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The industrial green technology innovation of a region is of great significance
for promoting the high-quality development of the regional economy and
promoting the construction of ecological civilization. Based on the panel data
of 30 provinces (except Tibet) in China from 2010 to 2020, this paper uses the
Data Envelopment Analysis model adding unexpected output to measure
China’s industrial green technology innovation efficiency (IGTIE) under the
common Frontier and regional Frontier. The results show that: 1) The
industrial green technology innovation efficiency generally shows an upward
trend, which is mainly due to technical progress and efficiency improvement.
Under the common Frontier, IGTIE has an average annual growth of 6.54%, and
under the regional Frontier, IGTIE has an average annual growth of 6.77%. 2)
Whether under the common Frontier or the regional Frontier, the central region
has obvious advantages in IGTIE compared with the western region and the
eastern region. 3) Under the two frontiers, the western region is dominated by
efficiency change. Finally, according to the empirical analysis results, specific
policy recommendations are put forward for the improvement of China'’s future
industrial green technology innovation efficiency.

KEYWORDS

China, industrial green technology innovation efficiency, meta-frontier methods, DEA,
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1 Introduction

Over the past 30 years, China’s economy has developed at a high speed with an
average annual growth rate of nearly 10%. In 2020, the GDP has broken through the
100 trillion mark and reached 101.6 trillion yuan. According to the average annual
exchange rate, China’s GDP in 2020 ranked second in the world after the United States,
accounting for about 17% of the world’s GDP. In 1990, China’s GDP was only
1887.29 billion yuan, accounting for less than 2% of the world’s GDP. From the
above data, we can see that China has achieved a huge economic take-off and
amazing development feats. However, with the gradual reduction and disappearance
of the traditional population and resource dividend, the problems of resource waste (Mele
and Magazzino, 2020; Udemba et al., 2020; Magazzino and Mele, 2021), environmental
pollution and ecological damage brought about by the past extensive economic growth
model have become increasingly prominent (Zhang et al., 2022a; Zhang et al., 2022b; Ma
et al., 2022).
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China’s economy is shifting from high-speed development to
high-quality development, and technological innovation plays a
crucial role in green development (Vollenbroek, 2002; Sun et al.,
2021; Wang et al,, 2021). Green technology innovation is the core
driving force of green development (Zhang and Li, 2020; Li and
Song, 2022). However, green technology innovation is a new
concept that combines traditional innovation with ecological
protection (Yin et al., 2020; Lv et al., 2021). Many enterprises
have insufficient awareness and concern about their existence in
production activities (Van Hemel and Cramer, 2002; Hairuddin
etal., 2012), resulting in weak foundation and slow development
of green technology innovation research in China. Therefore,
how to improve the efficiency of green technology innovation in
China, so as to achieve green and high-quality economic
development has become an urgent problem to be solved by
the current government. Industry is the pillar of the national
economy (Lin and Xu, 2018), but it is also the main producer of a
series of problems such as resource shortage, environmental
pollution, and ecological damage (Omer, 2008; Lieder and
Rashid, 2016). The IGTIE is the endogenous power of
industrial green development, so how to promote the IGTIE
with industrial enterprises as the core has naturally become the
top priority of the government’s work. Therefore, this paper uses
the DEA model with negative output to measure the IGTIE of
30 provinces (except Tibet) in China from 2010 to 2020 under the
common Frontier and group Frontier.

The rest part of this article is arranged as follows. Section 2 is
the literature review. Section 3 introduces the methodology and
data and the results and discussions are explained in Section 4.

Relevant policy recommendations are presented in Section 5.

2 Literature review

Green technology innovation, also known as ecological
technology innovation, is a kind of innovation (Oltra et al,
2010; Faucheux and Nicolai, 2011). Generally, management
innovation and technological innovation with the goal of
protecting the environment are collectively referred to as
green technological innovation (Jie, 2021). The efficiency of
green technology innovation is a green evaluation definition
based on the concept of green technology and technology
innovation. In terms of measurement methods, it mainly
includes single indicator measurement, Stochastic Frontier
Analysis (SFA) and Data Envelopment Analysis (DEA).
Among them, the single indicator measurement is mainly
based on the achievements of green technology innovation,
using the single indicator of green technology patents to
measure the change of green technology innovation efficiency.
Due to the limitation of indicator selection in the measurement
process of single indicator method (Taques et al., 2021), it can not
fully reflect the efficiency level of green technology innovation,
and this method is used less (Hoskins and Mascherini, 2009). The
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SFA constructs the production Frontier and measures the relative
effectiveness of Decision Making Units (DMUs) through
distance functions (Wu et al., 2010; Yu et al.,, 2022). The SFA
method is based on parameter analysis, which needs to set the
form of production function in advance, and can decompose the
error term into random error term and technical inefficiency rate
term (Andries, 2011). However, the limitation of single output
and improper function setting are prone to bias the analysis
results (Royston et al., 2006; Brown et al., 2020).

In contrast, the DEA model is more widely used and more
objective (Sueyoshi et al., 2009; Liu et al., 2013). Because this
method is based on the theory of total factor productivity, it also
considers the cross interaction between various investment
factors in economic entities (Wang and Huang, 2007; Ployhart
et al, 2014) and the impact on the effect of technological
innovation. The DEA model is based on a non-parametric
basis. It directly constructs the production Frontier through
samples to avoid setting the production function, and uses
linear programming to solve the relative efficiency value of
the DMUs (Joumady and Ris, 20055 Amirteimoori and
Kordrostami, 2010). Since DEA does not need to assume the
specific production function form in advance, it has more
advantages than SFA (Fall et al, 2018; Strange et al, 2021).
And this method has been widely used to measure efficiency in
recent years. Nurkse 1953) believed that the spatial development
would tend to be balanced, and attributed it to the flow of
production factors among regions, that is, the development
degree of each region would eventually converge due to the
regional flow of production factors. Conceicao et al. (2006)
studied 1429 manufacturing enterprises in Portugal under
environmental constraints, and found that enterprise size and
total exports have a positive impact on enterprise innovation
performance. Nasierowski and Arcelus (2012) calculated the
efficiency of green innovation from 2005 to 2009 using DEA
method, and analyzed the input and output of green innovation
in the innovation process. Amore and Bennedsen (2016)
analyzed the relationship between corporate governance and
green innovation using the data of American listed companies
from 1976 to 1995. Generally, previous studies did not take into
account the heterogeneity of different regions.

This paper focused on the industrial green innovation in the
developing world, and the decarbonization in related sectors is
also worthy to be noted. Thereinto, buildings show the most
significant potential in cost-effectiove emission reduction, which
is worthy to be discussed. Yan et al. (2022) developed for the first
time with 8*14 matrix generalized Diviia index method to
determine 14 factors and analyze provincial carbon change in
residential building operation from 2000 to 2018. Xiang et al.
(2022) assessed the progress of decarbonization of commercial
building operations in 16 countries over the past 20 years by
using the decomposition structure decomposition method,
taking into account socio-economic, technological, climate and
end use factors. It is found that the average carbon intensity of
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commercial building operations in 16 countries decreased by
1.94% every year from 2000 to 2019. Ma et al. (2022) estimated
the decarburization level of commercial buildings in China’s five
major cities through the generalized Diviia index method, and
considered the impact of socio-economic, technological
evolution and climate. It is found that the economic growth
effect and energy consumption are the main driving factors for
the surge of carbon emissions in megacities from 2000 to 2018.

In recent years, some scholars have made contributions to the
research on the IGTIE. Du et al. (2019) studied IGTIE from
2009 to 2016 and found that from 2009 to 2016, the green
technology innovation R&D efficiency of Chinese industrial
enterprises was 0.855. Chen et al. (2021) studied IGTIE from
2008 to 2017 and found that there are obvious gaps in the
efficiency of green technology innovation in different regions.
Shen et al. (2022) sample span is 2005-2017 and found that on
the whole, China has experienced a relatively low but gradually
increasing IGTIE, which shows gradient changes among
provinces, and regional differences are increasingly prominent.
This paper aims to promote the IGTIE with industrial enterprises
as the core. To sum up, the innovation of this paper is mainly
reflected in the following three aspects: 1) From the research
this  paper
highlighting the importance of environmental issues for

perspective, introduces unexpected output,
industrial technology innovation. 2) In terms of research
this paper

constructs a DDF model based on the common Frontier to

methods, considering regional heterogeneity,
evaluate IGTIE in different regions. 3) In terms of data and
sample selection, this paper selects the input and output data of
30 provinces in China from 2010 to 2020. Compared with
previous research data, the year is updated, which is more
suitable for China’s development and changes, and can more
accurately evaluate the current IGTIE situation in China. The
research in this paper is of great significance for improving IGTIE

and reducing the gap between regions.

3 Methodology and data
3.1 DDF model

First, we define environmental production technology, which
refers to the possible set P(x) of all expected and unexpected
outputs that can be produced by a fixed number of inputs.
that N  inputs of
.y xN) € R;r\],

Assuming each province are
M ideal

.»¥M) € R}, and I non ideal outputs b =

x = (x1,%2,..
outputsy = (y1, y2, . .
(b1,by,...,br) € R} can be generated. The possible production
sets are as Eq. I:

T ={(x,9,b): x can produce (y,b)}

or P(x) = {(y,b): x can produce (y,b)} W
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Let g = (g,,—gp) represent the direction vector. According
to the definition of Chambers et al. (1998), the Directional
Distance Function (DDF) can be expressed as Eq. 2:

f)(x, »,b; gy,gb) = max{ﬂ: (y +9,,b +[3gb) € P(x)} (2)

In this paper, the non-parametric DEA method is used to
solve DDF. Compared with the parametric method, it has the
advantage that it does not need to set any functions and
parameters in advance, thus avoiding the influence of
subjective factors, and the calculation results are more
objective. The details are as Eq. 3:

f)(x, . b; gy,gh) = max f§

]
Z/‘ijSXO

=

J
YAiyizyo+ B,

=

]
Y 'Aib; = by + Bags
j=1

L ﬁZ O,AJ > 0

s.t.3 3

3.2 Meta-Frontier model

When using DEA model to analyze IGTIE in different
provinces of China, it is generally assumed that each
evaluated DMU has the same or similar technology level, and
then the reasons for technology ineffectiveness are studied. China
has a vast territory, and there are large differences in resource
endowment, industrial structure, development level, etc. Among
provinces and cities. If these differences are not considered, and
IGTIE comparison is conducted among these provinces and
cities under the same technical level, the real IGTIE of each
province cannot be obtained. In response to such problems,
Battese et al. (2004) proposed a solution: first, divide each DMU
into different groups according to a certain division standard,
build a common Frontier and different regional Frontier,
calculate the technical efficiency of the common Frontier and
different group Frontier, and define the ratio of the two as the
Technology Gap Ratio (TGR). On this basis, O'Donnell et al.
(2008) constructed the group Frontier and common Frontier
based on the DEA method.

For each DMU in the DEA model, output (x € R™) can be
obtained through input (y € R"). The common technology set

including all inputs and outputs is:
Tme = {(x, y): x>0, y>0, x can produce (y,b)}. The
corresponding possible production sets are:

P4 (x) = {y|(x, y) € T™"}.The upper bound of P (x) is
the “common Frontier”. The meta technical efficiency (MTE) is
equivalent to the common distance function Dmeta, namely:
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0< D™ (x, ) = infg{G > oH%} € pres (x)} = MTE(x, y) <1
4)

Suppose there is a subset TX,k=1,2,...,k of k sub
technology levels in the research population, then T™% =
{T"uT?*U...UTK}.

Group technology set
T* = {(x, y)|x 20, y 20, x can produce y in group k},
corresponding production possibility set

Pk (x) = { yl(x,y) € T*}. Group technical efficiency (GTE) is
equivalent to group distance function D, that is, 0 < D* (x, y) =
info{0 > 0[{3} € P¥(x)} = GTE (x, y)< 1.

The distance functions D™ and D™ in this paper are
calculated with the directional distance function model shown in
Eq. 2 under the conditions of common Frontier and group
Frontier respectively.

Under the framework of the common Frontier, the most
important indicator is the “Technology Gap Ratio (TGR)”, which
reflects the gap between the group Frontier and the common
Frontier technology level. TGR is expressed as Eq. 5:

D™ (x,y) | MTE(x,y) _

TGR = -
O TOR = "D (xy) ~ GTE(ry)

1 (5)

TGR closely links the common Frontier with the group
Frontier, and can measure the technical efficiency gap of the
same DMU under different frontiers. The larger the value, the
closer the actual production efficiency is to the potential
production efficiency. At the same time, this value can also
reflect the necessity of dividing different groups. The smaller
the TGR value is, the more necessary it is.

Considering the heterogeneity of technological Frontier in
different regions, this paper uses Meta-Frontier Malmquist
Luenberger (MML) index to bring different technological
Frontier into the same technological Frontier for production
efficiency analysis. This paper constructs MML index based on
global benchmark technology (Oh, 2010). The calculation
method is as Eq. 6:

_ ’ l - Dt—l (xt) }’t> bt; yt’ _bt)
\Jl D, (xt—l)yt—l)bt—l; yt—l)_bt—l)
§ 1- D, (x, y',b'; y', -b')
1-D,(x" L,y L L b )
) Il -D,, (xt—l,yt—l,bt—l; Y _bt—l)
V 1-D, (xt—l’yt—l’b:—l; yt—l,_bt—l)
% 1-Diy (Xr,}/r,bt§ }’t, —bt)
1-D, (x50 ', -b)
y 1-D, (x, ', b5 y',=b')
1-Da (L y L6y, b )

MML!

(6)

Further decompose the MML index into efficiency change (EC)
and technology change (TC).
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Il — Dy (x7, y L, bty b)) 1— Dy (a3t By, —bY)
N T=D (b y b T) T 1D, (3 By, )
(7)

®)

Tci—l =

1-D, (xt,yt’bt; yt,_bt)
1-D,, (xt—l, yt—l, bt—l; yt—l’ _bt—l)

EC;A =

Where (x'71,y'"5,0'71) and (x, y',b") represent the input
variable, desired output variable and undesired output variable
of t — 1 and t, respectively. TCE_1 and ECf_1 are the devotion to
IGTIE raise of DMU’s technical advancement and efficiency
increase from t — 1 to ¢, respectively. The higher the value is, the
larger the devotion is. The value of MML is the IGTIE. The
China’s industrial green technology innovation efficiency under
the common Frontier and group Frontier are as below:

[ DL )

mMMLi—l = \Jl - D, (xtfl’yt—l,bt—l; yt—l’_bt—l)
oy (st ot Bteaf Dt
e LT o)
[ DL by b)
gMML;_, = \Jl — DI, (x 1, y L byl b
1-DJ(x', y',b"; ', -b'
C( b5y b (10)

x 1-— Dtg (X:—l,yt—l,bt—l; yt—l’_bt—l)

3.3 Data and variables

Based on the availability of data and the selection of
indicators by scholars, the following indicators are finally
selected as the basis for measuring China’s industrial green
technology innovation efficiency. See Table 1 for details:

Among them, input indicators are divided into human
investment and capital investment. The full-time equivalent R
and D personnel of industrial enterprises above the designated
size is selected as the human investment, and the internal R and
D expenditure of industrial enterprises above the designated size is
selected as the capital input. The R and D price index in 2010 is taken
as the base period for reduction. The expected output is the number
of patent applications of industrial enterprises above designated size
and the sales revenue of new products of industrial enterprises above
designated size. The sales revenue of new products is deflated by the
industrial GDP price index. According to He and Cai (2021),
industrial SO2 emissions and industrial wastewater emissions are
selected as unexpected outputs. Descriptive statistics of input and
output indicators are shown in Table 2.

According to the principles of data availability and operability,
excluding Hong Kong, Macao, Taiwan, and Tibet, the data of
30 provinces or municipalities in China over the 2010-2020 are
selected for analysis and calculation. It is divided into three regions:
the eastern region (Beijing, Guangdong, Hainan, Tianjin, Fujian,
Hebei, Liaoning, Shandong, Jiangsu, Shanghai and Zhejiang), the
central region (Anhui, Heilongjiang, Henan, Hubei, Jilin, Hunan,
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TABLE 1 Indicator selection.

10.3389/fenvs.2022.1076974

Type Indicator Unit
Input indicators Full time equivalent of R and D personnel in industrial enterprises above designated size person
Internal R and D expenditure of industrial enterprises above designated size 10,000 yuan
Expected output Number of patent applications of industrial enterprises above designated size piece
Sales revenue of new products of industrial enterprises above designated size 10,000 yuan
Unexpected output Industrial SO2 emission ton
Industrial wastewater discharge ton
TABLE 2 Descriptive statistics of input and output indicators.
Index Max Min Mean Std.Dev Obs
Full time equivalent of R and D personnel in industrial enterprises above designated size 700,017 862 85,938 119,955 330
Internal R and D expenditure of industrial enterprises above designated size 24,999,527 18,334 3,331,709 4,454,411 330
Number of patent applications of industrial enterprises above designated size 305,665 103 23,327 39,824 330
Sales revenue of new products of industrial enterprises above designated size 443,130,513 85,659 52,106,547 73,872,647 330
Industrial SO2 emission 1,628,647 880 403,605 355,299 330
Industrial wastewater discharge 492,678 1403 74,947 70,167 330

1.25

— IGTIE Meta — IGTIE Group
1.20 EC 1.20 EC
— TC — TC
1.151 115
1.10- 1.10
1.05 - 1.05
1.00 1 1.00
0.95 0.95-

1.25

FIGURE 1
China’s IGTIE and its decomposition indexes during 2010-2020.

0
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

0
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Jiangxi, Shanxi and Inner Mongolia) and the western region
(Gansu, Chongqing, Sichuan, Guizhou, Guangxi, Shaanxi,
Ningxia, Xinjiang, Yunnan and Qinghai). The selected data are
mainly from “China Science and Technology Statistics Yearbook”,
“China Statistics Yearbook”, “China Energy Statistics Yearbook”
and “China Environment Statistics Yearbook” from 2010 to 2020.

4 Results and discussions

4.1 The overall change of IGTIE in China

As shown in Figure 1, from the average value of national
IGTIE, from 2011 to 2020, the efficiency of China’s industrial

Frontiers in Environmental Science

enterprises showed a small upward trend. Under the common
Frontier, from 1.0862 in 2011 to 1.1227 in 2020, and under the
regional Frontier, from 1.0550 in 2011 to 1.1529 in 2020, both are
positive growth, indicating that China’s industrial enterprises
have been making progress in green technology innovation in the
past decade. Under the overall national Frontier, the year when
IGTIE reached its maximum was 2016 (1.1842), in which the
value of EC contributed 4.97% and the value of TC contributed
13.48%. The year of minimum value is 2015 (0.9811), mainly due
to the low level of EC (0.9760). At the regional Frontier, the year
when IGTIE reached its maximum was 2016 (1.1822), in which
the value of EC contributed 11.30% and the value of TC
contributed 7.45%. The year of minimum value is 2014
(0.9948). The main reasons for the low IGTIE are the external
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FIGURE 2

IGTIE and its decomposition target in different provinces.

environmental factors such as the intensity of environmental
regulation, the intensity of market competition, the level of
economic development, the industrial structure and the degree
of opening to the outside world. Both the common Frontier and
the group Frontier have the highest IGTIE in 2016. This is mainly
because on 30 June 2016, the Ministry of Industry and
Information Technology issued the “Industrial Green
Plan (2016-2020)”, which solid
promotion of cleaner production, significant reduction of
the
development environment, the overall level of industrial green

Development requires

pollution  emissions, creation of a benign green

development, and the promotion of China’s industrial

transformation, upgrading and sustainable development,
accelerate China’s step towards a manufacturing power.

It can be seen from Figure 2 that there are significant
differences in efficiency between different provinces. Under
the common Frontier, the three provinces with the highest

average IGTIE are Qinghai (1.2473), Heilongjiang (1.1330)
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and Jiangxi (1.1272). Among them, the IGTIE of Qinghai and
Jiangxi declined slightly from 2016 to 2020, indicating that
although the structure of input and output has gradually
become reasonable, it still needs to develop towards the
direction of steadily the
Chonggqing has the lowest efficiency value (0.9999), and the
average IGTIE of all provinces is 1.0654. Although Qinghai is
located in the inland area, in the process of technological

improving efficiency  value.

innovation, the scientific and technological development trend
is good, and it has achieved good environmental and economic
benefits, but it has not driven the surrounding provinces with
relatively poor efficiency. The future task is to drive the
development of IGTIE
surrounding  while

in the western region of the

maintaining its own advantages.
Chonggqing, the lowest ranked city, has an efficiency of less
than 1. This is because it is located in a mountainous area. In
addition, its geographical location is relatively biased, its
industrial foundation and technical level are weak, and the
marginal output brought by scientific and technological input
is less.

In addition, it can also be seen that IGTIE in inefficient
provinces showed an overall upward trend from 2010 to 2020,
and the gap between provinces was gradually narrowing.
Heilongjiang and other northeast regions attach importance to
agricultural development, but also pay attention to investment
and support for technological innovation of industrial
enterprises. In addition, due to the vast land and sparse
population, the region has attracted innovative talents in
recent years. With the support of the national strategic policy
of revitalizing the old industrial base in the northeast, the region
continues to vigorously promote technological innovation to
achieve a qualitative leap.

Under the regional Frontier, the three provinces with the
highest average IGTIE are still Qinghai (1.2431), Heilongjiang
(1.1435) and Jiangxi (1.1333). Tianjin has the lowest efficiency
value (0.9984). The average IGTIE of all provinces is 1.0677. The
number of regions higher than the national average is greater
than the number of regions lower than the national average,
indicating that the overall level of green technology innovation in
China is at a high level. There are large differences between
provinces, and the development is unbalanced. There is still
much room for improvement in the future. It shows that the
provinces can make good use of resources during the
investigation period and make continuous efforts to realize
the coordinated development of economy and environment.
Both Heilongjiang and Jiangxi are located in the central
region. As hubs connecting the eastern and western regions,
they have perfect supporting facilities for technology
development, high degree of marketization, and perfect
relevant management systems. They are in the forefront of the
country in terms of investment scale and output in science and
technology research and development. Although Beijing and

Shanghai have a high level of technology and management,
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FIGURE 3
TGR in different provinces.

developed economy, and are concentrated areas of talents and
technology, they are densely populated, limited in resources, and
greatly restricted in industrial development.

Shanxi has always been at a high efficiency level, which is
because Shanxi is an important coal province in China, with rich
resources and energy. Although the economic development
model was extensive in the past, with the emphasis on
environmental governance in recent years, IGTIE is at a better
level. The overall development trend of Hebei Province is good.
The possible reason is that Hebei is located in North China, close
to Beijing as the capital, and has a superior geographical position.
In recent years, Hebei has rapidly become a concentration of
finance, science and technology and talents. In the future, it
should continue to maintain a fast and stable high-quality
development trend. The change index of technical efficiency
in Shanghai and Tianjin is less than 1. Therefore, on the basis
of a better development trend, the arrangement of technology
input and output structure should be more reasonable, and
technological innovation should be continuously strengthened
to promote technological progress.

As shown in Figure 3, the TGR of Beijing and Zhejiang is 1,
reaching the best Frontier, which indicates that the reform of
science and technology management system in these provinces
has achieved remarkable results. Shanghai, Anhui, Tianjin and
Guangdong are also very close to the best Frontier, with TGR of
0.9995, 0.9964, 0.9922 and 0.9894 respectively. The gap with the
common Frontier is only 0.05%, 0.36%, 0.78% and 1.06%
respectively. Yunnan (0.7967), Hubei (0.7897), Sichuan
(0.7818), Shaanxi (0.7096) and Guizhou (0.6914) are far away
from the best Frontier, with a gap of 20.33%, 21.03%, 21.82% and
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29.04% respectively from the common Frontier. There is a great
room for progress. In a word, due to the large geographical span
of China and the unbalanced development between many
provinces and cities, the geographical and environmental
factors have derived the differences in the economic
environment, political environment, market environment and
internal environment of enterprises in various provinces, making
the efficiency of green technology innovation in various
provinces different. In addition, the strong technological
innovation ability of some provinces has failed to drive the
development of backward regions. It is necessary to accelerate
regional coordinated development and narrow provincial

differences.

4.2 The change of IGTIE in different
regions

As shown in Figure 4, the change trend of IGTIE in the
eastern and central regions is basically the same, both of which
are characterized by two phased peaks (2016 and 2019). The
efficiency of green technology innovation is not very stable, and
they are the key areas for future policies. After the small peak in
2013, the western region experienced a steady development stage
and reached another peak in 2020. Compared with the rising
trend of IGTIE in the central region, the efficiency level in the
western and eastern regions is not only characterized by a
significantly lower absolute level, but also shows a difference
in the growth rate. The differences in green technology R&D
investment, market incentive mechanism, innovation policy
synergy and other aspects in different regions at different
times lead to obvious differences in their IGTIE. Among
them, the central and western regions take 2014 as the
watershed. After 2014, the efficiency value of green technology
innovation in the central region has been higher than that in the
western region, indicating that with the rise of the central region
and the implementation of the city cluster strategy in the middle
reaches of the Yangtze River, the IGTIE in the central region has
been rising.

In 2012, 2013 and 2018, the value of EC in the eastern region
was greater than 1, and the value of TC was less than 1. Although
the value of TC in 2013 was less than 1, the IGTIE increased
compared with the previous year, mainly because the growth of
technical efficiency offset the negative impact of the technological
recession, indicating that the level of technological progress still
needs to be improved. In 2014, the value of EC was less than 1, the
value of TC was greater than 1, and IGTIE was 0.9928, showing a
negative growth. In 2015, there was a greater decline. This change
needs attention. This year’s TC and EC were both negative, which
directly led to the reduction of IGTIE. In the future, it should find
the right development direction, continue to strengthen green
technology innovation, and gradually achieve rapid and stable
development. In 2016, the value of IGTIE was the highest, due to
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Average IGTIE and its decomposition target in three regions.

the joint promotion of the two indexes, and the fastest growth of
TC in this year, indicating that the improvement of technological
progress promoted the improvement of IGTIE. In 2018, although
both the values of EC and TC were greater than 1, TC had a weak
pulling effect, making IGTIE greater than one but still not exceed
the growth rate of the previous year. The value of IGTIE in the
central region was the lowest in 2018, mainly due to the decline of
technological progress, which exceeded the positive impact of
technical efficiency improvement. The value of IGTIE in the
western region was the lowest in 2014. In general, under the
common Frontier, IGTIE shows an average annual growth trend
of 6.54%, with an average annual growth of 3.75% for EC and
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3.63% for TC. Under the regional Frontier, IGTIE has an average
annual growth of 6.77%, with an average annual growth of 4.23%
for EC and 3.46% for TC.

As shown in Figure 5, under the common Frontier, the
average annual IGTIE of the eastern region, central region and
western region is 1.0419, 1.0857 and 1.0729 respectively.
Under the regional Frontier, the average annual IGTIE is
1.0207, 1.1030 and 1.0874 respectively. The growth of
IGTIE in the eastern region is mainly attributed to the
growth of TC, which shows that the industrial enterprises
in the eastern region have relatively strong independent
ability and rapid level

innovation technological
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improvement. The growth of IGTIE in the central and western
regions mainly depends on the growth of EC. The reason may
be that in recent years, with the acceleration of industrial
restructuring, industries have been transferred from the
eastern region to the central and western regions on a large
scale. The industrial agglomeration effect has greatly
improved the technical efficiency change index of industrial
enterprises in the central and western regions. From the
perspective of the three regions, the values of IGTIE, EC
and TC indices show a decreasing trend in the central
region, the western region and the eastern region.

China’s IGTIE presents an obvious unbalanced spatial
distribution pattern of “central-western-eastern”. From the
dynamic evolution trend of the three major economic sectors,
the change trend of the whole country and the eastern, central
and western regions is almost the same. IGTIE varies greatly
among regions, which is highlighted by the long-term adherence
to the direction of intelligent, green and low-carbon industrial
development in some regions, as well as the high attention paid to
environmental protection. It makes IGTIE reach the global
Frontier, while in other provinces, there is a large space for
efficiency improvement.

As shown in Figure 6, the average TGR of the eastern region
is 0.9460, the central region is 0.9117, and the western region is
0.8274. The three regions have not reached the best Frontier
technology level, and are 5.40%, 8.83% and 17.26% behind the
common Frontier respectively. Although the IGTIE of the central
region is relatively high, there is still a certain gap from the
optimal Frontier. Although the IGTIE of the eastern region is
relatively low, it is relatively close to the optimal Frontier, which
indicates that the technology level of the eastern region is
advanced and the industrial green technology level is relatively
high. The gap between TGR and common Frontier in the western
region is the largest.
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5 Conclusion and policy
recommendations

Based on the panel data of 30 provinces (except Tibet) in
China from 2010 to 2020, this paper uses the DEA model adding
unexpected output to measure China’s IGTIE under the common
Frontier and group Frontier. The following conclusions are drawn:

Firstly, IGTIE shows an overall upward trend, which is
mainly due to technical progress and efficiency improvement.
Under the common Frontier, IGTIE has an average annual
growth of 6.54%, of which EC contributes 3.75% and TC
contributes 3.63%. Under the regional Frontier, IGTIE has an
average annual growth of 6.77%, of which EC contributes 4.23%
and TC contributes 3.46%. Compared with the value of TC, the
value of EC contributes more. Secondly, Whether in the common
Frontier or under the regional Frontier, the central region has
obvious advantages in IGTIE compared with the western region
and the eastern region. Under the common Frontier, the values of
IGTIE of the three 1.0419, 1.0857
1.0729 respectively. Under the regional Frontier is 1.0207,

regions are and
1.1030 and 1.0874 respectively, which are greater than I.
Thirdly, Under the common Frontier, the values of EC of the
three regions are 1.0128, 1.0571 and 1.0470 respectively, and the
values of TC are 1.0322, 1.0405 and 1.0369 respectively; Under
the regional Frontier, the values of EC of the three regions are
1.0160, 1.0517 and 1.0628 respectively, and the values of TC
values are 1.0090, 1.0630 and 1.0373 respectively. Under the two
frontiers, the western region is dominated by EC. (Whitaker,
1953).

Based on the actual situation of China’s industrial

enterprises, the following policy recommendations are proposed:

1) China should take corresponding measures according to the
specific causes of the lack of efficiency in each province.
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China has a vast territory, and the economy and culture of
each province are quite different. It should speed up the
balanced development of technology and economy in each
region, formulate policies that favor the central and western
regions, formulate relevant preferential policies to attract
funds and high-quality scientific and technological talents,
and promote the improvement of green technology
innovation.

2) Industrial enterprises should improve the level of innovation
management and enhance the awareness of green
technology innovation. Encourage and guide scientific
and technological R&D personnel to enhance innovation
ability based on green growth and promote green innovation
transformation and upgrading. In addition, enterprises need
to constantly adjust their investment direction, research
direction and achievement transformation direction, and
actively respond to the changing market demand. It should
actively promote the integration of production, teaching and
research.

3) The government should formulate the standards for green
scientific and technological enterprises. As the main body of
regulating the enterprise innovation system, the government
should the

innovation, consumption

start from investment in technological
energy

emissions and the transformation and application of

intensity, pollutant
innovation achievements. Implement the reward and
punishment mechanism, and give preferential tax relief
policies and R and D subsidies to enterprises that meet
the standards; Take punitive measures against enterprises
with high pollution and implement the market trading

mechanism of emission rights.

This paper is an essential attempt to study the China’s
industrial green technology innovation efficiency from the
regional aspects, which can be used for reference by future
studies. However, there are still some room for expansion
and limitations for the future work. Firstly, although the
latest available data has been used, it still lags behind. If the
data is updated, this study should be further enriched.
Secondly, it will be interesting to see how the method can
be applied to analyze the industrial green technology
innovation efficiency of other countries. It is equally
hoped this paper can be able to spur more research in the
direction of industrial green technology innovation to design
several policies for improving industrial green technology
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