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Abstract

Previous studies on the effectiveness of improving sustainable development have acknowledged the importance
of domestic research and development (R&D) activities. However, these studies remain general and ambiguous
because they assume that all R&D activities are related to energy-saving and sustainable development. The corre-
sponding empirical evidence is scabrous and ambiguous. In this paper, we focus on the effect of green innovation
R&D activities on SO, emission which is an important greenhouse gas affect global climate change and eco-
civilization. Considering that there is heterogeneity exists in the innovation activities, the R&D activities are di-
vided into three performers with two purposes. The empirical results based on a Chinese inter-provincial dataset
of 2000-2016 suggest that the green innovation R&D activities are crucial for the reduction of the SO, emission.
However, the innovation R&D activities of different purposes and performers show statistically differentiated
effects on SO, emission. The major positive effect of green innovation R&D activities on SO, emissions reduction
is mainly from enterprises and utility-type of R&D activities. A further study based on the panel threshold also
indicates that effects of green innovation R&D activities on SO; emissions are nonlinear, depending on the tech-
nology absorptive ability.
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Streszczenie

Dotychczasowe badania nad zréwnowazonym rozwojem potwierdzity znaczenie krajowych dziatan badawczo-
rozwojowych (B + R). Jednak badania te pozostaja ogdlne i niejednoznaczne, poniewaz zakladaja, ze wszystkie
dziatania B + R sg zwigzane z energooszczednoscia i zrownowazonym rozwojem. Odpowiednie dowody empi-
ryczne sg niejednoznaczne. W artykule skupiamy si¢ na wplywie dziatan badawczo-rozwojowych zwigzanych z
zielonymi innowacjami na emisj¢ SO, ktory jest waznym gazem cieplarnianym, wptywajacym na globalne
zmiany klimatyczne. Biorgc pod uwage, ze istnieje heterogeniczno$¢ dziatan innowacyjnych, dzialalno$¢ B + R
wskazano 3 aktorow z 2 celami. Wyniki empiryczne oparte na chinskim migdzyprowincjalnym zbiorze danych z
lat 2000-2016 sugeruja, ze dziatania badawczo-rozwojowe zwigzane z zielonymi innowacjami sg kluczowe dla
redukcji emisji SO». Jednak innowacyjne dziatania o réznych celach i réznych wykonawcach wykazujg statystycz-
nie zréznicowany wplyw na emisj¢ SO2. Glowny pozytywny wptyw dziatan B + R w zakresie zielonych innowacji
na redukcje emisji SO, wynika gtownie z dziatalno$ci przedsiebiorstw i dziatalnosci B + R o charakterze uzytko-
wym. Dalsze badanie oparte na panelu wskazuje rowniez, ze wptyw dziatan badawczo-rozwojowych zwigzanych
z zielonymi innowacjami na emisje SO; jest nieliniowy, w zalezno$ci od zdolno$ci absorpcyjnej technologii.

Stowa kluczowe: ekologiczne dzialania innowacyjne, emisje SO2, zdoIno$¢ absorpcji technologii, zrownowazony
rozwoj
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1. Introduction

Over the past 40 years of reform and opening up,
China’s sustainable development is becoming in-
creasingly severe that attracts worldwide attention.
The area of acid rain has already accounted for 30%
of the country’s land. The economic loss caused by
acid rain and SO, pollution is more than 100 billion
yuan per year. China’s SOz emissions rank first in the
world and have exceeded 20 million tons for many
years®. Sustainable development has always been a
hot topic and the ultimate goal of global economic
development. As the best embodiment of sustainable
development, green energy-saving has been valued
by governments of all countries, and China has taken
green innovation and energy reduction as a long-
term implementation of the whole society.

SOz emissions not only harms human health, but also
forms acid rain, corrodes building materials, and
damages the ecosystem, which are resulting in huge
economic losses and it becomes one of the important
factors of restricting the sustainable development of
the environment and society. According to the report
entitled with Towards an environmentally sustaina-
ble future: the national environmental analysis of the
People's Republic of China jointly published by
Asian Development Bank and Tsinghua University
in 2013, among the 10 most polluted cities by SO,
all over the world, China accounted for 70%. As an
important factor of sustainable development, the SO,
emissions have become an intractable problem that
needs to be solved urgently. A series of reasons such
as coal-based energy structure, immature desulfuri-
zation technology, and low pollutant discharge fees
have caused serious SO, pollution facts which have
affected the sustainable development of society and
economy. Under this background, the analysis the
driving forces of the change in SO, emissions has
important implications in solving the contradiction
between sustainable development and energy inten-
sity. It is a possible way for China to join the man-
agement of climate change, and promote green trans-
formation and development, as well as actively par-
ticipating in new opportunities for global low-carbon
development, and cultivating new motivation for
sustainable development.

2. Literature review

Most scholars have investigated the driving forces of
the change in SO emissions, finding that the domes-
tic R&D activities and structural change are im-
portant for SO, emission reduction. For instance,
Voigt et al. (2014) used the World Input-Output Da-
tabase to analyze energy intensity trends and drivers
in 40 major economies around the world. They be-

1 Based on the air quality report from Ministry of Ecology
and Environment of the People's Republic of China 2001-
2017.

lieve that technological advancement is the most im-
portant cause of the decline in energy intensity dur-
ing the period 1995-2007. Yu (2012) used the spatial
panel model to analyze the influencing factors of
China's inter-provincial energy intensity from 1988
to 2007, whose research results show that the in-
crease of R&D investment can significantly reduce
China's energy intensity, while the heavy industry-
based economic structure and coal-based energy
consumption structure significantly hinders China's
energy reduction. At the industry level, by employ-
ing the two-stage least square method, Shen and Lin
(2020) report that the R&D inputs is positively asso-
ciated with the energy intensity reduction for
China’s 27 manufacturing industrial sub-sectors
over the period of 2001-2014.

Based on the literature above, it can be found that the
increase in R&D activities helps to reduce SO,, but
these research results only consider the impact of
overall R&D activities on SO, and do not distin-
guish between R&D activities related to green inno-
vation and R&D not related to green innovation. In
fact, not all R&D activities will affect environmental
variables. Therefore, the research conclusions and
policy recommendations obtained from the above
studies are not scientific. In order to explore the im-
pact of R&D activities on SO, more specific, it is
necessary to focus on green R&D innovation activi-
ties.

Due to the importance of the SO, emissions, there
have been a number of researchers who explored the
driving factors behind China’s SO, emission, and ac-
cordingly put forward policy guidance for the reduc-
tion of the SO, emission. Most of the existing re-
searches focus on the effects of the entire technolog-
ical innovation activities on CO3, SOy, etc. (Xu et al.,
2019; Zheng et al., 2019; Li etal., 2012). In fact, only
green innovation R&D activities can significantly af-
fect CO; and the SO, emission (Zhang et al., 2015;
Li et al., 2018; Cai et al., 2019; Teng et al., 2019).
This also makes the relevant research conclusions
and policy recommendations too scabrous and am-
biguous, which make it is worth to be further dis-
cussed.

Second, significant heterogeneities exist within
the green R&D activities. Different types of green
R&D activities will result in differentiated ecologi-
cal outcome. For example, there are different pur-
poses of green R&D activities, which can be divided
into untility-type activities and innovation-type ac-
tivities. We can expect these two different types of
activities have different effects on eco-civilization
variables. Untility-type activities focus on practical
value, which may have greater effect on SO, emis-
sions. Although innovation-type activities show
more attention to most advanced technology, they
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still too stick to theoretical value which may cause
less efficient to reduce SO emissions.

Furthermore, the effect of green R&D activities on
sustainable development is closely related to tech-
nology absorption capacity. For instance, it is more
likely for the enterprises with higher level of tech-
nology absorption to have a positive effect from the
R&D activities. By contrast, the ones with low level
of technology absorption capacity are likely to un-
dergo a negative spillover effect. Unfortunately, the
majority of the existing studies have not given suffi-
cient attention to this issue, and only a few scholars
have carried out relevant studies. For instance, based
on the panel threshold model and a China’s provin-
cial dataset over the period of 2000-2016, Chen et al.
(2019) reported that when the human capital stock is
low, it is hard to the provinces to expect a positive
energy intensity reduction effect from the domestic
R&D activities.

Similar to Steinberger et al. (2010) and Shafiei et al.
(2014), Mensah et al. (2019) using STIRPAT and
IPAT models, found transportation-related technol-
ogies have been beneficial to green growth in the
Oceania sub-region. OECD Asia's technologies for
production and processing of goods have been bene-
ficial to green growth. Climate change technologies
in relation to generation and transmission of energy
are detrimental to green growth in the OECD econo-
mies and its impact is evident in Asia and Europe
sub-panels. Environmental related budget and taxes
have been found worthwhile in the pursuit of green
growth from the dominant negative coefficient val-
ues. Various studies employ the IPAT model (Dietz
etal.,1997; York et al.,2003). Wen et al. (2019) used
the IPAT model and included 16 indicators from
2001 to 2016 to determine and classify the influenc-
ing factors of CO. emission. Empirical results show
that affluence, technology and energy have a signif-
icant positive impact on CO, emission at the national
level.

With these gaps in mind, this study focuses on the
green R&D activities. The fixed effects model are
employed to explore the effect of green R&D activi-
ties on SO, emissions at first. Considering that the
impact of green R&D activities on SO, emissions
will undergo structural break when the technology
absorptive ability is at different levels, the panel
threshold model is further applied. In addition, con-
sidering that there is significant heterogeneity within
the green R&D activities, we divided the green R&D
activities according to their purposes and the effect
of green R&D activities, and an independent analy-
sis is also conducted.

The main contributions of the current research are
threefold. First, to provide the valid policy implica-
tions of sustainable development for the govern-
ments, the total R&D activities is narrowed down to
its green R&D activities. Second, the green R&D ac-
tivities are also classified according to their different
purposes, showing more details how green R&D ac-

tivities influence the sustainable development.
Third, the technology absorptive ability is also incor-
porated as an important factor influencing the effect
of green R&D activities on reducing SO, emissions.
The structure of the current study is as follows. As
highlighted in Section 2, the literature review based
on factors that influence SO, emissions. Section 3
undertakes the methodology and data management.
Empirical results from linear regression and thresh-
olds model are introduced in section 4. The conclu-
sions and discussion are given in Sections 5, together
with the policy implications respectively.

3. Methodology and data management

3.1. The empirical model for SO,
The STIPRAT model is the most widely used to em-
ploy environmental problems at home and abroad .
Usually, logarithms are taken on both sides of the
equation to reduce data fluctuation and heteroscedas-
ticity when processing panel data. After taking the
logarithm, the equation becomes:
Inlit = po + B1inPit + B2lndit (1)
+ B3InTit + &t
In the above equation, i stands for different prov-
inces, t stands for time, Bg stands for a constant
term, ;¢ is the random interference term. fm (m =
1,2,3) are the parameters to be estimated, includ-
ing the impact of population size, economic devel-
opment level, and technological development level
on SO, emissions.
In practical application, since the factors affecting
SO, emissions are not limited to the independent var-
iables above, but also related to other variables such
as urbanization and environmental management, it is
necessary to add in relevant variables appropriately
according to the actual case of the research problem.
In order to test whether there is an environmental
Kuznets curve (EKC) between SO emissions and
economic development level, this paper further in-
vestigates the relationship between the SO; emis-
sions and the GDP per capita of each province. By
taking the GDP per capita and the square of GDP per
capita as the independent variables, this paper fol-
lows the double logarithmic model proposed by
Shafik and Bandy Opadhyay (1992), and expands
the STIRPAT model as follows:
In(PSOj¢)

= Bo + B1ln (PGDP)jt )

+ B2 (In (PGDP))2it + B3In X it

+ &it
In the above formula, PSO represents SO, emis-
sions, 1 and 2 represent the coefficients of pro-
vincial GDP per capita and GDP per capita square
respectively; eit represents the disturbance terms.
The footnotesi (I = 1,2, 3, ..., M, N) and t(t=1,2,3,...
,S,T) represent the province and year respectively. In
addition to that, X are the control variables, includ-
ing IND, UR, ENSTR and FDI_STR, denoting the
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proportion of secondary industry to GDP, urbaniza-
tion, energy structure and foreign direct investment
structure, respectively. The shape of the environ-
mental Kuznets curve can be judged by analyzing the
sign of the coefficients?.

The follow-up research of this paper will base on the
equations (2). Since there may be unobservable het-
erogeneity in the aspects of production methods, so-
cial values, etc. among different regions, if OLS re-
gression is directly performed on equation (2), the
parameter estimation could be biased. Generally, an
individual fixed effect (FE) model is used to elimi-
nate the time-independent individual effects.

3.2. Data source and management

Since the data of Tibet, Hong Kong, Macao, and Tai-
wan is unavailable (cause the data cannot be cap-
tured), a panel dataset that only include China’s 30
provinces between 2000 and 2016 are included in
our sample analysis.

The explained variable (i.e. SOz emissions) is repre-
sented by the ratio SO, consumption divided by pop-
ulation (unit: Ton/person). The data on population
and the SO, emissions are respectively sourced from
China Statistical Yearbooks (CSY) from year 2001
to 2017.

GDP per capita is denoted by the ratio of GDP di-
vided by population. Before calculating the GDP per
capita, the data on GDP should be adjusted in 2000
constant price.

The ratio of the added value in the secondary indus-
try to GDP denotes the economic structure. The pro-
portion of FDI in fixed asset investment means the
FDI structure. The effect of urbanization on SO,
emissions is obtained by percentage of City Resident
Population to total population. The corresponding
data is available in the China Statistical Yearbooks.
The ratio of the carbon consumption to total energy
consumption denotes the energy structure. The cor-
responding data is available in the China Energy Sta-
tistical Yearbooks.

Energy-saving technology innovation is denoted by
the number of energy-saving patents, which are
sourced from the database of Chinese Patents. We
obtain the number of energy-saving patents using the
standard application date. The number of invention
patents and utility model patents denote the different
purposes of energy-saving innovations activities.
The invention patents primarily represent energy-
saving technological proposals on new products,
new materials, and so on. Although the utility patents
are less technological than invention patents, they
emphasize practical application value. Finally, be-
cause of the time lag effect between energy-saving
technology and SO, emissions, we employ the

2 The relationship between the coefficients and the EKC
curve is as follows: When 81=£2= 0, there is no stable
correlation between environmental quality and economic
growth. When 81 # 0, B2 = 0, there is a monotonous

lagged energy-saving patents rather than the current
energy-saving patents, in our empirical model. Con-
sequently, the number of energy-saving patents from
1999 to 2015 in our empirical analysis is applied. Ta-
blel provides the definition and description of all
variables.

Table 1. Definition and data description of the variables

Symbol | Definition | Proxy variables Unit
PSO SOz emis- | The ratio of the SO2 | %
sions emissions divided by
population
PGDP GDP per | The ratio of GDP di- | %
capita vided by population

PGDP2 | GDP per | The square of GDP per | %
capitasqu- | capita
are

IND Economic | The ratio of the second- | %
structure ary industry to GDP

ENSTR | Energy The ratio of the carbon | %
structure consumption to total en-
ergy consumption

FDI- FDI struc- | The ration of FDI in | %

STR ture fixed asset investment

UR Urbaniza- | City Resident Popula- | %
tion tion rate

771 Total pa- | The total energy-saving | pcs
tent innovation activities

SYZL Utility- The utility-type of en- | pcs
type pa- | ergy-saving activities
tent

FMZL Innova- The innovation-type of | pcs
tion-type energy-saving activities
patent

QY Enterpri- The energy-saving inno- | pcs
ses patent | vation activities carried
by enterprises

GX University | The energy-saving inno- | pcs
patent vation activities carried
by higher education in-
stitutions
GR Individual | The energy-saving inno- | pcs
patent vation activities carried
by individuals

FWGL Waste ma- | The green innovation | pcs
nagement | R&D activities carried
by waste management

XZGL Admini- The green innovation | pcs

stration R&D activities carried
manage- by administration man-
ment agement
JINJS Energy- The green innovation | pcs
saving R&D activities carried
techno- by energy-saving tech-
logy nology
YS Transport | The green innovation | pcs
R&D activities carried
by transport

increasing (or decreasing) linear relationship between en-
vironmental quality and economic growth. When g1 >
0, B2 < 0, the relationship between environmental qual-
ity and economic growth presents as an inverted U curve.
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4. Results and discussions

4.1. Results from the Linear Regression Analysis

In Table 2, models (1) - (4) adopt fixed-effect model
based on equations (2) respectively to examine the
linear impact of various sources of technological
progress on China’s SO, emissions.

The regression results show that the proportion of
secondary industry has a significant positive effect
on SO, emissions. It can be seen from Table 2 that
the correlation between industrial structure and pro-
vincial SO, emissions has passed the 1% signifi-
cance test and is significantly positive. This shows
that the larger the proportion of the secondary indus-
try is, the greater the SO, emissions are. The envi-
ronmental effect of the industrial structure is obvi-
ous. Unreasonable industrial structure will increase
environmental pollution. Many scholars have done
research on the environmental effects of industrial
structure. For example, Ding et al. (2012) and other
scholars have carried out research based on panel
data of 30 provinces in China and obtained similar
results. At present, although the industrial structure
of most provinces in China is developing in a more
rationalized fashion, some provinces still rely too
much on the secondary industry, and the problems of
high resource and energy consumption and serious
environmental pollution still exist undoubtedly. Ad-
justing and optimizing the industrial structure is still
a crucial issue in China's current stage of economic
development. In particular, reducing the proportion
of the secondary industry and improving the effi-
ciency of economic development are important ways
to improve China's environmental quality.

It is shown that the structure of FDI has a negative
impact on the intensity of industrial SO, emissions
and is significant at the 10% level. From the perspec-
tive of the effect of FDI structure on SO, emissions,
the regression coefficients are -0.044 and -0.042, in-
dicating that the inflow of FDI actually helps to pro-
mote the industrial sector to improve desulfurization
equipment and reduce SO, emissions. However,
judging from the significant results, this effect is
very weak. In general, FDI has not shown a trend of
transferring pollutants to China on a large scale but
has helped to adjust and optimize related industries.
By analyzing the above phenomenon, this paper be-
lieves that it is mainly caused by the following rea-
sons. Firstly, the scale of FDI in China is constantly
expanding. The advanced environmental technolo-
gies owned by foreign companies can help to pro-
mote the reduction of SO, emissions in the industry,
and their technological spillovers to domestic com-
panies can also compel domestic companies to lower
SO, emissions. Secondly, with the continuous in-
crease of FDI in China, the domestic environmental
management system has been therewith strength-
ened, and the environmental standards for foreign-
invested enterprises have been significantly height-

ened accordingly, meanwhile, the restrictions on the
pollution transfer has much increased compared to
that in the initial period of the opening up. China ’s
positive environmental spill over is getting stronger
in the long run.

Urbanization is an important factor in the continuous
expansion of energy use. This study shows that ur-
banization has a negative and insignificant effect on
SO, emissions. This judgment is mainly based on
that urbanization is an evolutionary process, and that
different stages of urban development will bring
forth different industrial layouts and scales. Gener-
ally speaking, the industrial layout in the early stages
of urban development is more focused on industries,
and this stage is where pollutants increase rapidly. As
the level of economic development improves, with
more capital and technology, the ability of environ-
mental governance and the environmental standards
of the foreign-invested enterprises are enhanced.
Meanwhile, some outdated production lines and in-
dustries with high pollution and high energy con-
sumption will be phased out, and transferred to un-
der-development regions and nations. Judging from
the regression results, this kind of pollution migra-
tion has become more obvious. The pollution refuge
has emerged among regions of different economic
development levels, that is, pollutive industries
move from areas with high population density to ar-
eas with low population density.

With regard to total patents, as expected, the coeffi-
cient (i.e. InZZL) is negative and significant, this
suggests that total patents will have a positive role in
reducing the SO, emissions. A 1% increase in total
patents will lead to approximately 17.3% decrease in
the SO, emissions.

4.1.1. The effect of green innovations with different
purposes

When we consider the green innovations with differ-
ent purposes (i.e. INFMZL and InSYZL), we still em-
ploy the FE estimators to re-estimate the model. The
empirical results are shown in column 3 of Table 2.
Although the utility-type activities are equipped with
lower technology level compared to the invention
activities, they are devoted to solving the practical
problems and emphasize practicability. Utility pa-
tents is significantly negative to SO, emissions (-
0.243), while invention patents are significantly pos-
itive (0.047), which implies that invention patents
hinder environmental improvement as they are not
meant for practical application. As shown, it is still
surprising that there are great differences in terms of
the coefficients on INFMZL and InSYZL. Between the
two different purposes of green innovations, only the
utility-type activities show a positive and significant
role in decreasing the SO, emissions, implying the
major positive reduction effect of the SO, emissions
is from utility-type activities rather than the inven-
tion activities.
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Table 2. The results based on fixed effect
d1 d2 d3 d4
INPGDP 0.389%** 0.353*** 0.516*** 0.511%%**
(-0.087) (-0.088) (-0.089) (-0.096)
INPGDP2 -0.141%** -0.126*** -0.088*** -0.137***
(-0.029) (-0.028) (-0.029) (-0.028)
ININD 0.531*** 0.514*** 0.507*** 0.475***
(-0.104) (-0.101) (-0.101) (-0.104)
INENSTR 0.702%** 0.707*** 0.681*** 0.699***
(-0.085) (-0.083) (-0.083) (-0.084)
InFDI_STR -0.044* -0.03 -0.018 -0.042*
(-0.023) (-0.023) (-0.023) (-0.023)
INUR -0.107 -0.072 -0.002 -0.005
(-0.195) (-0.192) (-0.188) (-0.196)
InZzZL -0.173***
(-0.03)
InSYZL -0.243***
(-0.033)
INFMZL 0.047*
(-0.028)
INFWGL -0.129%**
(-0.031)
INXZGL -0.065***
(-0.019)
ININJS 0.038
(-0.024)
InYS -0.108%***
(-0.029)
InQY -0.072%**
(-0.022)
InGX -0.083***
(-0.031)
InGR -0.085***
(-0.031)
_cons -0.944 -0.928 -1.102 -1.092
(-0.889) (-0.862) (-0.847) (-0.875)
Hausman(p) 32.72%%* 32.17*** 32.77*** 40.1%**
Heteroscedasticity test 1174.05%** 2735.51*** 1210.46*** 1143.8***
Autocorrelation test 75.389%** 68.702%** 75.595%** 69.405***
CD 38.754*** 38.792%** 39.282%** 38.554%**
N 510 510 510 510

Notes: (a) ***, **, and * denote significance at the 1% level, 5% level, and 10% level respectively. (b) Values in (') denote the
std. error for the coefficient. (c) The null hypothesis for heteroscedasticity test is that there is no heteroscedasticity. (d) The null
hypothesis for autocorrelation test is that there is no first order autocorrelation. (¢) The CD test checks cross-sectional depend-
ence of residuals. In CD test, the null hypothesis is cross-section independent.

4.1.2. The effect of green innovations with different

types

When we examine the green innovations with differ-
ent types (i.e. INFWGL, InXZGL, InIJNJS and InYS),
we still employ the FE estimators to re-estimate the

model. The empirical results are shown in column 4
of Table 2. Waste management, administrative man-
agement, and transportation is all significantly nega-
tive to the SO, emissions, suggesting that such green
innovation R&D activities have positive effect on
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the reduction of the SO, emissions, while energy
saving technology does opposite. As shown, it is still
surprising that there are great differences in terms of
the coefficients of INFWGL, InXZGL, InJNJS and
InYS. Among the four different types of green inno-
vations, only the energy-saving technology activities
show a negative role in decreasing the SO, emissions
emission, implying the major positive reduction ef-
fect of the SO, emissions is not from energy-saving
technology rather than other three activities.

4.1.3. The effect of green innovations with different
performers

Based on the above analysis, when discussing green
innovations with different performers, we can expect
a positive role from utility and invention patents.
This implies that green innovations with different
performers are very effective in reducing SO, emis-
sions per capita. However, there are significant het-
erogeneities within the activities because different
performers undertake them, when considering R&D
activities from the perspective of different perform-
ers (i.e. InQY, InGX, and InGR). The fourth column
of Table 2 shows estimates of the roles of different
performers in the SO, emissions based on FE esti-
mator. To examine whether the activities of univer-
sities, enterprises and individuals are beneficial in re-
ducing the SO, emissions, we also employ FE for the
estimation. Column 5 shows the results. The purpose
of the enterprises is clear, which is to maximize
profit. Besides they are at the forefront of production
and understand practical production problems. Nota-
bly, all the three performers have significant influ-
ence in reducing SOz emissions emission, implying
positive effect from green innovations carried out by
different performers in reducing the SO, emissions.
Patents from enterprises, universities and individuals
are all beneficial to the reduction of SO, emissions,
but among which the effect of university patents (-
0.063) is weaker than enterprise patens (-0.083) and
individual patents (-0.095), suggesting that enter-
prises will actively adopt energy saving technology
to survive in the market of full competition and thus
lowering the SO, emissions.

4.2. Results from the threshold models

For the purpose of comprehensively revealing the
manner in which the technology absorption capacity
impacts various innovations that influences China’s
SO, emissions, the panel threshold model is em-
ployed. Before carrying out the nonlinear analysis, it
is necessary to test the presence of a threshold impact
between technology innovations and China’s SO;
emissions with the use of bootstrap method put for-
ward by Hansen. Subsequent to the application of
bootstrap method for testing if there is a threshold

3 when FEP or HCS is selected as another threshold varia-
ble, the test findings still clearly reject the linear structure
of the model. The above empirical evidence reveals that

effect, the number of thresholds requires estimation
as follows.

In pso,, =6,X,(q, < +6,X, (g, > +u +e,, (3)
where subscripts i and t represents the region and
time, respectively; X corresponds to the independent
variables, namely green R&D activities, economic
structure, energy mix, FDI, and export; 6; (1 = 1, 2)
denotes the vectors of the coefficients on X on either
side of the threshold; I represents the selected
threshold value; and q denotes the threshold. The
specification of model (3) could be extended to the
multiple threshold case.

As indicated in Huang et al., Lai et al., and Cohen
and Levinthal, human capital stock (HCS) and full-
time equivalent of R&D personnel (FEP) are capa-
ble of not just serving as a key driver for accelerating
the technological progress, but also improving the
technology absorption capacity as well. Accord-
ingly, HCS and FEP are typically considered to be a
tool to measure technology absorption capacity. We
use the number of years of education per capita to
indicate HCS and number of R&D staff recruited in
accordance with their duty hours to indicate FEPS,
Table 3 and 4 provides the nonlinear estimation find-
ings through the application of the panel threshold
model when HCS is at varied levels. When selecting
total patents (InZZL), utility-type patents (InSYZL),
invention patents (INFMZL),enterprise patents
(InQY), university patents (InGX) , individual patents
(InGR), together with green innovation R&D activi-
ties as the variables we are concerned about, the re-
jection of non-existent thresholds for the total pa-
tents (InZzL), utility-type patents (InSYZL) and
green innovation R&D activities generated by waste
management (INFWGL), administrative manage-
ment (InXZGL), and transportation (InYS) reached
significance at the 1% level. In summary, the test re-
sults in Table3 and Table 4 show that the impact of
technological innovations generated by various
channels on the SO, emissions of China has a signif-
icant threshold effect, which will change with the in-
tensity of HCS input and is very sensitive. Table 3
and Table 4 give the specific estimation results using
the threshold panel model.

As shown in Table 3, row 6 shows HCS as the
threshold variable. The impact of technological in-
novations generated by the invention patent
(InFMZL) channel on the SO, emissions varies as the
degree of HCS input changes. When the HCS entry
level is less than the first threshold (i.e. 8.2146), the
technological innovation effect of the invention pa-
tent channel can significantly increase SO, emis-
sions. Once the HCS exceeds the first threshold but
is less than the second threshold value (i.e. 9.4226),
the technological spillover generated by FMZL chan-

various innovations manifest high sensitivity towards
changes in HCS or FEP (paper is limited, one can ask the
author for results).



154

Chen et al./Problemy Ekorozwoju/Problems of Sustainable Development 2/2021, 147-157

Table 3. Test of threshold effects by selecting HCS as the threshold variable — part 1
Threshold | Independe | Threshold | Variable Coefficient | Threshold | Variable Coefficient | Threshold | Variable Coefficient
variable nt variable | value value value
InZZL InZZL -0.1369*** | 8.2146<y< | InZZL -0.1678*** | 9.4226<y< | InZZL -0.203***
7<8.2146 9.4226 10.3528
InSYZL -0.2187**= InSYZL -0.2493%*= InSYZL -0.2910%*
InS¥ZL 0.0610* 8.2146<y< 0.0610* 9.4226<y< 0.0610*
sgaray | 94226 hnies; 10.3528 L
InSYZL -0.2295%*= InSFDI -0.2295%*= InSFDI -0.2295%*=
InFMZL 78.2146 0.0748** | 8.2146<y< | IFMZL 0.0386 9.4226<y< | InFMZL -0.0020
HCS Tkt 9.4226 10.3528
InQ¥ -0.0461* InQ¥Y -0.0811%** InQ¥ -0.1193***
lagk 18238 | ey 007617 | 82387 gy 00761+ | 42209 ['yex -0.0761%*
InGR -0.0719%* 2420 InGR -0.0719** i InGR -0.0719**
InQ¥ -0.0632** InQ¥ -0.0632** InQ¥ -0.0632**
InGXY 7<8.2146 InGY -0.0680* 8.2146<y< | InGXY -0.1062*** | 9.4226<y< | InGX -0.1488%*=
1nGR -0.0659* | %422 InGR 00659 | 103528 | 1nGR -0.0659*
InQ¥ -0.0676**= Q¥ -0.0676%*= InQ¥ -0.0676%**
InGR 7<8.2146 InGX -0.0812%* 8.2i16<;'< InGX -0.0812** | 9.4226<y< | InGX -0.0812%*
InGR -0.0524 - InGR -0.0845%+ | 10.3528 InGR -0.1269%*
Table 4. Test of threshold effects by selecting HCS as the threshold variable — part 2
Threshold | Independent | Threshold | Variable | Coefficient | Threshold Variable | Coefficient | Threshold Variable | Coefficient
variable variable value value value
InFWGL | -0.1098**= INFWGL | -0.1413*** InFWGL | -0.1822**=
InFIWGL INYZGL | -0.0515** | 8.2146<y<9.4226 | InXZGL | -0.0515** | 9.4226<y<10.3528 | InXZGL | -0.0515**
7<8.2146 | InJNJS 0.0521*** InJNJS 0.0521%** InJNJS 0.0521***
In¥S -0.1109%** In¥s -0.1100%+** In¥S -0.1109%**
InFWGL | -0.1221**=* InFWGL | 0.1221%** InFWGL | 0.1221%**
InYZGL 7<8.1662 | InXZGL | -0.0205*** | 8.1662<y<9.4226 | INnXZGL | -0.0695*** | 9.4226<y<10.3528 | InXZGL | -0.1147***
In/NJS 0.0501* InJNJS 0.0501* InJNJS 0.0501*
HCS 7S -0.1136%** In¥S -0.1136%** In¥S -0.1136%**
InFWGL | -0.1226*** InFWGL | -0.1226*** InFWGL | -0.1226***
InJNJS y<8.2146 | InXZGL | -0.0488** | 8.2146<y<9.4226 | InXZGL | -0.0488** | 9.4226<y<10.3528 | InXZGL | -0.0488**
InJNJS | 0.0626** In/NJS | 0.0315 InJNJS | -0.0085
In¥S -0.1126%** In¥S -0.1126%** In¥S -0.1126%**
InFWGL | -0.1189%** INFWGL | -0.1189%** InFWGL | -0.1189%**
In¥S 7<8.2146 | InYZGL | -0.0494** | 82146<y<04226 | InYZGL | -0.0494** | 9.4226<y<10.3528 | InXZGL | -0.0494**
In/NJS 0.0511* InJNJS 0.0511* InJNJS 0.0511*
In¥S -0.0976*** In¥S -0.1370*** In¥S -0.1846%**

nel has no significant effect on SO2. When HCS fur-
ther increases, i.e. 9.4226<y<10.3528, technological
innovation in FMZL channel will reduce the SO,
emissions. This shows that the increase in HCS has
changed the negative effect of FMZL on the SO»
emissions.

As above, the empirical results of selecting HCS as
a threshold variable show that the increase in HCS
can enhance the positive spillover effect of green in-
novation R&D activities on reducing the SO, emis-
sions. The increase in HCS can make the impact of
utility patents on SO reduction more significant, be-
cause the enterprises in production will actively di-
gest and absorb the SO, emissions reduction

knowledge and technology, which will help various
channels to form a positive spillover effect on reduc-
ing the SO emissions. In theory, human capital can
not only directly create knowledge and improve eco-
nomic efficiency, but at the same time improve the
performers’ ability to digest and absorb advanced
knowledge and technology and promote technologi-
cal innovation in various channels. The empirical re-
sults show that the purpose of HCS investment by
Chinese enterprises and universities is clear and can
directly reduce the SO; emissions. This conclusion
is similar to Zheng et al. (2011) who studied the non-
linear effect of independent innovation on the export
channel of China ’s industrial energy intensity.
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Table 5. Test of threshold effects by selecting FEP as the threshold variable — part 1
Threshold | Independe | Threshold | Variable Coefficient | Threshold | Variable Coefficient | Threshold | Variable Coefficient
variable nt variable | value value value
InZZL < 19368.1 | InZZL -0.1104*** | 19368 I<y< | InZZL -0.1430**= | 31404 6<y | InZZL -0.1709%*=
314946 <04551.9
InSYZL -0.1720%*> InSYZL -0.2107*** InSYZL -0.2352%*=
InSYZL 7 19368.1 | InFMZL 0.0427 19368.1<y< | InFMZL 0.0427 31494.6<y | mFMZL 0.0427
31494.6 <135781.8
InSYZL -0.2016%** InSFDI -0.2016**= InSFDI -0.2016**=
InFMZL < 177513 | InFMZL 0.0805** 7751.3<y< | WFMZL 0.0362 31494.6<7 | FMZL 0.0082
FEP 314946 <04551.9
Q¥ -0.0278 Q¥ -0.0774%= Q¥ -0.1019%*=
lgy re18937 [ ey -0.0505 18559.7<¢< [ ey -0.0505 31494.6<7 | ey -0.0505
InGR -0.0586 e InGR -0.0586 L InGR -0.0586
Q¥ -0.0586** Q¥ -0.0586** Q¥ -0.0586**
InGY 7 19368.1 | mGxY -0.0334 19368.1<y< | nGX -0.0707* 31494.6<y | InGX -0.1004%=
InGR 0.0575 31494.6 InGR 0.0575 <945519 | mGR 0.0575
1nQ¥ -0.0663*** | 19368 I<y< | InQ¥ -0.0663*** 1nQ¥ -0.0663***
InGR < 19368.1 | nGY -0.0582 31494.6 InGxY -0.0582 31494.6<7 | nGXY -0.0582
InGR -0.0285 InGR -0.0675* <94551.9 | GR -0.0019%*
Table 6. Test of threshold effects by selecting FEP as the threshold variable — part 2
Threshold | Independent | Threshold | Variable | Coefficient | Threshold Variable | Coefficient | Threshold Variable | Coefficient
variable variable value Value value
InFIWGL | -0.0091%*= IFIWGL | -0.1391%** InFIWGL | -0.1610%**
InFIWGL 7~ INYZGL | -0.0546%* | 19368.1<y<31494.6 | InXZGL | -0.0546%* | 31494.6<y<94551.9 | IXZGL | -0.0546**
193681 | nZNJS | 0.0382 InZNJS | 0.0382 InZNJS | 0.0382
In¥S -0.0621* In¥s -0.0621* In¥s -0.0621*
InFIWGL | -0.1208%*= InFIWGL | -0.1208*** InFIWGL | -0.1208%**
InXZGL 7~ InYZGL | -0.0138 18559.7<y<53322.1 | InXZGL | -0.0794**= | 53322.1<y<93743.5 | InXZGL | -0.0542%*
18559.7 | InZNJS | 0.0405 InZNJS | 0.0405 InZNJS | 0.0405
FEP In¥s -0.0844** In¥s -0.0844** In¥s -0.0844**
INFIVGL | -0.1158*** INFIWGL | -0.1158*** INFIWGL | -0.1158%**
InJNJS ”~ INXZGL | -0.0515%* | 19368.1<y<31494.6 | InXZGL | -0.0515%* | 31494.6<y<94551.9 | IXZGL | -0.0515**
193681 | nZNJS | 0.0632** InZNJS | 0.0196 InZAJS | -0.0008
In¥s -0.0712% In¥s -0.0712% n¥s -0.0712%
INFIVGL | -0.1141%%* IFIWGL | -0.1141%%* INFIWGL | -0.1141%%*
In¥s ~ INYZGL | -0.0540%* | 19368.1<y<31494.6 | InXZGL | -0.0540%* | 31494.6<y<94551.9 | IXZGL | -0.0540%*
193681 | mZNJS | 0.0368 InZNJS | 0.0368 InZNJS | 0.0368
In¥s -0.0429 In¥s -0.0866%* n¥s 0.1164%**

It is easy to see from table 5 and table 6 that when
FEP is the threshold variable, the impact of techno-
logical innovations generated by different innova-
tions varies with the changes in FEP. Regardless of
the range of FEP, the technological innovations gen-
erated by the above channels can all play a role in
reducing SO, emissions, which is similar to the re-
sults in table 3 and 4.

5. Conclusion and policy implications

This paper establishes a unified analysis framework
that includes the technological progress formed by
green innovations, and analyzes the impact of vari-
ous technological progresses on the SO, emissions

using China’s inter-provincial panel data from 2000
to 2016. Firstly, this paper applies a fixed effect
model to analyze and compare the impact of various
sources of technological progress on the SO, emis-
sions. Secondly, given that the obvious differences
in technology absorption capacity may lead to differ-
entiated effects of various technological innovations
on the SO, emissions, this paper also applies the
threshold panel model to analyze the characteristics
of the impact of HCS and FEP on the SO, emissions
through various technological innovations channels.
The main research conclusions and policy recom-
mendations of sustainable development are as fol-
lows.
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The regression results based on the linear model
show that: among various sources of technological
progress, enterprises play a vital role in reducing the
SO, emissions per capita in China, and their impact
is far greater than the technological innovation pro-
duced by universities and individuals. Secondly, util-
ity-type patents can reduce the SO, emissions, while
the technological innovations formed by invention
patents have instead increased the SO, emissions in
China. Finally, among the impacts of technological
innovations formed by green innovation on the SO,
emissions, channels including waste management,
administrative management and transportation are
all able to reduce the SO, emissions. However, tech-
nological innovations formed by energy-saving tech-
nologies have instead increased the SO, emissions in
China.

Provinces have the opportunity of increasing the pro-
duction efficiency and lowering the manufacturing
costs through the absorption, digestion, and applica-
tion of external knowledge. The technology absorp-
tion capacity is one of the pivotal factors for the de-
termination of the emission of SO,. The empirical
research based on the threshold panel model shows
that the impact of technological innovations formed
by various channels on the SO, emissions has a non-
linear effect, which is closely related to factors such
as HCS and FEP. When the level of HCS is low, the
technological innovations generated by enterprises,
universities, and individuals can reduce the SO,
emissions, but the effect is not significant. With the
increase of HCS, the technological innovations
formed by enterprises, universities, and individuals
on the SO, emissions will be significantly enhanced.
Similar to the impact of invention patents on the SO-
emissions, the effect of technology innovations gen-
erated by energy-saving technologies will also vary
from positive to negative as the level of HCS in-
creases. This shows that invention patents and en-
ergy-saving technologies need more upfront invest-
ment to finally form a positive effect, which is con-
ducive to the reduction of China's SO, emissions and
also to the sustainable development.

The empirical model also shows that the effect of
technological innovation formed by enterprises, uni-
versities, individuals, administrative management
and transportation on the SO, emissions will in-
crease with the increase in FEP. However, invention
patents cannot increase the effect on the reduction of
the SO, emissions, instead, it suppresses it.

The results above show that in order to reduce the
SO, emissions and achieve the final goal of sustain-
able development, China should continue to adhere
to the development path of green innovation and re-
gard green innovation as an important tool. Techno-
logical innovations from various channels are im-
portant factors affecting the SO, emissions, particu-
larly utility-type patents and waste management. In

order to promote the positive spillover effect of en-
ergy-saving technologies and invention patents on
the reduction of SO, emissions, despite the introduc-
tion of policies on patent protection, China should
also combine technological innovation policies with
sustainable economic development strategies. The
non-linear effects of various technological innova-
tions on the SO, emissions indicate that policymak-
ers should fully consider the characteristics of the
impact of various sources of technological progress
on SO, when formulating corresponding policies. In
order to maximize the positive spillover effect of
various technological innovations, the level of HCS
should be appropriately increased, with the emphasis
on strengthening enterprises’ innovation. In addi-
tion, the government should improve the energy
structure and industrial structure, meanwhile pro-
mote the decline in the proportion of secondary in-
dustries and reduce the proportion of high energy
consumption industries.

Although the empirical research conclusions of this
paper are helpful to reveal the impact mechanism of
various technological innovations on China’s SO;
emissions, due to the data limitations (e.g. some pa-
tents data is 0), the constructed indicators cannot
fully and accurately reflect the characteristics of
technological absorption capacity of green innova-
tions affecting the SO, emissions per capita in China
and the sustainable development should be more
considered in the future policy.
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