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“China is by far the world’s largest importer of oil and emitter of carbon dioxide.” Therefore,

clean energy development (CED) is of great practical significance to reduce carbon dioxide

emission (CDE), ensure energy security, and achieve green economic growth. What is the

role of CED in reducing CDE? Can CED, which requires significant investment, promote

economic growth? For the above aims, according to the panel data of 30 provinces composed

of accurate data during 1979 to 2016 and prediction data from 2017 to 2030 in China, this

research employs “a non-parametric and additive regression model” to explore the linear and

nonlinear influence of CED on CDE and economic growth. The results show that CED does

not play an essential role in reducing CDE and fostering economic growth from a linear

perspective; the influence of CED on CDE and economic growth in China’s western, central

and eastern regions is significantly different from a nonlinear perspective. Hence, the Chinese

government ought to fully play the critical role of clean energy in reducing CDE and fostering

economic growth.
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Introduction

S ince the economic system reform, China’s GDP has grown
by an average of 15% annually, which is driven by indus-
trialization and urbanization from 1979 to 2016 (Lin et al.,

2017). Since 2010, China has become “the world’s second-largest
economy after the United States” (“National Bureau of Statistics
of China,” 2019). Yet China’s long-term economic growth is
characterized by the extensive development of low output, high
input, and high consumption (Chen, 2009; Yang and Poon,
2009). In the process of rapid economic growth, “a lot of fossil
fuels is consumed, and a lot of carbon dioxide is emitted” (World
Bank, 2019). “The largest emitter of carbon dioxide and the lar-
gest energy consumer is China in the world in 2006 and 2011,
respectively” (Yang et al., 2016; Lin and Zhu, 2017; Nan et al.,
2019; Shao et al., 2019a; Shao et al., 2019b; Yang and Yang, 2019).

The solemn “environmental issues” are aroused by a lot of
CDE, which has made the Chinese government realize in recent
years that it must formulate a series of environmental policies to
promote the CED (Costanza et al., 2014; Wen and Shao, 2019;
Nan et al., 2019; Wu and Han, 2020). Therefore, “the central and
local governments at all levels actively expand the investment in
CED” (Zeng et al., 2018; Li et al., 2019; Tian et al., 2019), “rapidly
increasing from 8.15 billion RMB yuan in 2008 to 59.506 billion
RMB yuan in 2016, with an average annual growth rate of 28.2%”
(“National Bureau of Statistics of China,” 2008–2016). Therefore,
the clean energy (CE) industry has been developed rapidly.
“China has a vast territory, and there are significant differences in
the industrial structure, resource endowment, technological level,
and urbanization level of various regions” (Miao et al., 2019).
Hence “there are also significant differences in economic growth
and CDE in China’s eastern, central and western regions” (Lu and
Xu, 2019; Wang and Wang, 2019; Nie et al., 2019). “The per
capita GDP of the eastern region was 38370.4 RMB yuan, while
the per capita GDP of central and western regions were, respec-
tively, 19,348.7 RMB yuan and 18,314.5 RMB yuan from 1997 to
2016; the industrial added value in the eastern, central, and
western regions accounted for 43.7%, 40.4%, and 41.8% of GDP
from 1997 to 2016, respectively; the CDE in China’s eastern,
central, and western regions were, respectively, 348 million tons,
268 million tons, and 183 million tons from 1997 to 2016”
(“National Bureau of Statistics of China,” 1979–2016). If these
differences are ignored, it is challenging to employ the outcomes
drawn at the macroscopic level to different regions.

Existing research deficiencies to be remedied, this article
employs “a non-parametric additive regression model” at the
provincial level to study the impact of CED sources on the CDE
and economic growth. Therefore, it is essential to further inves-
tigate the effect of the growth of CE sources on the CDE and
economic growth from the regional disparity.

Literature review
CDE can meet economic growth demand, reduce CDE, and
improve the industrial structure, and realize sustainable economic
growth. Therefore, a growing number of researches focus on
the CED.

Research on how to develop CE sources to decrease CDE. Cao
(2009) proposed that “the government could promote the rapid
growth of CE production enterprises by implementing tax relief
or financial subsidies, to reduce CDE generated by the con-
sumption of fossil energy.” Lu et al. (2013) studied “China’s CDE
from 1994 to 2008 and found that optimizing the energy structure
can increase CE consumption and help control CDE”. Hence all
regions in China should reduce coal usage and strive to develop
CE sources. Dogan and Seker (2016) and Zoundi (2017) used the
causal test to find that “there is a two-way causal relationship

between CE and CDE, and the use of CE can reduce CDE.”
However, Kahia et al. (2016) employed “a panel vector auto-
regressive model” to explore the CE effect on CDE of 24 countries
in North Africa and the middle east, and the results showed that
CE usage does not significantly decrease CDE.

Research on whether CED hinders or promotes economic
growth. Lin and Li (2014) thought that “the CED can accelerate
the industrial structure upgrading and realize sustainable eco-
nomic growth in the long term.” Zhang and Liu (2015) believed
that “the CED will raise energy prices in the short term, thus
inhibiting investment, consumption, and economic growth; the
CED will promote technological progress and capital investment
in energy-saving and emission reduction in the long term, thus
driving economic growth.” Inglesi (2016) used “a panel data
model” to investigate and found that “the CED is conducive to
promoting sustainable economic growth.” Kocak and Sarkgünesi
(2017) tested “the relationship between CE consumption and
economic growth in the black sea and Balkan countries and found
that there was a cointegration relationship between the two.” The
simulation results employing the “Granger test and error cor-
rection model” demonstrate that “there may be a two-way long-
term and short-term causality between economic growth and
CED” (Kathia et al., 2017).

The previous literature is valuable to provide references for the
current study. The theoretical contribution of current research to
the literature is that there is room for improvement in the study
that CED promotes economic growth and decreases CDE. First,
the interaction among economic variables is assumed to be linear
in most of the existing literature. Still, the economic activities, in
reality, are complex and changeable, and there are plenty of
nonlinear interactions among many economic variables. Ignoring
the nonlinear interaction among many economic variables is
bound to cause estimation results with significant errors. The
obtained research results cannot fully explain the
complex situation in economic reality. Secondly, much current
research literature mainly discusses the influence of CED on the
CDE and economic growth from a macro-perspective.

Theoretical framework
Theoretical model. The relationship among economic variables,
in reality, is not necessarily linear, and the nonlinear relationship
of parameters among variables is difficult to determine. Tradi-
tional linear or nonlinear econometric models often have model
parameter setting errors in practical application. Compared that
to “a linear model,” “the non-parametric regression model” has
the advantages of free form, fewer constraints, no requirements
for data distribution, strong adaptability, high robustness and
so on.

“The non-parametric additive regression model” integrates the
data-driven superiority of “the non-parametric regression model”
and also avoids “the dimension disaster” caused by too high a
dimension in “the non-parametric regression model.” Stone
(1985) proposed “the additive regression model.” Its form is as
follows:

Yi ¼ ∑
p

j¼1
f ðxijÞ þ μi; μi � iidð0; σ2Þ ð1Þ

Where f(xi) is “the unary non-parametric function.” f(xi) can
be reckoned using “a unary non-parametric regression model.” μi
is “the random error,” and E(μi)= 0, var(μi)= σ2. Suppose
E(fj)= 0(j= 1,2….p), it is smooth. Furthermore, “the additive
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regression model” may also be represented as Eq. (2):

E Yi xi1; xi2; :::; xip

�
�
�

� �

¼ ∑
p

j¼1
f xij
� �

ð2Þ

To better explain the influence of CED on CDE and regional
economic growth, this research adds “linear parameters” to “the
additive regression model,” and its form is as follows:

E Yi xi1; xi2; :::; xip

�
�
�

� �

¼ αþ ∑
p

j¼1
βjxij þ ∑

p

j¼1
fj xij
� �

ð3Þ

Where α and βj are linear regression parameters, there are
many evaluation means for “the additive regression model,”
currently the most widely used is “the back fitting algorithm”
(Buja and Tibshirani, 1989).

Empirical model
CED has an impact on economic growth. Many scholars cur-
rently employ “the Solow model” to study the main factors
affecting economic growth. Therefore, according to “the Solow
model”, this paper constructs the model as follows:

Yt ¼ AtK
α
t L

β
t ð4Þ

Where Y indicates the level of the production; L indicates the
input workforce; K indicates the capital investment; α represents
the contribution share of invested capital to the level of the
production; β represents the contribution share of the input labor
force to the level of the production; A indicates that technological
progress is a constant term; time is represented by t. Besides, CED
will help optimize the energy consumption structure of economic
society, upgrade the industrial facilities, and accelerate economic
green and sustainable development. Moreover, China is currently
vigorously promoting urbanization, which supports “the rural
surplus laborers” employment and increases output. Therefore,
this paper introduces CED and urbanization into Eq. (4) to
construct a model of China’s economic growth. Its form is as
follows:

Yt ¼ AtK
α
t L

β
tCE

β1
t URB

β2
t μt ð5Þ

Where CE indicates the clean energy, which is obtained by
multiplying the total energy production of provinces over the
years by the proportion of CE total energy production in total
energy production to evaluate the CE production capacity (100
million kWh). URB indicates Urbanization, which is assessed by
the urban population as a percentage of the total population.
Economic growth is represented by Y, indicated by per capita
GDP. According to the characteristics of empirical analysis using
panel data, this paper transforms Eq. (5) into:

LGDPit ¼ C þ β1LTECit þ β2LCAPit þ β3LLABit

þ β4LCEit þ β5LURBit þ μit
ð6Þ

Where C represents “the constant term,” μ represents “the
random error term,” and i represents the unit number of cross-
section, GDP represents economic growth, TEC represents
technological progress, CAP represents capital accumulation,
LAB represents labor input. L is the logarithm of the variable to
eliminate possible heteroscedasticity. βj is the estimated para-
meter. Because the set linear parameter model is error-prone, the
current study uses “a non-parametric additive regression model”
to fit the influence of CED on economic growth. The form is as

follows:

LGDPit ¼ C þ β1LTECit þ β2LCAPit þ β3LLABit þ β4LCEit
þ β5LURBit þ g1ðLTECitÞ þ g2 LCAPit

� �

þ g3 LLABit

� �þ g4 LCEit
� �þ g5 LURBit

� �þ μit
ð7Þ

Where gj(j= 1, 2,…,5) is “the estimated non-parametric
function”.

CDE is affected by CED. Ehrlich and Holden (1971, 1972) first
proposed “IPAT (I is the impact of population on the environ-
ment; P is the total population; A is per capita wealth; T is
technological progress) model” to express the effect of population
pressure on the ecological environment, which is often used to
discuss the affecting factors of surrounding environment change.
To avoid some defects of the “IPAT model,” York et al. (2003) put
forward the “Stochastic Impacts by Regression on Population,
Affluence, and Technology (STIRPAT) model” in view of the
“IPAT model.” This research uses “the classical STIRPAT model”
to discuss the influence elements of environmental pollution, and
its primary model is as below:

It ¼ aPb
t A

c
tT

d
t et ð8Þ

Where I is some kind of pollutant emission, the population size
is represented by P, A means the economic prosperity, and
technical factors are represented by T. Besides, some literature
studies show that “government environmental regulation and
energy consumption structure of industry” are also key factors
influencing CDE (Zhang and Liu, 2015). Consequently, to study
the influence of CED on the CDE, this research enlarges Eq. (8) to
construct “the affecting factors model of CDE.” The logarithm of
the variables in the extended model is taken to eliminate the
possible heteroscedasticity. The form is as follows:

LCO2it ¼ C þ β1LPOPit þ β2LGDPit þ β3LEIit þ β4LCEit
þ β5ENSit þ β6LERit þ μit

ð9Þ

Where C indicates “the constant term,” CO2 indicates CDE,
and the total population is characterized by POP. GDP indicates
the economic prosperity, which is evaluated by per capita GDP;
EI indicates the energy intensity, which is used to measure the
technical progress level; the clean energy is characterized by CE;
ENS is “the energy consumption structure”; ER indicates the
environmental regulation; βj indicates the parameter to be
estimated. According to the variables determined by Eq. (9)
and the theory of Eq. (3), “the non-parametric additive regression
model of CDE” is constructed, the form is as follows:

LCO2it ¼ C þ β1LPOPit þ β2LGDPit þ β3LEIit þ β4LCEit
þ β5ENSit þ β6LERit þ g1ðLPOPitÞ þ g2ðLGDPitÞ
þ g3ðLEIitÞ þ g4ðLCEitÞ þ g5ðENSitÞ þ g6ðLERitÞ þ μit

ð10Þ
Where g(·) is “the non-parametric function,” the rest of Eq.

(10) is the same as Eq. (9).

Variables selection and data sources. This research employs “a
non-parametric additive regression model” in studying the
influence of CED on CDE and regional economic growth.

Variable selection for economic growth. The dependent variable
of CED to the economic growth model is economic growth. Many
current studies use an average per person GDP to evaluate eco-
nomic growth. This research also applies the average per person
GDP in provinces to indicate economic growth (yuan) in ones.
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To clarify the effect of price factors, this research involves the
average per person GDP deflation index to deflate average per
person GDP. There are five independent variables: the first is CE.
The total amount of energy produced by provinces and CE (e.g.,
hydropower, nuclear energy, wind energy, geothermal energy,
etc.) as a percentage of total energy production comes from “the
provincial statistical yearbook and China energy statistical year-
book.” The second is urbanization, and it is evaluated by “urban
population as a percentage of the total population.” The third is
labor input, represented by “the total number of employees.”
Labor input refers to the amount of labor invested in production.
According to Qiu et al. (2020), the amount of work can be
measured by the number of employees. The fourth is capital
investment, which uses “the perpetual inventory method” to
measure “the capital stock of sample period” (Pokki et al., 2018).
The fifth is technological progress. This research applies
“the Malmquist productivity index method” to calculate “total
factor productivity” to measure “technological progress”.

Variable selection of CDE. The dependent variable of CED to the
CDE model is CDE. The “total energy consumption (tons of
standard coal)” of provinces, and coal, petroleum, CE, and natural
gas as a ratio of “total energy consumption,” comes from “the
statistical yearbook” of provinces. “The UN Intergovernmental
Panel on Climate Change (IPCC),” “the International Energy
Agency (IEA),” and the US “energy information administration
(EIA)” announced that “the carbon dioxide emission factor” of “a
ton of standard coal” is between 2.68 and 2.72 tons. In this paper,
“the carbon dioxide emission factor” of “a ton of standard coal” is
set at 2.70 tons. This research uses “the total consumption of fossil
energy” (e.g., coal, natural gas, and petroleum) transformed into
“tons of standard coal”multiplied by “the carbon dioxide emission
factor” of “tons of standard coal” to achieve the total CDE. There
are five independent variables. The first is CE, the same as CE in
the economic growth model. The second is the total population,
which indicates the total population size. The third is economic
growth, which is evaluated in average per person GDP. This
research eliminates the impact of price elements using average per
person GDP deflator price. The fourth is energy intensity (EI),
which evaluates the technological level through energy con-
sumption divided by GDP. The fifth is “the energy consumption
structure,” which is indicated in coal consumption as a ratio of
“total energy consumption.” The sixth is the environmental reg-
ulation index, constructed by two indicators: sulfur dioxide
emission per unit and dust and smoke emission per unit.

Data sources. The sample period of this paper is composed of
two parts from 1979 to 2030. The first part is from 1979 to 2016,
data source of average per person GDP, average per person capita
GDP deflation index, urban population, total population, CE
production capacity, and a number of employees are all from
“China Statistical Yearbook”; data source of capital stock comes
from “the statistical yearbook” of provinces; data source of
“energy consumption structure” comes from “China energy sta-
tistical yearbook.”

The second part is from 2017 to 2030. The data in the second
sample period are predicted values. Because China’s CE
production is relatively small at this stage, and its percentage in
“total energy production” is low. Its contribution to CDE
reduction and regional economic growth may be limited.
Although the share of CE consumption in “total energy
consumption” is still small at this stage. However, according to
the current economic growth, it can be predicted that the CE
market requirement shall reach 800 million “tons of standard
coal” by 2030 in China, and the percentage of “clean energy
consumption” in “total energy consumption” may rise 21%. The
vigorous growth of CE consumption will significantly decrease
the rate of fossil energy consumption and reduce the carbon
intensity of economic growth. Moreover, “the Chinese govern-
ment promised to decrease CDE per unit of GDP by 60–65% by
2030 compared to 2005, and control the growth of total CDE, and
make an effort to gradually reduce carbon emission after carbon
emission reaches the maximum around 2030”. Therefore, to
study the impact of CED on CDE reduction and economic
growth, this research employs accurate data from 1979 to 2016
and the forecast data from 2017 to 2030.

The method of data forecasting is as follows. As the data of
“per capita GDP deflation index,” “total factor productivity
index,” and “fixed asset investment price index” are compara-
tively stable, there is no noticeable trend of change over time, and
this paper chooses “the Autoregressive Integrated Moving
Average model (ARIMA)” to calculate their data. For the rest
of the variables that change over time (e.g., per capita GDP, CE
production, total energy consumption, industrial output value,
environmental regulations, and employment number, etc.), this
paper uses a double exponential model to forecast their data.

Comparing the accurate data with the forecast data from 1979
to 2016, it is found that the accurate data and the forecast data
have a higher fitting degree and minor errors. This shows that the
forecast method selected in this paper is suitable, so the forecast
results are highly reliable from 2017 to 2030.

Empirical results
The endogenous test. Before employing “a non-parametric
additive regression model” in regression estimate, it is necessary
to solve the endogenous issues arising from the possible “two-way
causality” between CED and CDE and economic growth. If there
is endogeneity, the estimation results will be biased and incon-
sistent (Shao et al., 2019b). This section will examine whether
CED in the CDE model is an endogenous variable and economic
growth model, respectively (see Table 1). Firstly, DWH (Wu,
1974; Hausman, 1978) is used to test the endogeneity of CE in
Eq. (6). The test results of Durbin–Wu–Hausman accept the null
hypothesis that CE is exogenous. Secondly, EHR weak echo-
genicity test method (Engle et al., 1983; Bravo and Marin, 2011) is
used to test the endogeneity of CE in the CDE model (Eq. 9). The
F-statistic value of the test is 3.79, and the P-value of corre-
spondence is 0.0516. Under the condition of a significance level of
5%, the test results accept the null hypothesis. This means that CE
is exogenous in CDE.

Table 1 Endogenous test: clean energy.

Original hypothesis: clean energy is exogenous; alternative hypothesis: clean energy is endogenous

The effect of clean energy on economic growth (model 6) The effect of clean energy on CDE (model 9)

Wu–HausmanF text F(1, 1492)= 0.00007 P value= 0.99 Original hypothesis F-statistic P-value
Durbin–Wu–HausmanChi-sq text Chi-sq(1)= 0.00007 P value= 0.99 γ= 0 F(1, 1447)= 3.79 0.0516

ARTICLE HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS | https://doi.org/10.1057/s41599-021-01030-2

4 HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS |            (2022) 9:25 | https://doi.org/10.1057/s41599-021-01030-2



The effect of CED on regional economic growth. In this article,
“the non-parametric additive regression model” is applied to
estimate the regression of “the eastern, central and western
regions.” Among them, Table 2 shows the results of linear esti-
mation, and Fig. 1 shows the consequences of nonlinear analysis.

The linear impact results. The estimated results of explanatory
variables for the linear part mostly passed the significance level
test of 10% or higher in Table 2. Among them, the impact factor
of CED on the economic growth of “the eastern, central and
western regions” are respective −0.109, −0.011, and −0.077,
which means that the economic growth of the three regions will
decrease by 0.109, 0.011, and 0.077 percentage points for every
1% increase in CE output. The linear impact factor is negative,
which means that, on average, CED hinders economic growth.
This is mainly because CED needs a lot of capital investment.
However, CE production enterprises often lack sufficient capital
investment, which requires local governments at all levels to
increase financial support and implement tax relief policies. These
will increase the burden of economic growth, so the effect of CED
on economic growth is negative. However, in the wake of the
expansion of the CE production scale, the contribution of CED to
economic growth will increase rapidly, and promote high-quality
and efficient economic growth.

The results of nonlinear impact. The nonlinear impact of CED
on the economic growth in “the eastern, central and western
regions” is shown in Fig. 1. The nonlinear effect of CED on
economic growth passed the significance level test of 1% in the
eastern region. Specifically, the nonlinear impact of CED on
economic growth shows a “W-shaped” curve. CED hindered
economic growth in the early stage. This is mainly because a
substantial capital investment in the early stage of CED is needed;
for example, photovoltaic power plants, large hydropower sta-
tions, nuclear power plants, etc., are constructed. The consider-
able investment made it unaffordable for many companies.
Therefore, these enterprises need government financial invest-
ment. In addition, to encourage the rapid development of CE,
local governments continue to implement favorable policies, for
example, the reduction of income tax for CE producers. The tax
reduction and exemption and investment in CE producers aug-
ment the burden of local economic development, which hinders
economic growth. In the medium stage, due to the effect of some
exterior elements (e.g., the price fluctuation in the international
energy market affects the CE producers), the CED makes the
economic growth fluctuate slightly. In the late period, as the scale
of CE producers continues to expand, these producers not only
create a lot of employment opportunities, drive the growth of

relevant industries (e.g., crystalline silicon cells and modules, etc.),
but also reduce production costs and product prices, and promote
regional economic growth.

The nonlinear impact of CED on economic growth shows a
gentle “W-shape” curve in the central region. This indicates that
CED played no role in driving economic growth in earlier times.
The main reason is that many energy producers need the support
of government monetary funds and tax policies in the central
region, which raise the cost of economic growth. CED in the
medium term has little effect on economic growth. CED in the
later stage promotes economic growth. Through the early and
medium stage development, the production scale of CE producers
in the central region is expanded. The market viability and
competitiveness of these producers have been improved, and CE
output is increased. Meantime, CED drives the growth of
environmental protection and energy-saving industries and has
become “a new economic growth point” in the central region.

The nonlinear effect of CED for the western region on
economic growth appears an inverse “U-shaped” curve. This

Table 2 Linear effect of CED on regional economic growth.

Models Variables East region Central region West region

Estimation results of “linear non-parametric additive regression model” Intercept 3.225*** 3.836*** 6.779***

Clean energy −0.109*** −0.011** −0. 077***

Urbanization 0.846*** 0.719*** 0.147***

Labor input 0.094*** 0. 016** 0. 338***

Capital investment 0.104*** 0.080*** 0.256***

Technical progress −0.145** 0.082 0.033
Estimation results of “linear regression model” Intercept 3.787*** 4.018*** 4.406***

Clean energy −0.107*** −0.063*** −0.064***

Urbanization 0.687*** 0.258*** 0.131***

Labor input 0.079*** 0.169*** 0.124**

Capital investment 0.114*** 0.169*** 0.236***

Technical progress −0.114** −0.011 −0.019

***, ** are respective passing the significance level test of 1%, 5%, and 10%.

East region 

West region 

Central region 

Fig. 1 The nonlinear effect of CED on China’s regional economic growth.
The nonlinear impact of CED on economic growth shows a “W-shaped”
curve in the eastern region. The nonlinear impact of CED on economic
growth shows a gentle “W-shape” curve in the central region. The
nonlinear effect of CED on economic growth shows an inverse “U-shaped”
curve in the western region.
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figure shows that CED in the earlier stage is conducive to
economic growth, while the promoting effect of CED on
economic growth gradually weakened in the later period. The
primary cause is abundant hydropower resources in the western
region with the characteristics of low price, clean environmental
protection, and renewable. The CED represented by hydropower
can reduce the cost of economic growth. In the long term, the
realization of sustainable economic growth in the western region
mainly depends on technological progress. The energy consump-
tion is gradually decreasing as a share of producers’ costs, and the
contribution of CED to economic growth is slowly decreasing.

The impact of CED on regional CDE. This section uses Eq. (10)
to regression estimate and the analysis of the results. Among
them, Table 3 shows the consequences of the linear impact of “a
non-parametric additive regression model”, and Fig. 2 shows the
consequences of nonlinear implications.

The results of linear impact. The impact coefficients of CED on
CDE in “the eastern, central, and western regions” are all positive,
but the numerical values are relatively small. This means that
CED has not significantly reduced CDE. The primary cause is
that the CE production scale is relatively small, and energy
consumption still mainly relies on fossil fuels (e.g., petroleum and
coal). Under the background of the rapidly growing demand for
energy consumption, fossil fuel consumption has grown much
faster than the consumption of CE, resulting in the offset of the
CDE reduction. The effect coefficients of environmental regula-
tion on CDE in “the eastern, central and western regions” are
negative, which means that local governments at all levels should
strengthen environmental governance efforts to decrease CDE.

The results of nonlinear impact. Figure 2 shows the nonlinear
effect of CED for the eastern region on CDE appearing as an “M-
shape” curve and passed the significance level test of 1%. These
indicate that CED in the early stage did not exert an essential role
in decreasing CDE. The east region is economically well devel-
oped and needs to expend a lot of fossil fuels in China. Fossil fuels
consumption has brought a lot of CDE, and governments at all
levels in China have realized the importance and urgency of
reducing fossil fuels and expanding the employ of CE. But
because of the small-scale CE industry in the early term did not
effectively reduce CDE. In the medium stage, affected by the
petroleum price in the world market, CED has fluctuated to a
certain extent, affecting CDE. The production scale of CE, in the
long run, continues to expand, and its effect on CDE reduction is
noticeable.

The nonlinear impact of CED for the central region on CDE
reduction shows a gentle “W-shape” curve. This means that CED
is conducive to CDE reduction in the earlier stage, while CED in
the later stage has not exerted a significant role in decreasing
CDE. This is mainly because, to alleviate energy shortage and
control CDE aroused by fossil energy consumption, the central
region focuses on CED represented by hydropower. In the early
stages, hydropower can effectively alleviate energy shortages and
decrease CDE from the consumption of fossil energy. However,
with further economic growth, the growth of energy consumption
exceeds CED. The hydropower resources in the central region are
limited, making it difficult to highlight the role of CED in
decreasing CDE.

The nonlinear impact of CED for the west region on CDE
displays a “U-shaped” curve, namely the function of CED in
decreasing CDE is mainly in the early stage. There are a lot of
hydropower resources in the western region, which can fill the bill

Table 3 The linear impact of CED on regional CDE.

Models Variables East region Central region West region

Estimation results of linear non-parametric additive regression model Intercept −6.251*** −3.810*** −4.207***

Clean energy 0.012*** 0.074*** 0.077***

Economic growth 0.603*** 0.922*** 0.717***

Energy structure 0.186*** 0.135*** 0.375***

Energy intensity 0.676*** 0.520*** 0.3623***

Environmental regulation −0.272*** −0.126*** −0.126***

Population scale 1.064*** 0.750*** 0.731***

Estimation results of linear regression model Intercept −6.314*** −15.281*** −3.515***

Clean energy 0.032*** 0.039** 0.106***

Economic growth 0.657*** 0.499*** 0.676***

Energy structure 0.167*** 0.358*** 0.479***

Energy intensity 0.610*** 0.257*** 0.250***

Environmental regulation −0.246*** −0.118*** −0.102***

Population scale 1.050*** 2.249*** 0.632***

*** and ** are respective passing the significance level test of 1% and 5%.

East region Central region 

West region 

Fig. 2 The nonlinear impact of CED on CDE in three regions. The nonlinear
impact of CED on CDE shows an “M-shape” curve in the eastern region.
The nonlinear impact of CED on CDE shows a gentle “W-shape” curve in
the central region. The nonlinear impact of CED on CDE shows a “U-
shaped” curve in the western region.
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of industrial development and people’s life, and help decrease the
consumption of fossil fuels and CDE. The economic growth not
only promotes the continuous expansion of the industrial scale
but also improves the EI of residents’ lives in the long run, which
has contributed to swift growth in the quantity of energy
consumed. The swift growth in the total quantity of energy
consumed exceeds the expansion of CE, which makes the impact
of CED on CDE reduction gradually eroded.

The fitting effect test. To test the validity of “a non-parametric
additive regression model” estimation results, “the linear panel
regression model” is employed for regression estimation. “The
residual sum of squares” of the two models are shown in Table 4.
The estimated results of “a non-parametric additive regression
model” are significantly smaller than “a traditional linear panel
regression model.” These indicate that “a non-parametric additive
regression model” fits better.

The robustness test. Since the non-parametric estimation results
are sensitive to data changes, data slightly adjusted may bring
about the non-parametric estimation results to change sig-
nificantly. Therefore, the robustness of the estimation results in
this research is tested through the parameter estimation results.

According to Peter et al. (2020), this research employs GDP
instead of average per person GDP to assess the economic
growth. The regression results with GDP as the dependent
variables are compared with the previous regression results with
per capita GDP as the dependent variables to inspect the
robustness of the above estimation results. The regression
coefficient symbols of independent variables in Table 5 are
consistent with those of independent variables in Table 2, which
shows that the estimation results of the models are robust.

To inspect the robustness of CED on the estimation results of
the CDE model. According to Chen et al. (2013), this paper uses
nominal GDP per capita for regression estimation (Table 6).

The explanatory variables symbols that impact CDE in Table 6
are in line with the consequences in Table 3. These show that the
consequences of CED on CDE in Table 3 are robust.

Conclusions and policy recommendations
According to the panel data of 30 provinces in China composed
of accurate data from 1979 to 2016 and forecast data from 2017 to
2030, this research employs “a non-parametric and additive
regression model” in exploring the linear effect and nonlinear
effect of CED on regional economic growth and CDE. The linear
impact results show that CED does not fulfill the function of CDE
reduction in the three regions. Moreover, governments at various
levels have invested a lot of monetary funds and implemented tax
relief on CED, which has increased the economic burden and
hindered the economic growth of the three regions. In fact, under
the market economy condition, the environment of economic
growth is complex and changeable. CED should not only follow
the market rules but also be affected by the government’s fiscal
and tax policies. Therefore, the role of CED in various phases of
China’s economic development is different. Therefore, the
research on the part of CED on regional CDE reduction and
economic growth is closer to the reality of China’s economic
growth and has more practical significance during the various
phases. The main nonlinear conclusions and policy recommen-
dations obtained are as follows: First, CED has an “M-shaped”
nonlinear impact on CDE in the east of China. That is, CED has
not fulfilled the function of CDE reduction in the early phase; the
macroeconomic impact caused fluctuation in CED in the medium
stage, and its effect on CDE also fluctuates slightly; CED con-
tributes to CDE reduction in the long run. Therefore, to improve
the CDE reduction impact of CE in the early phase, the central
and local governments should have some preferential policies in
promoting the rapidly growing CE industry.

Second, CED has a gentle “U-shaped” nonlinear effect on CDE
in central China. The CDE reduction effect of CE resources is

Table 4 “Residual sum of squares” of “the non-parametric additive regression model” and “the linear regression model”.

Dependent variables: CDE Dependent variables: economic growth

“Residual sum of squares”
of “the linear regression
model”

“Residual sum of squares” of
“the non-parametric additive
regression model”

“Residual sum of squares”
of “the linear regression
model”

“Residual sum of squares” of
“the non-parametric additive
regression model”

East region 33.940 8.627 79.623 8.607
Central region 30.303 6.170 29.989 7.509
West region 86.234 8.635 24.520 9.639

Table 5 The linear effect of CED on regional economic growth (dependent variables: GDP).

Models Variables East region Central region West region

Estimation results of linear non-parametric additive regression model Intercept −0.945*** 1.104*** 3.589***

Clean energy −0.028*** −0.020** −0.097***

Urbanization 0.154*** 0.115*** 0.292***

Labor input 0.853*** 0.613*** 0.160***

Capital investment 0.189*** 0.219*** 0.213***

Technical progress −0.055* 0.113 0.024
Estimation results of linear regression model Intercept −0.502*** 2.209*** 2.295***

Clean energy −0.067*** −0.004*** −0.0003***

Urbanization 0.116*** 0.195** 0.065
Labor input 0.816*** 0.306*** 0.315***

Capital investment 0.193*** 0.190*** 0.241***

Technical progress −0.029** 0.015 0.049

***, **, and * are respective passing the significance level test of 1%, 5%, and 10%
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challenging to be realized in the later phase. The main reason is
the scattered resources, high cost, and small production scale of
CE in central China. The central region should expand its CE
supply and reduce fossil fuel use in the long term.

Third, CED has a “U-shaped” nonlinear impact on CDE in the
west of China. The abundant water energy resources in western
China are the main reason and have been actively developing
hydropower for many years. However, hydropower resources
cannot be unrestricted to development. In the long run, the
growth in hydropower production will gradually slow, while the
rapid increase in fossil fuel consumption caused by economic
growth will negate the CDE reduction effect of CE. The western
region should increase CE consumption to reduce fossil fuel
consumption and CDE.

Fourth, CED has a gentle “W-shaped” nonlinear impact on
economic growth in the east of China. CED did not promote
economic growth in the early phase. Local governments invested
a lot of monetary funds and adopted some preferential policies
(e.g., abatement of tax and free of duty), which promoted CED.
However, substantial financial investment and abatement of tax
and free of responsibility have increased the financial burden. The
local governments should lead the energy market to enlarge the
consumption of CE and avoid being overly reliant on government
investment to stimulate CED.

Fifth, the nonlinear effect of CED on economic growth is a
gentle “W-shaped” in the central region. CED did not fulfill the
function of promoting economic growth in the early phase; the
role of CED in promoting economic growth gradually emerged
in the later stage. The main reason is that the central region is
suitable for CE development. However, the distribution of
resources is scattered, and the scale of production enterprises is
small. Local governments ought to strongly encourage the
growth of CE producers, increase capital investment, and
reduce taxes.

Sixth, the nonlinear effect of CED on economic growth is
“inverted U-shaped” in the western region. Substantial invest-
ment in CED boosted economic growth in the early stage. The
sustainable economic growth of the region of the west in the long
run mainly depends on technological progress and innovation.
The energy consumption costs as a share of producers’ produc-
tion costs will gradually decline. Thus the contribution of the
growth of the CE industry to economic growth will decline
progressively. Therefore, the western region should pay attention
to talent training and technological innovation to promote sus-
tained economic growth.

Data availability
All data analyzed are contained in the paper.
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