that the province had a negative
spatial auto-correlation. If the provinces were evenly distributed in the four quadrants, this
indicated that there was no spatial correlation among the provinces.

As can be seen from Figures 1 and 2, most provinces were distributed in the first and
third quadrants, which shows that most provinces had a positive spatial auto-correlation
relationship of the GTFPCI. When the GTFPCI in these provinces was high, neighboring
provinces would be affected, resulting in an increase in total factor productivity. By
comparing Figures 1 and 2, it can be seen that the provinces originally in the second
quadrant in Figure 1 were transferred to the first or third quadrant in Figure 2, and the total
number of provinces in the second and fourth quadrants in Figure 2 was less than that in
Figure 1, which shows the improvement in spatial agglomeration. The rise in the number
of provinces exhibiting positive spatial auto-correlation suggests that the construction
industry’s production was increasingly influenced by neighboring provinces. Enterprises
should draw on the advanced experiences of neighboring provinces to enhance their own
green production efficiency.

Sustainability 2024, 16, x FOR PEER REVIEW 13 of 21 
 

2016 
Moran’s I 0.357 *** 0.546 *** 0.324 * 0.307 * 0.293 * 0.175 * 
Z-value 2.604 2.847 3.698 2.991 2.503 1.197 

2017 
Moran’s I 0.373 *** 0.550 *** 0.338 ** 0.314 ** 0.302 * 0.186 
Z-value 2.316 3.437 2.913 3.864 3.965 4.032 

2018 
Moran’s I 0.385 *** 0.563 *** 0.350 *** 0.330 ** 0.317 * 0.194 * 
Z-value 2.289 2.443 3.113 3.147 3.369 2.443 

2019 
Moran’s I 0.404 *** 0.587 *** 0.368 * 0.351 *** 0.335 ** 0.207 * 
Z-value 2.289 2.581 2.442 2.113 3.912 3.447 

Note: ***/**/* significant at 1%, 5% and 10%, respectively. 

In this paper, Moran index scatter charts for 2008 and 2019 were drawn according to 
the 0–1 weight matrix. The role of the Moran scatter chart was to investigate the correlation 
of the GTFPCI among provinces, which was divided into four quadrants according to dif-
ferent correlation relations. When a province was in the first or third quadrant, this indi-
cated that the province had a positive spatial auto-correlation, while when a province was 
in the second or fourth quadrant, this indicated that the province had a negative spatial 
auto-correlation. If the provinces were evenly distributed in the four quadrants, this indi-
cated that there was no spatial correlation among the provinces. 

As can be seen from Figures 1 and 2, most provinces were distributed in the first and 
third quadrants, which shows that most provinces had a positive spatial auto-correlation 
relationship of the GTFPCI. When the GTFPCI in these provinces was high, neighboring 
provinces would be affected, resulting in an increase in total factor productivity. By com-
paring Figures 1 and 2, it can be seen that the provinces originally in the second quadrant 
in Figure 1 were transferred to the first or third quadrant in Figure 2, and the total number 
of provinces in the second and fourth quadrants in Figure 2 was less than that in Figure 1, 
which shows the improvement in spatial agglomeration. The rise in the number of prov-
inces exhibiting positive spatial auto-correlation suggests that the construction industry’s 
production was increasingly influenced by neighboring provinces. Enterprises should 
draw on the advanced experiences of neighboring provinces to enhance their own green 
production efficiency. 

 
Figure 1. Moran index chart in 2008. 

Figure 1. Moran index chart in 2008.

Sustainability 2024, 16, x FOR PEER REVIEW 14 of 21 
 

 
Figure 2. Moran index chart in 2019. 

4.4. Estimation Results of the Spatial Effect 
In the spatial weight matrix based on these six values in Table 7, the coefficients of 

W*CER and W*MER are negative, while W*CER2 and W*MER2 are positive, and these 
results are highly significant, indicating that the GTFPCI in one region was obviously af-
fected by the CER and MER in adjacent regions, presenting a “U” relationship. The rela-
tionship between the GTFPCI and VER in adjacent areas also presented a “U” shape, but 
it was significant only in a few models, and this significance was poor. The reason for this 
result may be that under the increasingly strict policies such as local fines and charges, 
many construction enterprises with backward production and high pollution moved to 
adjacent areas, which reduced the GTFPCI of the adjacent areas to a certain extent. How-
ever, with the continuous improvement in local regulatory mechanisms, enterprises will 
choose to adopt technological innovation and other ways to reduce operating costs and 
the amount of pollutant discharge fees. However, because the impact of the VER on the 
local GTFPCI was indirect and the lag was obvious, the impact of the VER in adjacent 
areas was not obvious. 

Table 7. The regression results of the moderating effect. 

Variable W1 W2 W500KM W1000KM W1500KM W2000KM 

CER 
−0.909 ** −0.847 ** −0.902 ** −0.904 * −0.912 −0.910 
(−3.36) (−2.25) (−2.40) (−1.65) (−1.37) (−1.41) 

CER2 
1.756 ** 1.659 ** 1.772 ** 1.740 * 1.766 * 1.763 * 
(2.04) (2.27) (2.09) (1.73) (1.84) (1.85) 

MER 
0.352 * 0.395 * 0.312 0.356 * 0.280 2.76 
(1.67) (1.83) (1.58) (1.69) (1.40) (1.38) 

MER2 
−0.109 ** −0.120 *** −0.097 ** −0.105 ** −0.077 ** −0.075 ** 
(−2.59) (−3.73) (−2.55) (−2.58) (−2.21) (−2.16) 

VER 
−0.146 −0.138 * −0.133 * −0.136 −0.103 −0.110 
(−1.15) (−1.71) (−1.08) (−1.01) (−1.03) (−1.55) 

VER2 
0.090 0.080 0.080 0.085 0.055 0.060 
(1.55) (1.31) (1.30) (1.40) (1.06) (1.03) 

Figure 2. Moran index chart in 2019.



Sustainability 2024, 16, 6138 15 of 22

4.4. Estimation Results of the Spatial Effect

In the spatial weight matrix based on these six values in Table 7, the coefficients of
W*CER and W*MER are negative, while W*CER2 and W*MER2 are positive, and these
results are highly significant, indicating that the GTFPCI in one region was obviously
affected by the CER and MER in adjacent regions, presenting a “U” relationship. The
relationship between the GTFPCI and VER in adjacent areas also presented a “U” shape,
but it was significant only in a few models, and this significance was poor. The reason
for this result may be that under the increasingly strict policies such as local fines and
charges, many construction enterprises with backward production and high pollution
moved to adjacent areas, which reduced the GTFPCI of the adjacent areas to a certain extent.
However, with the continuous improvement in local regulatory mechanisms, enterprises
will choose to adopt technological innovation and other ways to reduce operating costs
and the amount of pollutant discharge fees. However, because the impact of the VER on
the local GTFPCI was indirect and the lag was obvious, the impact of the VER in adjacent
areas was not obvious.

Table 7. The regression results of the moderating effect.

Variable W1 W2 W500KM W1000KM W1500KM W2000KM

CER
−0.909 ** −0.847 ** −0.902 ** −0.904 * −0.912 −0.910

(−3.36) (−2.25) (−2.40) (−1.65) (−1.37) (−1.41)

CER2
1.756 ** 1.659 ** 1.772 ** 1.740 * 1.766 * 1.763 *

(2.04) (2.27) (2.09) (1.73) (1.84) (1.85)

MER
0.352 * 0.395 * 0.312 0.356 * 0.280 2.76

(1.67) (1.83) (1.58) (1.69) (1.40) (1.38)

MER2
−0.109 ** −0.120 *** −0.097 ** −0.105 ** −0.077 ** −0.075 **

(−2.59) (−3.73) (−2.55) (−2.58) (−2.21) (−2.16)

VER
−0.146 −0.138 * −0.133 * −0.136 −0.103 −0.110

(−1.15) (−1.71) (−1.08) (−1.01) (−1.03) (−1.55)

VER2
0.090 0.080 0.080 0.085 0.055 0.060

(1.55) (1.31) (1.30) (1.40) (1.06) (1.03)

W*CER
−1.496 ** −1.401 ** −1.479 ** −1.605 ** −1.495 * −1.632 *

(−2.58) (−2.43) (−2.66) (−2.00) (−1.89) (−1.95)

W*CER2
4.634 ** 4.373 ** 4.650 ** 4.955 * 4.634 * 5.206 *

(2.57) (2.53) (2.68) (1.88) (1.88) (1.77)

W*MER
−0.289 *** −0.257 *** −0.279 *** −0.274 ** −0.285 ** −0.330 **

(−3.07) (−2.91) (−2.96) (−2.01) (−2.03) (−2.37)

W*MER2
0.089 *** 0.077 *** 0.085 *** 0.080 ** 0.088 ** 0.097 *

(3.58) (3.45) (3.48) (2.54) (2.58) (1.72)

W*VER
−0.005 * −0.007 ** 0.005 * −0.009 * −0.007 −0.003

(−1.70) (−2.14) (1.82) (−1.81) (−1.13) (−1.06)

W*VER2
0.025 ** 0.023 ** 0.014 ** 0.029 0.025 * 0.027

(2.09) (2.18) (2.57) (1.07) (1.89) (0.98)

ED
0.028 *** 0.031 *** 0.029 ** 0.051 * 0.029 *** 0.035 ***

(3.38) (3.85) (2.43) (1.66) (3.56) (3.71)
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Table 7. Cont.

Variable W1 W2 W500KM W1000KM W1500KM W2000KM

CER*ED
0.119 ** 0.108 ** 0.050 * 0.784 * 0.736 * 0.256 **

(2.65) (2.65) (1.76) (1.82) (1.66) (1.74)

MER*ED
0.014 ** 0.042 *** 0.007 ** 0.005 *** 0.027 *** 0.004 **

(2.67) (3.51) (2.38) (3.18) (3.50) (2.25)

VER*ED
0.045 * 0.004 ** 0.009 * 0.015 * 0.005 * 0.003 *

(1.69) (1.68) (1.83) (1.69) (1.68) (1.83)

W*ED
−0.001 * −0.002 * −0.001 * −0.002 * −0.002 * −0.000 *

(−1.69) (−1.71) (−1.75) (−1.65) (−1.80) (−1.82)

W*CER*ED
0.002 ** 0.002 ** 0.004 ** 0.002 ** 0.002 ** 0.000 **

(2.73) (2.72) (2.52) (2.66) (2.67) (2.22)

W*MER*ED
0.016 *** 0.016 *** 0.015 *** 0.016 *** 0.016 *** 0.014 ***

(3.71) (3.70) (3.57) (3.73) (3.71) (3.68)

W*VER*ED
0.030 * 0.030 * 0.028 * 0.029 * 0.030 * 0.004

(1.80) (1.82) (1.65) (1.81) (1.81) (0.60)

R&D
0.140 *** 0.300 *** 0.203 *** 0.235 *** 0.159 *** 0.345 ***

(3.78) (3.96) (3.16) (3.64) (4.89) (4.78)

GDP
0.017 *** 0.023 *** 0.035 *** 0.028 *** 0.036 *** 0.057 ***

(4.60) (4.03) (4.89) (4.86) (4.65) (4.53)

FDI
0.134 *** 0.123 *** 0.278 *** 0.333 *** 0.456 *** 0.037 ***

(3.00) (3.24) (3.61) (−3.12) (3.09) (3.08)

Constant
−1.467 −1.488 −1.276 −1.507 −1.506 −0.559

(−0.85) (−0.86) (−0.73) (−0.89) (−0.87) (−0.34)

Spatial rho
0.725 *** 0.749 *** 0.729 *** 0.680 *** 0.661 *** 0.680 ***

(10.11) (10.74) (9.90) (8.84) (9.51) (27.57)

Variance sigma2
0.003 *** 0.003 *** 0.005 *** 0.006 *** 0.010 *** 0.004 ***

(3.63) (3.73) (3.64) (3.38) (3.36) (3.72)
Note: The data in brackets are the Z-values, *** p < 0.01, ** p < 0.05, * p < 0.1.

The estimated coefficients of the ED are positive, which shows that the improvement
in environmental decentralization was conducive to the improvement in the GTFPCI to a
certain extent, better mobilizing the subjective initiative, promoting enterprise reform and
achieving sustainable development, which is similar to the results of previous studies [45].
The W*ED estimation coefficient was negative, which indicates that the increase in the
ED value in this region reduced the GTFPCI in adjacent regions. This is because with the
increase in the ED value in this region, the environmental supervision in this region became
strict, which made some highly polluting construction enterprises choose to migrate to
adjacent regions, resulting in the decline in the GTFPCI in adjacent regions.

The estimated coefficients of the interaction terms of the three types of ERs and
ED were positive and significant at the 5% confidence level, which shows that with the
improvement in the degree of environmental decentralization, the decentralization of
rights improved the autonomy of local governments, could better fulfill the responsibility
of environmental supervision and played a better regulatory role in the production activities
of construction enterprises, The estimated coefficient of MER*ED was the largest and most
significant at a level of 1%, which indicates that the collection of pollutant discharge
fees most effectively promoted the green and sustainable production of the construction
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industry, and the decentralization of regulatory power made the collection and verification
of pollutant discharge fees by local governments more efficient. The estimated coefficients
of W*CER*ED, W*VER*ED and W*MER*ED were positive, which shows that the spillover
effect of their interaction on the GTFPCI in other regions was positive. Environmental
decentralization positively regulated the spatial spillover effect of the CER at a confidence
significance level of 5%, which means that the improvement in environmental regulations
and the enhancement of environmental supervision in the surrounding areas put great
pressure on local construction enterprises, so that enterprises could carry out independent
research and development and improve their GTFPCI, so as to avoid being punished
or paying huge environmental charges. Under the confidence significance level of 1%,
environmental decentralization positively regulated the spatial spillover effect of the MER.
The economic incentive environmental regulation is to collect pollutant discharge fees from
enterprises, so as to encourage enterprises to improve their technology. Due to technology
spillover, it will promote the improvement in the GTFPCI in adjacent areas. The spatial
spillover effect of the VER had limited impact on the GTFPCI of other adjacent areas and
could not drive the progress of the GTFPCI in adjacent areas.

4.5. Dynamic Threshold Model Regression Results

In relevant studies, it was found that there is a certain threshold effect on the regulatory
effect of environmental decentralization on the GTFPCI and environmental regulation in
some industries. In order to verify whether this law also existed in the construction industry,
this paper established a panel threshold model for analysis. Before threshold regression,
the number and size of relevant thresholds needed to be calculated. The calculation results
are shown in Tables 8 and 9.

Table 8. Results of threshold effect tests.

Model Threshold Variable Model F-Statistic p-Value
Critical Value

10% 5% 1%

CER ED
Single threshold 40.12 0.0000 20.870 34.927 50.253

Double threshold 51.70 0.0333 27.596 38.504 60.615

MER ED
Single threshold 31.09 0.0267 18.9282 22.212 36.886

Double threshold 16.19 0.1000 18.2879 22.877 32.799

VER ED
Single threshold 16.07 0.2433 25.951 33.513 62.794

Double threshold 4.58 0.7833 20.0249 27.838 41.464

Table 9. Threshold estimators and confidence intervals.

Model Threshold Variable Threshold Number Threshold
Estimator

95% Confidence
Interval

CER
ED Single threshold 0.5275 [0.4281, 0.5318]

ED Double threshold 0.8562 [0.8389, 0.8567]

MER ED Single threshold 0.6239 [0.6208, 0.6302]

In Table 8, the single threshold and double threshold tests of environmental decen-
tralization on the CER passed at the significance level of 5%, and the thresholds were
0.5275 and 0.8562, respectively. The single threshold effect of the ED on MER regulation
passed the test of the 1% significance level, but the double threshold test did not pass, which
indicates that there was a threshold in Formula (15), and it can be seen in Table 9 that the
threshold was 0.6239. The single threshold test and double threshold test of environmental
decentralization on the VER regulation failed, which indicates that there was no threshold.
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Table 10 shows that when ED ≤ 0.5275, the impact of the CER on the GTFPCI was pos-
itive at the confidence level of 1%, and the correlation coefficient was 0.173, indicating that
the increase in CER intensity led to the increase in the GTFPCI. When 0.5275 < ED ≤ 0.8562,
the impact of the CER on the GTFPCI was positive at the confidence level of 1%, but the
correlation coefficient increased to 0.336, which means that with the increase in the ED,
the impact of the CER on the GTFPCI also increased. When 0.8562 < ED, the impact of
the CER on the GTFPCI was negative at the 1% confidence level, which shows that when
the ED was greater than a certain value, the CER had a negative impact on the GTFPCI.
One possible reason is that when environmental monitoring is too harsh, enterprises have
to spend a lot of money on rectification. The available funds for construction production
activities are reduced, so the green production efficiency is reduced.

Table 10. Threshold model regression results.

Model 1 Model 2

Variable Double Threshold
Model Variable Double Threshold

Model

CER (ED ≤ 0.5275) 0.173 *** (4.83) MER (ED ≤ 0.6239) 0.441 *** (3.90)

CER (0.5275 < ED ≤ 0.8562) 0.336 *** (4.74) MER (0.6239 < ED) 0.562 *** (8.73)

CER (0.8562 < ED) −0.541 *** (−3.56)

R&D 0.333 *** (3.19) R&D 0.376 *** (3.57)

GDP 0.015 * (1.72) GDP 0.035 * (1.66)

FDI 0.157 ** (2.32) FDI 0.213 *** (2.45)

Constant 0.186 *** (6.50) Constant 0.233 *** (7.80)

Within R2 0.5735 Within R2 0.6899

F test 33.24 *** F test 54.97 ***

F test all vi = 0 18.86 *** F test all vi = 0 25.57 ***
Note: The data in brackets are the Z-values ***/**/* significant at 1%, 5% and 10%, respectively.

When the ED ≤ 0.6239, the impact of the MER on GTFPCI was positive at the confi-
dence level of 1%, and the correlation coefficient was 0.441, which indicates that when the
ED value was within this interval, the regulatory effect of the CER on GTFPCI was positive.
The intensity of environmental decentralization and economic incentive environmental
regulation cooperate with each other to make the production activities of the construction
industry move toward green and sustainable development. When 0.6239 < ED, the impact
of the MER on the GTFPCI was positive at the 1% confidence level, and the correlation
coefficient became 0.562. In this range, the degree of environmental decentralization is
high, and the increase in the number of environmental supervisors in various provinces
makes environmental supervision and sewage charge collection more efficient, which can
better promote construction enterprises to improve production technology and produce
green and energy-saving products.

5. Conclusions

This paper synthesized the construction industry panel data of 30 provinces in China
from 2008 to 2019 into three models, the linear regression model, spatial Dobbin model and
dynamic threshold panel model, to investigate the effects of the ER and ED on the GTFPCI.
Based on the results obtained, the following policy suggestions are put forward:

(1) The GTFPCI has obvious regional differences and strong spatial auto-correlation.
The average productivity of the eastern, central and western regions decreased in turn,
which indicates that the GTFPCI was affected not only by the local economy, science and
technology and policies, but also by the spillover effects of various factors in adjacent
regions. When formulating relevant construction policies, the Chinese government should
adjust measures to local conditions and take into account the economic development level,
scientific and technological level, and spatial layout of different regions. Especially in
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the western region, the government should formulate relevant policies to reduce the gap
with the eastern and central construction industries, protect the environment and achieve
sustainable development. The western construction industry should also strengthen its
production technology exchange with the eastern and central construction industries,
actively improve its production technology, and achieve the “win-win” goal of improving
production and protecting the environment.

(2) The impact of the three environmental regulations on the production activities of
China’s construction industry was heterogeneous. The CER, MER, VER were shown to have
a U-shaped, inverted U-shaped and linear positive correlation with GTFPCI, respectively,
which indicates that the heterogeneity of the impact mechanism of different environmental
regulations on the GTFPCI and the three environmental regulations should be adjusted
in an appropriate intensity range to jointly promote the improvement in the GTFPCI. The
GTFPCI will be directly affected by local environmental regulations and the spillover effect
of environmental regulations in adjacent areas. When relevant environmental regulatory
policies are issued in adjacent areas, a region should also keep up with the situation and
issue and implement environmental regulations suitable for the region. Among the three
environmental regulations, the MER has the most obvious impact on the GTFPCI. Local
governments need to consider the inverted U-shaped relationship between the two and set
the collection standard of a pollutant discharge fee in the most reasonable range, so as to
“force” enterprises to carry out technological reform and achieve sustainable development.
At the same time, local governments should improve their environmental supervision
systems and encourage the public to report and expose corporate pollution.

(3) The regression results of the linear regression model and spatial Dobbin model
showed that the interaction between the ER and ED was positive, which indicates that the
ED plays a positive regulatory role between the ER and GTFPCI as a whole. However, the
interaction between environmental regulation and the ED in adjacent areas had a negative
spillover effect on this area, which shows that the combination of ER and ED in adjacent
areas will have a great negative impact on the GTFPCI in this area. In short, the central
government must delegate environmental related rights to local governments to a certain
extent, but control the scale of decentralization. When facing the impact of environmental
decentralization and environmental regulation in adjacent areas, local governments should
also respond in time, formulate corresponding environmental policies for different types of
ER and jointly promote the improvement in the GTFPCI.
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