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An empirical study on coordinated development of
energy consumption structure and green total factor
productivity under spatial interaction

Yunsheng Zhang , Ruomeng Zhou and Nanxu Chen

School of Economics, Lanzhou University, Lanzhou, China

ABSTRACT
Existing studies have found a non-linear relationship between the
energy consumption structure (ECS) and the green total factor
productivity (GTFP), but their influencing factors are not yet clear.
This study examines the spatial impact of existing green develop-
ment measures on coordinating the ECS and the GTFP using the
coupling and spatial econometric models. The research findings
are as follows: (1) The coordination between the ECS and the
GTFP has increased over time, and the coordination is significantly
higher in economically developed cities. (2) The spatial analysis
results show a significant spatial auto-correlation between the
ECS and the GTFP coordination. Green development approaches
such as environmental regulations, technological innovations, and
industrial structure significantly contribute to the degree of coord-
ination. Decomposition of the spatial effects shows that techno-
logical innovations significantly affect local and neighbouring
cities. These conclusions hold after endogeneity and robustness
tests. The results suggest that local governments in city clusters
should promote environmental regulations, industrial structure,
and technological innovations to promote the coordinated devel-
opment of the ECS and the GTFP of urban agglomerations.
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1. Introduction

The world has entered an era of global climate change, which has become one of the
most severe environmental threats to humans (Wang et al., 2021). As the world’s
most populous country and the largest carbon emitter (UNEP Copenhagen Climate
Centre [UNEP-CCC], 2021), China must perform a critical role in resolving the glo-
bal climate change crisis. In 2020, the Chinese government proposed to achieve car-
bon peaking by 2030 and carbon neutrality by 2060 by establishing a series of staged
plans with a series of phased plans (Central Committee of the CPC & the State
Council, 2021). However, a sudden and concentrated outbreak by some local
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governments cut-off power supply during the peak production season. The Chinese
official media criticised a few local governments for their reckless ’one-size-fits-all’
demands before the assessment to meet the central government’s requirements. This
phenomenon reveals not only the ’short-sighted’ behaviour of local governments but
also the confusion about meeting the Central government’s goals of ’optimising
energy consumption structure’ and ’maintaining a green and medium-high economic
growth rate’ at the same time (Feng et al., 2009; Zhang et al., 2013), especially in the
context of sustainable development policymaking in all developing countries.

Many studies have suggested energy consumption structure (ECS) and green total
factor productivity (GTFP) improvements in different fields (Sharma et al., 2021;
Tseng et al., 2021; Xie et al., 2021). Additionally, studies have identified that the rela-
tionship between the ECS and the GTFP is close but non-linear, and ECS optimisa-
tion can improve the GTFP only within a moderate range (Xie, Zhang, & Wang
et al., 2021). Therefore, are there influences that can achieve a coordinated and simul-
taneous increase in the ECS and GTFP? Is there a spatial correlation between the
coordination of the ECS and the GTFP in urban agglomerations? In this spatially
interactive perspective, what are the spatial and temporal characteristics of the factors
influencing the ECS and GTFP? These questions still need to be addressed. Based on
theoretical analysis and empirical tests, this study explains the mechanisms and effects
of improving the ECS and GTFP coordination (EGC), denoted as EGC, which is of
practical significance for local communities to achieve dual enhancement of ECS
and GTFP.

The main academic contributions and innovations of this study are: (1) to explore
the mechanism of achieving the EGC in general; (2) to explore the spatial and tem-
poral characteristics of the EGC; and (3) through empirical research, analyse the fac-
tors that influence the EGC, and provide policy implications.

The remainder of this article is organised as follows: Section 2 is the literature
review; Section 3 is the method and data; Section 4 is empirical results; finally,
Section 5 is the conclusion and policy implications.

2. Literature review

ECS improvement refers to a reduction in the use of fossil fuels such as coal, oil, and
natural gas. For a long time now, along with the growth of total economic volume,
local energy demand has also continued to increase (Bakirtas & Akpolat, 2018;
Huang et al., 2021; Zheng & Walsh, 2019). Industrial enterprises that rely on fossil
energy under the pressure of local government environmental regulations must face
the choice of green transformation or closure (Wang et al., 2020; Yang et al., 2021).
However, green transformation does not occur overnight but only after a threshold of
local environmental regulations has been reached (Shen et al., 2020).

Industrial firms must improve their competitiveness through technological innova-
tions to meet environmental regulation needs. However, according to Porter’s
hypothesis (Porter & Van der Linde, 1995) and subsequent research, the impact of
environmental regulations on green technological innovations is non-linear (Du et al.,
2021; T€obelmann & Wendler, 2020; Zhou et al., 2021). This implies that the ECS can
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only be improved if environmental regulations and technological innovations reach a
certain level concurrently. In addition to industrial enterprises, the development of
the service industry also has a significant positive effect on the improvement of the
ECS (Luan, Zou, Chen, & Huang et al., 2021). With the development of the digital
economy and the Internet, and the impact of the sharing economy on energy effi-
ciency improvements (Dabbous & Tarhini, 2021), the dependence of certain indus-
tries on fossil energy will decrease (Ren et al., 2021), thus improving the ECS.

The GTFP is also influenced by environmental regulations (Shen et al., 2019),
technological innovations (Wang et al., 2021), and the industrial structure, addition-
ally, the GTFP is affected by improvements in the ECS. However, existing studies
found that if the improvement in the ECS is insignificant, it will have an insignificant
effect on the GTFP, and a highly significant improvement is detrimental to the green
transition of industrial enterprises as well as to the GTFP. So, this relationship proves
to be non-linear (Pegkas, 2020), suggesting that the relationship between the ECS and
GTFP is not always coherent.

The existing research gap shows that although studies have discussed the relation-
ship between the ECS and GTFP and their external influences separately, it is relevant
to discuss how the EGC can be enhanced given their inherently non-linear relation-
ship. Zafar et al. (2020) empirical analysis of the OECD countries suggests that
renewable energy sources contribute significantly to economic growth. This view is
corroborated by Saint Akadiri et al. (2019) empirical study of EU-28 countries.
However, Maji et al. (2019) used empirical data from West Africa and found that an
optimised ECS impedes productivity growth. From the perspective of sample selec-
tion, the differences in research findings appear to be related to the country’s level of
development. Chen et al. (2020) empirically analysed more than 80 countries and
found a non-linear relationship between the ECS and economic development, espe-
cially in developing countries. Additionally, existing studies show that an increase in
urban density due to the current pace of urban construction in certain developing
countries has led to an auto-correlation effect between the ECS and GTFP in space
(Xie et al., 2021). Then, is there a spatial auto-correlation effect on the EGC? What
are the spatial characteristics of the factors that influence the degree of coordination?
This study addresses these questions, and that constitutes its innovative points and
main academic contributions.

The existing literature reveals that the EGC is analysed in four dimensions: econ-
omy, structure, technology, and policy (Zeng et al., 2021). The impact of economic
growth on the ECS and GTFP is significant, and the gross domestic product (GDP)
is an important part of the GTFP calculation. Industrial structure impacts both the
ECS and GTFP. Technological innovation is critical for increasing the GTFP; it can
also increase the use of clean and efficient energy in society and lead to continuous
improvements in the efficient use of primary energy. Environmental regulations are
critical for addressing negative externalities and market failures in environmental
issues and for enhancing ecological and environmental protection. In conjunction
with the above, this study presents the first hypothesis:

H1: Economic development, industrial structure, technological innovations, and
environmental regulations have significant impacts on the EGC:
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This study analyses from a spatial interaction perspective whether there are other
features of the economic impact on the ECS and GTFP. First, economic growth,
industrial structure, and technological innovations usually have a positive spatial
spill-over effect on the central city (Murad et al., 2019) and neighbouring cities
(Wang et al., 2021) and drive the overall local economic structure optimisation in
neighbouring regions improving their ECS and GTFP. Second, existing studies have
found that the spill over effects of environmental regulations on surrounding areas
are both positive and negative, depending on the intensity, duration, and implementa-
tion of the regulations; therefore, this study presents the second hypothesis:

H2: The EGC has significant spatial spill-over effects, with economic development,
industrial structure, and technological innovations having a significant impact on local
and neighbouring EGC, and environmental regulations have a significant impact only on
the local EGC. An analytical framework for the EGC was constructed (see Figure 1)
according to the research hypothesis.

3. Data and method

3.1. Overview of the study area

The sample chosen meets the following criteria: (a) This study analyses spatial data,
and having smaller geographic units can avoid variable surface element problems.
Thus, the geographic scale of the sample selected is the prefecture-level city. (b)
According to the study’s assumptions, the ECS and GTFP will not only affect local
cities but will also be influenced by the effects produced by neighbouring cities.
Therefore, urban agglomerations can more effectively verify the study’s hypotheses.
(c) China’s current regional development strategy emphasises multi-distributed urban
agglomerations, with the Yangtze River Delta urban agglomeration being among the
country’s few world-class examples with the highest population, economic output,
urbanisation, and modernisation. As it is a critical pilot area for China’s future
regional economic development strategy, it is a typical sample to research. Moreover,
the Yangtze River Delta urban agglomeration has implemented many innovative gov-
ernment policies and management methods. Hence, its experiences and lessons are

Figure 1. Theoretical analytical framework for the EGC:
Source: The author
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instructive for other developing urban agglomerations, making the study’s conclusions
universal. A schematic of the spatial distribution of the Yangtze River Delta urban
agglomeration is shown in Figure 2.

This study uses 41 cities above the prefecture-level in the Yangtze River Delta
urban agglomeration in China from 2009 to 2019 as the study sample.

3.2. Measurement of ECS and GTFP coordination

Coupling is a physical concept mostly used in ecology and urbanisation studies (Xing
et al., 2019). This study uses the coupling degree to reflect the EGC through mutual
interaction to express the phenomenon of mutual influence. It is necessary to reflect
not only the interaction but also the coordination between them to avoid a pseudo-
coordination situation where the coupling degree is high because of the similarity of
the two scores (Tomal, 2021); therefore, the coupling coordination degree is used to
reflect the coordinated development level of the two.

D ¼ ffiffiffiffiffiffiffiffiffi
C�Tp

T ¼ aU1 þ bU2

C ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ESit�GTFPit

p
ESit þ GTFPit

(1)

Figure 2. Schematic of the spatial distribution of the Yangtze River Delta urban agglomeration.
Source: The author
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where D is the coupling coordination degree, the value range is [0,1], and the more
significant value indicates the higher coupling degree. T is the combined coordination
value of the ECS and GTFP. U1 and U2 represent the ECS and GTFP, respectively,
which are the scores of these two subsystems. a and b are the relative weights, which
are calculated using the entropy value method. C is the coupling degree. Based on the
D value, this study classifies the EGC into eight levels: severely dysfunctional
(D < 0:2); mildly dysfunctional (0:2 � D < 0:4); on the verge of dissonance (0:4 �
D < 0:5); barely coordinated (0:5 � D < 0:6); primary coordination (0:6 � D < 0:7);
moderate coordination (0:7 � D < 0:8); good coordination (0:8 � D < 0:9); and
extreme coordination (0:9 � D < 1). The level of coordination between the ECS and
GTFP is uniformly recorded as EGIit:

3.3. Spatial measurement model

Spatial econometrics is a reliable method for studying the spatial relevance of eco-
nomic data across spatial units (Xu & Lee, 2019). (xij) is the spatial weight matrix
between the i-th city and the j-th city. The spatial weight matrix (xij) of the model is
determined by constructing the inverse distance spatial adjacency matrix based on the
geographic coordinates of the 41 cities in the Yangtze River Delta urban agglomer-
ation; see Equations (2) and (3). It is assumed that the spatial weight matrix does not
change with time t:

xij ¼
0 i ¼ kð Þ
1
di, j

i 6¼ kð Þ

8<
: (2)

Wij ¼
0 x12

x21 0
� � � x1j

� � � x2j

..

. ..
.

xi1 x21

. .
. ..

.

� � � 0

2
66664

3
77775 (3)

3.4. Selection and calculation of variables

3.4.1. Data sources
All data were obtained from the Qianzhan (https://d.qianzhan.com/) and CEE
(https://ceidata.cei.cn/) databases. The data in this study have been complemented by
linear interpolation, and the indicators involving monetary measures are deflated by
the consumer price index to eliminate the effect of inflation.

3.4.2. Calculation of ECS
The ECS is typically calculated in two ways. The first method reflects the ECS in the
region by calculating the ratio of raw coal consumption to total regional energy con-
sumption. The second method employs information entropy to characterise the
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orderliness and complexity of the ECS. To count the consumption of primary energy
sources, such as coal, oil, and natural gas, the ratio of their information entropy and
maximum entropy is computed, which is used to reflect the balance of primary
energy consumption and, thus, the ECS. The current calibration of coal, oil, and nat-
ural gas consumption and supply in China’s urban statistical yearbooks is inconsist-
ent, so the second calculation method cannot be used. Therefore, this study used the
proportion of regional raw coal consumption to the total regional energy consump-
tion to represent the ECS.

3.4.3. Calculation of GTFP
The GTFP measures a city’s level of green development and economic development
efficiency when resource inputs and environmental costs are considered. This study
uses the slacks-based measure in the data development analysis model (SBM-DEA)
(Tone, 2001) to estimate urban GTFP. The Global Malmquist–Luenberger (GML)
index is applied based on the SBM to measure the dynamics of the GTFP. The Solow
residual method, the stochastic frontier analysis (SFA), the data envelopment analysis
(DEA) and the SBM methods are the most frequently used calculation methods. The
SFA method has the disadvantage of difficulty accounting for multiple outputs and
the possibility of unexpected outputs. Additionally, the DEA method cannot solve for
non-expected outputs (Streimikis & Saraji, 2021). Therefore, this study uses a non-
radial, non-angle SBM-DEA model to quantify the GTFP, denoted as GTFP: The
SBM-DEA model under consideration of non-desired outputs is shown in Equation
(4).

minGE ¼ min

1� 1
N

XN

n¼1

sxn

xt, k'

 !

1þ 1
M þ I

XM

m¼1

sym

yt, k'
þ
XI

i¼1

sbi

bt, k'

 !" # (4)

The constraints are：

XK
k¼1

ktkx
t
kn þ sxn ¼ xt

k'n
, 8n

XK
k¼1

ktky
t
km � sym ¼ yt

k'm
, 8m

XK
k¼1

ktkb
t
ki þ sbi ¼ bt

k'i
, 8i

ktk � 0, 8k, sxn � 0, 8n; sym � 0, 8m; sbi � 0, 8iGTFP, denoted as q, and 0 < q
� 1. The input vector, the desired output vector, and the non-desired output vector
of city k0 at moment t, are denoted as xt, k

'
, yt, k

'
, bt, k

'
, respectively. Slack vectors
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representing input-output, desired output, and non-desired output are denoted as
Sx, Sy, Sb, respectively. When q ¼ 1, it indicates that the GTFP is efficient; when q <

1, it indicates that the GTFP is inefficient.
The indicators selected to calculate the GTFP include three categories of indicators:

input, desired output, and non-desired output. The input indicators include capital,
labour, and resources. Fixed asset investment represents capital input. The number of
employed persons per unit in urban areas represents the labour input. The built-up
area represents land resource input; total water supply represents water resource
input; total social electricity consumption represents energy input. The desired output
indicator is the GDP, and the non-desired output indicators have negative impacts on
the urban environment, including industrial wastewater emissions, industrial sulphur
dioxide emissions, and industrial smoke and dust emissions.

As q can only represent static efficiency values, this study chose to measure
dynamic changes in efficiency values by including the GML index of non-desired out-
put (Wang et al., 2020). The GML index is used with non-desired outputs to measure
changes in the GTFP because traditional indices are used to measure changes in the
GTFP, such as the Malmquist index, without non-desired outputs. The Luengerber
productivity index and the Malmquist–Luenberger index are non-transmissible and
have the disadvantage of having no feasible solutions (Oh, 2010), whereas the GML
can address both drawbacks. Therefore, the GML index was chosen to represent
dynamic changes in the GTFP.

First, the global SBM directional distance function under consideration of resource
environment constraints is calculated as

S
!G

v xt, k
'
, yt, k

'
, bt, k

'
, gx, gy, gb

� �
¼ max

Sx, Sy, Sb

1
N

XN

n¼1

sxn
gxn

þ 1
M þ I

XM

m¼1

sym
gym

þ
XI

i¼1

sbi
gbi

 !

2
(5)

The constraints are：

XK
k¼1

ktkx
t
kn þ sxn ¼ xt

k'n
, 8n

XK
k¼1

ktky
t
km � sym ¼ yt

k'm
, 8m

XK
k¼1

ktkb
t
ki þ sbi ¼ bt

k'i
, 8i

XK
k¼1

ktk ¼ 1, ktk � 0, 8k
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sxn � 0, 8n; sym � 0, 8m; sbi � 0, 8i

S
!G

v is the directional distance function under variable returns to scale;
xt, k

'
, yt, k

'
, bt, k

'
denote the input vector, the desired output vector, and the non-desired

output vector of city k and at moment t, respectively; gx, gy, gbdenote the directional
vectors of input compression, desired output expansion, and non-desired output com-
pression, respectively; Sx, Sy, Sb denote the slack vectors of input-output, desired out-
put, and non-desired output, respectively.

Second, the GML index of inclusion of non-desired outputs is calculated by intro-
ducing S

!G

v into the following equation:

GMLtþ1
t ¼ 1þ S

!G

v xt , yt, bt; gt
� �

1þ S
!G

v xtþ1, ytþ1, btþ1; gtþ1ð Þ

¼ 1þ S
!t

v xt, yt , bt; gt
� �

1þ S
!tþ1

v xtþ1, ytþ1, btþ1; gtþ1ð Þ

� 1þ S
!G

v xt , yt , bt; gt
� �

1þ S
!t

v xt, yt , bt; gtð Þ
� 1þ S

!tþ1

v xtþ1, ytþ1, btþ1; gtþ1
� ��

1þ S
!G

v xtþ1, ytþ1, btþ1; gtþ1ð Þ�

0
@

1
A

¼ GECtþ1
t � GTCtþ1

t

(6)

where GMLtþ1
t denotes the change in the GTFP from period t to tþ 1 for each city;

GECtþ1
t denotes the convergence of the GTFP towards the production frontier from

period t to tþ 1 for each city; GTCtþ1
t denotes the change in technical efficiency from

period t to tþ 1 for each city; and S
!t

v and S
!tþ1

v denote the cross-period directional
distance functions. If GMLtþ1

t ¼ 1, it indicates that the GTFP remains constant from
period t to tþ 1; GMLtþ1

t > 1 indicates that the GTFP at time tþ 1 has increased
compared to the GTFP at time t; GMLtþ1

t < 1 indicates that the GTFP has decreased
from t to tþ 1. This study selected the data on the above indicators and measured
the GTFP from 2009 to 2019. The input vectors are fixed asset investment (FAI), the
number of urban employed people (EPU), built-up areas (BA), total water supply
(TWS), and electricity consumption (EC); the desired output is GDP; and the non-
desired outputs are industrial wastewater emission (IWE), industrial sulphur dioxide
emission (IDE), and industrial smoke and dust emissions (ISE).

3.4.4. Selection and calculation of core explanatory variables
The EGC among regions was influenced by four main components: economic devel-
opment, technological innovations, environmental regulations, and industrial struc-
ture. Therefore, the core explanatory variables of this study are characterised by the
following selection and calculation methods:

1. Economic development. This study chose personal disposable income per capita
to reflect the level of urban development, denoted as PDI: Economic fundamen-
tals usually refer to floating economic growth, and there is a two-way causal rela-
tionship between economic growth and the ECS. At the same time, the best
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indicator of the level of economic growth, GDP, is the expected output indicator
of the GTFP. Therefore, choosing all indicators related to the GDP creates endo-
geneity problems with explanatory variables; accordingly, disposable income per
capita is chosen to characterise the economic fundamentals.

2. Industrial structure. This study chose the ratio of secondary industry output
value to tertiary industry output value to measure the regional industrial struc-
ture, denoted as PSI: As the impact of industrial structure on the EGC is mainly
reflected in the dynamic evolution of the secondary and tertiary industries, the
primary industry is not included in the scope of measurement because of its low
energy consumption and emissions. A larger ratio of the secondary industry to
the tertiary industry means a higher share of the secondary industry, and a
smaller ratio means a higher share of the tertiary industry.

3. Technological innovations. The number of granted patent applications is chosen
to reflect technological innovations and is denoted as NGP: The number of
granted patent applications reflects the innovation results of all innovation units
in a region, and these results require novelty, inventiveness, and practicality.

4. Environmental regulations. This study chose command-and-control regulations
to reflect local environmental regulations, denoted as REG: Environmental regula-
tions usually involve different methods because of different implementation sub-
jects. The main subjects of environmental regulations are enterprises, society, and
the government, which correspond to three different calculation methods. To
avoid endogeneity problems between the ECS and GTFP, this study adopts com-
mand-and-control regulations and chooses expenditure for energy conservation
and environmental protection within the general budget of financial expenditure
as the proxy variable. Finally, it calculates a comprehensive index of environmen-
tal regulations.

3.4.5. Selection and calculation of control variables
Urban development, traffic level, informatisation level, knowledge intensity, opening
level, and financial development were selected as the control variables to reduce the
estimation errors caused by omitted variables and avoid endogeneity with the
explanatory variables. The selection process of each control variable’s characterisation
indices and calculation methods is as follows:

1. Urban development. The urbanisation rate is chosen to characterise the level of
urban development, denoted as UL: It refers to the proportion of the total urban
resident population to the city’s total urban and rural resident population.

2. Traffic level. The highway route mileage is chosen to characterise the traffic level
of the city, denoted as HM:

3. Informatisation level. The total volume of telecommunication services is chosen
to characterise the degree of informatisation is denoted as IL:

4. Knowledge intensity. The number of students enrolled in general higher educa-
tion institutions is chosen to characterise the degree of informatisation is denoted
as KI:
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5. Opening level. The actual amount of foreign capital utilised is chosen to charac-
terise the degree of opening to the outside world, denoted as FDI:

6. Financial development. The balance of financial institutions’ RMB loans is chosen
to characterise the degree of financial development, denoted as RLB:

Descriptive statistics of the variables are shown in Table 1.

4. Results

4.1. Results of measuring ECS and GTFP coordination

This study first shows the spatial and temporal distribution of the ECS and GTFP in
2018 in Figure 3. The ECS shows a trend of higher west and lower east, implying
that coal accounts for a lower share of energy consumption in the east. The GTFP
shows a trend of higher east and higher west, implying higher GTFP efficiency values
in the east.

According to Figure 3, not all cities with a lower ECS have a higher GTFP. This
study calculated the EGC of 41 cities in the Yangtze River Delta city cluster from
2009 to 2019 according to Equation (1). The geographical distribution of the EGC in
each city in 2009, 2012, 2015, and 2018 is shown in Figure 4.

From a temporal perspective, the EGC has a rising trend over time, indicating that
the policy of emphasising green and sustainable development has been well imple-
mented, as China is poised to change its economic development model.

From a spatial perspective, Shanghai, Nanjing, Hangzhou, Hefei, and other munici-
palities and provincial capitals have the highest EGC, followed by the surrounding
cities and gradually spreading in all directions. However, the EGC is significantly
higher in cities located in Jiangsu and Zhejiang provinces compared to the cities in
the Hefei province, indicating a clear geographical difference in the EGC:

Table 1. Descriptive statistics of the variables.
Variables Mean Std. Dev Max Min Nobs Unit

ECS 44.3934 15.5293 80.2312 1.6323 451 %
PDI 31000 12864 73615 9885 451 yuan
PSI 49.1159 7.6439 74.7346 28.7705 451 %
NGP 2769 4663 34077 28 451 unit
REG 0.4888 2.0292 29.1017 0.0316 451 %
UL 43.2415 19.7199 90.3252 9.9124 451 %
HM 10536 4706 24124 279 451 km
IL 528 528 3722 36 451 104 yuan
KI 104883 156324 858934 3441 451 person
FDI 16.7950 27.1852 190.4800 0.2900 451 107 USD
RLB 5128 8979 73823 122 451 107 yuan
FAI 1150.4331 1353.6339 7623.4232 48.4900 451 107 yuan
EPU 52.5612 95.7314 718.2300 3.5700 451 104 persons
BA 174.6259 190.4719 1237.7400 26.0000 451 km2

TWS 26392 50600 320400 2212 451 104 m3

EC 1440631 2346303 15666600 20248 451 104 KWh
GDP 2110.0977 3917.4079 32679.8700 91.7000 451 107 yuan
IWE 11762.7849 13421.5039 80468.0000 486.0000 451 104 ton
IDE 43465.9978 40086.2262 263200.0000 1393.0000 451 ton
ISE 27884.3747 21597.5056 131400.0000 1053.0000 451 ton

Data source: see 3.4.1.
Source: Author’s calculation.
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4.2. Results of the spatial econometric model

4.2.1. Results of classical linear model regression
This study first performs a classical linear model regression of the variables on panel
data (see Table 2) to facilitate the subsequent model setting, excluding the insignifi-
cant factors: traffic level (HM), opening level (FDI), and informatisation level (IL).
The control variables finally determined include urban development (UL), knowledge
intensity (KI), and financial development (RLB).

4.2.2. Results of spatial econometric model selection
According to the test procedure provided by Anselin et al. (2008), this study first per-
forms a Lagrange multiplier (LM) statistical test and selects a spatial econometric
model based on the test results (see Table 3).

The LM statistic test values are shown in Table 3, R2¼0.7955, which is a relatively
good fit. The estimated values of LMq for the spatial lag model (SLM) and LMk for
the spatial error model (SEM) reject the original hypothesis that the model does not
have a spatial lag term and a spatial error term at the 1% and 5% significance levels,
respectively. This proves that the spatial correlation between the observations is sig-
nificant and also that the robust LMq is more significant than the robust LMk (PSLM
¼ 0.000< 0.01<PSEM ¼ 0.053) and has a higher t-value. Therefore, a SLM should
be chosen, which can be expressed as follows:

EGIi, t ¼ q
XN

j¼1
WijEGIi, t þ Xi, tbþ ui, t þ vi, t

Xi, t ¼ a1PDIi, t þ a2NGPi, t þ a3REGi, tþa4PSIi, tþa5ULi, tþa6KIi, tþa7RLBi, t

ui, t ¼ ci þ ut(7)where i ¼ 1, 2,… , N cities; t ¼1, 2,… , T years; EGIi, t is the

Figure 3. Spatial and distribution of the ECS and GTFP in 2018.
Source: The author
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explained variable of city i in year t; Xi, t is the explanatory variable of city i in year
t, and is expressed as Equation (7); ui, t is the individual specific effect of city i in
year t; q is the regression coefficient of the spatial lag term; and Wij is the spatial
weight matrix between city i and city j: Based on the geographical coordinates of 41
cities in the Yangtze River Delta, this study used a binary spatial adjacency matrix to
determine the spatial weight matrix of the model. This study assumed that the spatial
weight matrix does not vary with time t; b, h1, h2, a1, a2, a3, a4, a5, a6, and a7
are the parameters to be estimated; vi, t represents the error term of city i in year t;
and vi, t 	 （0,r2）:

The treatment of individual-specific effects ui, t is generally divided into fixed
effects and random effects based on the correlation between ui, t and Xi, t: ci and ut

Figure 4. Spatial and temporal variation of.EGIit
Source: The author
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represent spatial fixed effects and time fixed effects, respectively. The results of the
Hausman test of the SLM are shown in Table 4.

It was found that the P-value of the Hausman test result was less than 0.01, so the
null hypothesis was accepted, and ui, t was regarded as a random variable with a
mean of 0 and a variance of r2 to be added into the model, namely, the fixed effect
was selected.

In spatial measures, fixed effects are divided into regional individual fixed effects,
period fixed effects, and double fixed effects. Usually, fixed effects can be determined
by comparing the fit of the spatial econometric model under the three effects or by
the Likelihood Ratio (LR) test; the results of the LR test are shown in Table 5.

The results show that both spatial fixed effects and temporal fixed effects were sig-
nificant; therefore, individual double fixed effects were chosen.

4.2.3. Results of the spatial econometric model
Based on the test results, this study determined a panel SLM with individual double
fixed effects and used a systematic generalized method of moments (GMM) approach
to model regression using MATLAB R2019 software. All the variables were taken as
logarithms to reduce the problem of singular values and multicollinearity. The results
of the model are shown in Table 6.

The results show that the coefficients of the core explanatory variables: economic
fundamentals, technological innovations, environmental regulations, and industrial
structure are positive and significant at the 1% level, supporting Hypothesis 1. This
phenomenon suggests that the EGC is significantly affected by local economic devel-
opment, technological innovations, environmental regulations, and industrial struc-
ture. Cities with high rates of economic development and large economies will have

Table 2. Results of classical linear panel data model regression.
Variables Coefficient t-stat p-value

PDI i, t 9.4516��� 3.1256 0.0020
NGPi, t 0.8445��� 3.3121 0.0010
REGi, t 1.4001��� 2.8974 0.0021
PSI i, t 3.1215��� 2.7844 0.0062
ULi, t 0.0121�� 2.4512 0.0110
HMi, t �1.2045 �1.5123 0.9812
ILi, t �8.8745 �1.2132 0.5124
KIi, t �3.4500�� �1.7512 0.0600
FDI i, t 4.9894 1.1324 0.8441
RLBi, t 4.1324�� 2.1131 0.0311
R2 0.7953
AdR2 0.7185

Note: ���, ��, and � denote significance at the 1%, 5%, and 10% levels, respectively; the z-values are in brackets.
Source: Author’s calculation.

Table 3. Results of LM statistic test.
t-Statistic Probability

LM test no spatial lag 56.1213.35 0.000
robust LM test no spatial lag 11.3198 0.001
LM test no spatial error 42.7945 0.000
robust LM test no spatial error 6.4512 0.053
R2 0.7955

Source: Author’s calculation.
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more financial capacity to drive the optimisation and improvement of local energy
structures and more public spending to reduce pollutant emissions. Cities with solid
technological innovations are more likely to promote the technological progress of
industrial enterprises so that their products have the characteristics of ’high output’
and meet the requirements of ’low consumption’ and change the overall ECS of the
city by increasing the use of clean energy and low-pollution energy. By increasing the
use of clean and low-pollution energy, the overall ECS of the city will be changed,
and at the same time, the GTFP will be further improved to promote coordination.
Cities with strong environmental regulations will force enterprises to eliminate out-
dated technologies and accelerate their ’innovation compensation’ by improving their
technological innovations. However, scholars have found a non-linear effect of
technological innovations on the ECS or GTFP through technological innovations
and environmental regulations, respectively, and the GTFP through technological
innovations and environmental regulations. It is the same for environmental regula-
tions. The relationship between technological innovations and environmental regula-
tions is also non-linear. The conclusions drawn imply that the EGC can only be
effectively increased when economic development, industrial structure, technological
innovations, and environmental regulations act simultaneously. As mentioned in the
Introduction, this explains why many Chinese cities have failed to improve the ECS
and GTFP, either by imposing strict environmental regulations or investing heavily in
technological innovations.

The results show that the other control variables selected are also significant at the
1%, 5%, and 10% significance levels, respectively, of the model R2 ¼ 0.7122, implying

Table 4. Results of the Hausman test of the SLM.
Statistic Degrees of freedom Probability

48.21956 10 0.0081

Source: Author’s calculation.

Table 5. Results of LR test.
Test Statistic Statistic Degrees of freedom Probability

LR-test joint significance spatial fixed effects 275.1905 41 0.0015
LR-test joint significance time-period fixed effects 32.4087 10 0.0000

Source: Author’s calculation.

Table 6. Results of individual double fixed effects panel SLM.
Variable Coefficient t-stat z-probability

lnPDIi, t 0.4513��� 3.8123 0.0005
lnNGPi, t 0.6550�� 2.0651 0.0132
lnREGi, t 0.0561��� 2.7231 0.0013
lnPSIi, t 0.3412��� 2.7756 0.0009
lnULi, t 0.6152�� 1.9880 0.0412
lnKIi, t 0.1121� 2.0512 0.6781
lnRLBi, t 0.5541� 1.7564 0.0891
q 0.3650�� 1.8911 0.0341
Nobs 410
R2 0.7122

Note: ���, ��, and � denote significance at the 1%, 5%, and 10% levels, respectively; the z-values are in brackets.
Source: Author’s calculation.

1240 Y. ZHANG ET AL.



a good model fit. The spatial auto-correlation coefficient q is positive and significant
at the 5% level, indicating a positive spatial spill over effect in the EGC: As one of
the most important regional development strategies in China in the past decade, the
achievements made by the capital cities of the municipalities and provinces in
improving the ECS and GTFP will spread rapidly to the neighbouring cities—an inev-
itable result of the short distance in the geographical unit. To explore the effect of
the core explanatory variables on the explained variables further, a parameter decom-
position of the short-term effects of the SLM was conducted, and the results are
shown in Table 7.

The results show that a region’s economic growth promotes the EGI in the region
as well as in neighbouring regions. Economic growth in a region drives the develop-
ment of enterprises in that region as well as in neighbouring regions to form indus-
trial clusters. This will, in turn, promote more EGC in neighbouring regions, and
technological innovations and industrial structure of the cities in the region will also
have a significant positive impact on the region’s EGC and the surrounding areas.
Enterprises will choose to stay in the central city or spread to surrounding areas
according to their development in terms of the environmental regulation intensity
and industrial structure transformation. As technological innovations have spatial spill
over characteristics, neighbouring regions will also improve their EGC under the role
of enterprises. More specifically, after decomposing the effects, this study found that
the effect of environmental regulations on neighbourhood coordination is not
significant.

4.3. Endogenous and Robustness test

4.3.1. Endogenous test
The analytical framework focuses on regressing the EGC from four components: eco-
nomic, structural, technological, and policy. However, considering that the level of
economic development is an essential part of the calculation of GTFP, it may have
endogeneity issues. To mitigate possible reverse causality and omitted variables
between the level of economic development and the EGC, this study used the night-
time lighting（ NTL） data as an instrumental variable for the level of economic
development in the regression. The reasons are as follows: first, the relationship
between NTL data and the GDP is close. Existing studies show that NTL data is a
good proxy for the level of local economic development, reflecting the performance
of the local economic activity. Therefore, it meets the requirement of ’relevance’ of

Table 7. Parameter decomposition of short-term effects of individual double fixed effects
panel SLMs.
Variable Direct Effects t-stat Indirect Effects t-stat Total Effects t-stat

lnPDIi, t 0.3514 4.5612 0.0121 2.3242 0.3635 3.9412
lnNGPi, t 0.1814 2.7842 0.0978 2.7497 0.2792 2.5611
lnREGi, t 0.5121 2.9812 �0.8712 0.7512 1.3833 4.3233
lnPSIi, t 0.4751 3.1211 0.0081 3.1512 0.4832 4.1262
lnULi, t 0.6412 1.9781 0.2122 1.4512 0.8534 2.1395
lnKIi, t 0.4363 1.6987 0.1215 0.5612 0.5578 0.7589
lnRLBi, t 0.8712 1.6421 0.4512 1.9121 1.3224 1.4518

Source: Author’s calculation.
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the instrumental variable. Second, NTL data does not reflect the GTFP and ECS, as it
is not possible to prove whether the energy source for NTL is fossil or clean, which
also satisfies the ’homogeneity’ condition of the instrumental variable.

The endogeneity results show that NTL data, as an instrumental variable, are sig-
nificantly and positively correlated with the EGC: The instrumental variable passes
the weak instrumental variable test and rejects the original unidentifiable, weak, and
over-identifiable hypotheses, indicating that the instrumental variable was chosen rea-
sonably and the test results suggest that the previous conclusions are robust. Table 8
shows the results.

4.3.2. Robustness test
The geographic weight matrix used is the distance inverse weight matrix, and the use
of distance inverse weight evidence can better avoid the problem of economic dis-
tance, which is neglected because it judges only the proximity of geographic units
compared to the binary adjacency weight matrix. However, for the Yangtze River
Delta urban agglomeration, the EGC depends on geographical distance. It is influ-
enced by the closeness of economic ties between different regions. For example,
Nanjing and Yangzhou, which belong to the Jiangsu province, are closer to Hefei in
the Anhui province, but Shanghai influences them more in terms of economic
growth, technological innovations, and environmental regulations. Therefore, this
study used the economic weight matrix We

ij: After replacing the geographic weight
matrix, the model was changed from a double fixed model to an individual fixed-
effects model, and the rest of the model settings remained unchanged; the results are
shown in Table 9.

The robustness results show that there is still a relatively significant positive spatial
correlation between the ECS and GTFP and that each core explanatory variable
remains significant at the 1% level, indicating the robustness of regression results.

5. Conclusion

This study constructed a theoretical framework that influences the EGC through the-
oretical analysis and used spatial panel data of 41 cities in the Yangtze River Delta
urban agglomeration from 2009 to 2019 to test the spatial influence of economic

Table 8. Results of the endogenous test.
Explanatory variables

EGIi, t

NTL
0.3102���
（3.6519）

Non-recognition test Anderson canon LM statistic 8.3251���
Cragg-Donald Wald test 8.1431���

Weak identification test Cragg-Donald Wald test 9.0201���
Weak instrumental variable test Anderson-Rubin Wald test 6.8716���

Anderson-Rubin Wald test 6.4341���
Stock-Wright LM statistic 5.2311���

Over-identification test Sargan statistic 0.0001���
Note: ���, ��, and � denote significance at the 1%, 5%, and 10% levels, respectively; the z-values are in brackets.
Source: Author’s calculation.
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development, technological innovations, environmental regulations, and industrial
structure on the EGC by constructing an SLM.

The core findings are as follows: (a) The EGC has more obvious spatial and tem-
poral evolution characteristics. From a temporal perspective, the EGC of each city in
the Yangtze River Delta urban agglomeration increases year by year, indicating that
the existing ECS of each city is continuously optimised and can effectively promote
the improvement of local GTFP. From a regional perspective, cities with higher EGC
are mainly municipalities directly under the Central government, provincial capitals,
and cities with a large scale and high economic level, which confirms the findings of
Chen et al. (2020) regarding the promotion of economic growth in developing coun-
tries using renewable energy above the threshold. In contrast, cities with a lower EGC
are mainly those with industrial production as the core economic activity, high
energy consumption, and low economic development level. This phenomenon indi-
cates that the EGC has prominent spatial heterogeneity characteristics. (b). The EGC
has spatial spill over effects. Economic development, technological innovations, envir-
onmental regulations, and industrial structure significantly improve the EGC develop-
ment index. This conclusion has been confirmed by other scholars in similar studies
on the spatial influences of the ECS and GTFP (Lee et al., 2022; Wang et al., 2020;
Zhou et al., 2020;). This improvement is reflected in the region’s influence on itself
and on neighbouring regions, with the effect of environmental regulations on local
and neighbourhood coordination being insignificant.

Based on the conclusions and findings, this study argues that the spatial auto-cor-
relation of the EGC means that central cities should take more responsibility for the
improvement of the EGC, thereby increasing the spatial spill-over effect and driving
the simultaneous improvement of neighbouring cities. In the specific practice of local
governments, as this study finds that technological innovations and industrial struc-
ture show significant spill-over effects in the spatial interaction process of the EGC,
central cities should drive the development of the EGC in neighbouring cities by
strengthening local technological innovations and optimising the industrial structure
because they have better capital and intellectual factor endowments. In contrast,
neighbouring cities should pay more attention to their EGC as the spatial indirect
effects of environmental regulations are not significant. Therefore, neighbouring cities
should focus more on their environmental regulation policies, as they cannot rely on
the spatial influence of the central city.

Table 9. Results of the robustness test.
Variable Coefficient t-stat z-probability

lnPDIi, t 0.3512��� 3.4511 0.0008
lnNGPi, t 0.5612��� 3.3245 0.0009
lnREGi, t 0.0784��� 2.0347 0.0312
lnPSIi, t 0.6512�� 1.7546 0.0712
lnULi, t 0.3218�� 1.6881 0.0598
lnKIi, t 0.1210� 1.7456 0.0521
lnRLBi, t 0.2671� 1.6231 0.0701
q 0.2037��� 3.0121 0.0011
Nobs 410
R2 0.7512

Note: ���, ��, and � denote significance at the 1%, 5%, and 10% levels, respectively; the z-values are in brackets.
Source: Author’s calculation.
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Future research should focus on the relationship between energy structure and the
GTFP. The ECS is only a part of the energy structure, which also includes energy
endowment, energy production volume, and energy import and export volumes. The
relationship between these factors and the GTFP is not yet clear, and research on the
relationship between energy structure and the GTFP can be enriched via the expan-
sion of the scope of research.
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