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Faculty of Humanities and Social Sciences, Macao Polytechnic University, Macau, China

Introduction: China is the largest emitter of carbon dioxide (CO,) in the world,
with its power industry being the primary source of these emissions. The high
emission levels are primarily attributed to the extensive consumption of fossil
resources during thermal power generation. Developing clean energy power
generation to replace thermal power generation is one of the main strategies to
mitigate the high level of carbon emissions in the power industry and thus
promoting its low-carbon transition.

Method: To explore the relationship between China’s development level of clean
electricity and carbon emissions from thermal power, this paper conducts an
empirical study using provincial data from 2008 to 2021, while employing fixed-
effects models, mediation effect tests, and heterogeneity tests.

Results and discussion: The results indicate that an increase in the level of clean
electricity development reduces CO, emissions from thermal power, and this
effect exhibits a trend of diminishing from the eastern economic zone to the
western economic zone in China. In the eastern regions with higher levels of
urbanization, the development of clean electricity has a more significant effect on
mitigating CO, emissions from thermal power, whereas upgrading industrial
structure in central and western regions contributes more in decreasing CO,
emissions from thermal power. Research and development (R&D) investment
plays a significant mediating role and thus helps to improve the level of clean
electricity development and reduce carbon emissions. Finally, the policy
implications are proposed to intensify R&D investment, promote crossregional
cooperation in sharing of clean energy, implement differentiated clean energy
development policies, and establish a sustainable monitoring and evaluation
system.

clean energy, CO, emissions, R&D investment, low carbon development, thermal power

1 Introduction

The development and utilization of energy are crucial factors driving economic growth
(Wang N. et al,, 2022). However, along with rapid economic growth, the sharp increase in
energy demand and the worsening environmental pollution have become major challenges
constraining the high-quality development of China’s economy and society. Against this
backdrop, the Chinese government has formulated the “dual carbon” goals, namely, “China
aims to achieve a peak in carbon dioxide emissions by 2030 and strives to achieve carbon
neutrality by 2060.” To realize this ambitious target, the government has taken robust
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TABLE 1 China’s installed capacity of thermal power and coal consumption in recent years.

2009 2011 2013 2015 2017 2019 2021
Installed Capacity (GW) Total 874.10 1062.53 1257.68 1525.27 1777.08 2010.06 2377.77
Thermal power 651.08 768.34 870.09 1005.54 1104.95 1189.57 1297.39

Ratio 74.49 72.31 69.18 65.93 62.18 59.18 54.56
Coal Consumption (MT) Total 2958.33 3429.5 4244.25 3970.14 3857.23 4019.15 4295.76
Thermal power 1439.67 1755.78 1951.77 1793.18 1900.25 2101.59 2334.87

Ratio 48.67 51.19 45.98 45.17 49.26 52.29 5435

Note: Data are from China Statistical Yearbook.

measures across multiple industries. For instance, in the power
sector, China is actively promoting clean energy generation, thereby
reducing the use of traditional fossil fuels such as coal to lower
carbon emissions. Concurrently, the government is also promoting
energy-saving and emission-reduction technologies in industries,
transportation, construction, and other sectors, enhancing energy
efficiency and accelerating green and low-carbon development.
Furthermore, China has tightened carbon emission regulations
and established a carbon emission trading market, using market
mechanisms to incentivize enterprises to reduce their carbon
footprint (Fang et al, 2023). Among these measures, the
development of clean energy and the low-carbon transformation
of the power industry are crucial for resolving the conflict between
China’s tightening carbon emission constraints and the rising
energy demand for economic and social development, thereby
advancing low-carbon energy supply and the “dual carbon” goals
(Zhao et al., 2021).

The power industry is the largest emitter of CO, globally (IEA,
2018). China is the largest emitter of CO, in the world, with the
power industry being the primary contributor to carbon emissions
(Du et al,, 2018; Luo et al,, 2022). As early as 2010, CO, emissions
from the power industry in China already accounted for 44% of the
national total (Fei et al., 2014). Due to China’s energy endowment
characteristics of being “rich in coal, poor in oil, and lacking in gas,”
the power industry has long been highly dependent on coal
resources. Coal accounts for over 65% of China’s primary energy
consumption, with the power industry consuming 50% of the total
coal consumption, primarily for coal-fired power generation (Yang
and Lin, 2016). This coal-dominated power generation structure,
coupled with the rapid growth of power demand caused by the rapid
socio-economic development of China, is the main reason why the
power industry has become the largest source of carbon emissions
(Chen et al, 2017). In 2018, China’s power industry emitted
4.6 billion tons of CO, from coal-fired power generation,
exceeding the combined emissions from fossil fuel combustion in
the EU and Japan and accounting for 13.85% of global CO,
emissions (IEA, 2020). The carbon emissions in China’s power
industry primarily stem from coal-fired power generation (Wang
et al,, 2017; IEA, 2022a; Yang and Wang, 2023), with coal-fired
electricity contributing to 97% of the carbon emissions from thermal
power generation (Zhang and Tong, 2021). Given the high
dependence on coal, the push for clean energy is seen as essential
for reducing the carbon footprint of the power industry (Zhao et al.,
2021; Wu and Niu, 2022).
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In recent years, while China’s thermal power installed capacity
has gradually increased, its proportion in the total installed capacity
has been declining, as shown in Table 1. This change is primarily
attributed to the Chinese government’s vigorous development and
promotion of clean energy, which has led to a rapid increase in clean
energy power generation installed capacity (Chai et al,, 2023). The
gradual replacement of thermal power generation by renewable
energy generation is considered an important pathway to achieve
decarbonization in the power industry (Chiu and Chang, 2009; Liu
et al,, 2022). According to the report by the International Energy
Agency (IEA), the replacement of thermal power generation with
renewable energy makes the greatest contribution to reducing
carbon emissions across all policy scenarios for emission
reduction. It is predicted that by 2030, nearly half of the
emission reduction gap between the established policy goals and
committed targets set by various countries will be achieved through
the rapid deployment of renewable energy (IEA, 2022b). Given the
dominant position of thermal power generation in China’s power
industry and its significant contribution to CO2 emissions,
exploring the impact of clean energy power generation on carbon
emissions from thermal power is of great significance for
formulating energy policies and promoting the low-carbon
transformation of the power industry.

2 Literature review

The development of clean energy not only provides a new
pathway for addressing energy shortage issues but also serves as
a crucial measure to reduce dependence on fossil fuels, lower CO,
emissions, and mitigate climate change. Many researchers have
begun to focus on this field, exploring whether it contributes to
reducing CO, emissions. Existing research conclusions can be
primarily categorized into two viewpoints.

The first viewpoint suggests that the development of clean
energy contributes to reducing CO, emissions. In a study on
global CO, emissions in 2022, it was found that the robust
expansion of renewable energy sources constrained the growth of
carbon emissions from fossil fuel consumption in the power
industry, with the increase in solar and wind power generation
preventing approximately 465 million tons of CO, emissions in the
power industry (IEA, 2023). A study on centralized photovoltaic
stations in China’s clean energy sector shows that photovoltaic
technology features a short carbon payback period, achieves
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significant carbon emissions reduction, and offers economic
benefits, thereby aiding in climate change mitigation (Deng et al.,
2023). A study analyzing China’s energy transition highlights energy
substitution, with renewable energy replacing coal-fired power, as
key to carbon neutrality, concluding that renewable energy will
become the main power supply in the later stages of the transition
(Wang Y D. et al,, 2022). An analysis of the factors influencing CO,
emissions in thirty-six (OECD) countries from 1985 to 2018 has
shown that electricity consumption and economic growth
contribute to an increase in CO, emissions, while increasing
renewable energy consumption aids in reducing CO, emissions
(Cao et al, 2021). Another analysis, based on time-series data
from China spanning 1985 to 2015, reveals that increasing clean
energy consumption plays a crucial role in CO, emission reduction,
with a 1% rise in the proportion of clean energy consumption
leading to a reduction of 0.129% in CO, emissions (Ling, 2017). A
study examining the top six nuclear power-generating countries
worldwide has revealed that the development of nuclear energy, as a
clean energy source, contributes to mitigating CO, emissions (Back
and Pride, 2014). A study using data from China spanning 1994 to
2008 analyzed the impact of energy consumption structure, energy
intensity, industrial structure, and total output value on carbon
emissions, suggesting that continuous development and application
of clean energy can optimize the energy consumption structure and
aid in controlling carbon emissions (Lu et al, 2013). Another
viewpoint suggests that the development of clean energy does not
significantly reduce CO, emissions. The Granger causality test
results for the period from 1960 to 2007 in the United States
reveal that renewable energy consumption does not exhibit a
causal relationship with CO, emissions (Menyah and Wolde-
Rufael, 2010). Another study on renewable energy consumption
and carbon emissions in the United States suggests that an increase
in nuclear energy consumption does not effectively reduce CO,
emissions (Jaforullah and King, 2015). A study examining the
relationship between clean energy and CO, emissions across
24 countries in the Middle East and North Africa region reveals
that the effect of clean energy on reducing CO, emissions is not
significant (Kahia et al., 2016). Another study, examining actual data
from 1979 to 2016 and forecast data from 2017 to 2030 for
30 provinces in China, indicates that from a purely linear
perspective, the development of clean energy has not significantly
reduced CO, emissions (Xu et al.,, 2019).

In summary, existing literature and research conclusions have
provided some reference and insights for this paper. The existence of
different situations regarding related conclusions may be attributed
to the following reasons: Firstly, some studies often tend to analyze
data at the national level, but this approach may obscure the
significant differences in economic development and energy
consumption patterns across various regions. In fact, these
disparities also impact the development of clean energy in
different areas. Therefore, utilizing provincial data allows for a
more precise revelation of these regional differences, providing a
more scientific basis for research. Secondly, differences in research
methods and the time span of the data used can also play a role. The
development of clean energy is a phased process, and its impacts
vary at different stages of development. Thirdly, when exploring the
emission reduction effects of clean energy, some literature focuses
on the carbon emissions of the entire industry as the research object.
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The carbon emissions of the entire industry are comprised of both
the energy sector and non-energy sectors, and the carbon emissions
from non-energy sectors also account for a certain proportion. The
carbon emissions from non-energy sectors can act as a confounding
factor, interfering with the accurate assessment of clean energy’s
actual emission reduction effects and potentially leading to an
underestimation of its reduction achievements in the early stages
of clean energy development. To avoid the aforementioned issues,
this paper conducts a study on carbon emissions solely from the
perspective of the electricity industry, based on provincial data from
China. Furthermore, it analyzes the heterogeneous characteristics
existing across different regions, categorized according to China’s
three major economic zones: eastern, central, and western regions.

3 Theoretical background and
hypothesis

3.1 Impact of clean electricity development
on carbon emissions

Clean electricity refers to the electrical energy that is converted
from clean energy sources using specific power generation
equipment. It primarily encompasses wind power, hydropower,
solar power, and nuclear power. This type of electrical energy
does not produce greenhouse gas emissions during its production
process, and it possesses notable environmental advantages
compared to traditional coal-fired power generation.

The impact of clean electricity development on carbon
emissions from thermal power generation mainly consists of two
aspects. On one hand, clean electricity development has a direct
impact on carbon emissions from thermal power. Increasing the
share of clean electricity in the power supply will directly replace
some of the thermal power, thereby reducing fossil fuel
consumption and corresponding carbon emissions from thermal
power (Luo and Zhang, 2024; Song et al., 2023). On the other hand,
clean electricity development has an indirect impact on carbon
emissions from thermal power. The development of clean electricity
is often accompanied by a series of preferential policies, such as
subsidies for green electricity, green certificate transactions, green
credit, and green bonds. These policies not only promote the rapid
development of clean electricity but also reduce its production costs,
enhance its competitiveness in the market, and guide more investors
and consumers towards choosing clean electricity, ultimately
reducing the market demand for thermal power (Xu and Xu,
2023; Xu et al, 2023; Shah et al, 2024). Meanwhile, to compete
with clean electricity and maintain market competitiveness, thermal
power companies are compelled to invest heavily in technology,
enhancing power generation efficiency and reducing carbon
emissions. This includes developing Carbon Capture and Storage
(CCS) technology, which captures and stores carbon dioxide during
the thermal power generation process. In addition, compared to
thermal power, clean electricity generation equipment offers more
economical deployment costs. This has led some high-energy-
consuming enterprises to deploy “self-generation and self-
consumption” distributed rooftop photovoltaic systems, along
with corresponding large-scale energy storage equipment. During
peak electricity usage periods, these enterprises release the clean

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1525047

Cai et al.
(MW)
,.
5 4
/./
vl
4 - -°
/ \.— -0 - o -
3 4
[
2 4
‘ === Onshore
1 4
== @=Offshore
0

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

FIGURE 1

Average Capacity of New Wind Turbine Installations in China
(from 2011 to 2021). Note: Data are from the China Wind Energy
Association (CWEA).

electricity accumulated in the storage equipment to meet their own
demands. This “microgrid” system, autonomously constructed and
managed by the enterprises, reduces their reliance and load on
external thermal power generation, thereby decreasing carbon
emissions from thermal power.

Hypothesis H1: Clean electricity development may have an
inhibitory effect on carbon emissions from thermal power.

3.2 The mediating mechanism of R&D
investment

Research and Development (R&D) investment, as a crucial
driver of technological innovation, plays a pivotal role in the
development of the clean energy sector (Goers et al., 2021; Khan
et al, 2024). Research indicates that higher R&D expenditure
contributes to reducing CO, emissions (Ma et al., 2021). When
clean energy technologies receive support from R&D investment,
their potential for technological breakthroughs and innovation is
significantly enhanced, which can subsequently improve the
efficiency of clean energy generation and reduce costs. Taking
wind power generation technology as an example, the
fueled by R&D

investments have led to a continuous increase in the average

technological advancements substantial
capacity per wind turbine and a marked improvement in energy
conversion efficiency. During the period from 2011 to 2021, the
average capacity of new onshore wind turbines in China increased
from 1.5 MW (MW) to 3.1 MW, whereas the average capacity of
new offshore wind turbines rose from 2.7 MW to 5.6 MW, as shown
in Figure 1. In addition, there has been a significant decrease in the
costs of solar and wind power generation. Data indicates that over
the past decade, the global costs of generating solar, onshore wind,
and offshore wind power have declined by 83%, 42%, and 34%
respectively, with China experiencing the most substantial reduction
in these costs (International Renewable Energy Agency, 2023). This
trend is likely to further enhance the competitive advantage of clean
electricity in the power market, thereby increasing its substitution
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FIGURE 2

Research framework. Note: CE is the level of clean electricity
development. TPCO; is thermal power CO, emissions. RD is research
and development investment. Region refers to China’s three major
economic zones.

effect for fossil fuel-based power generation and accelerating the
pace of low-carbon transformation in the power industry. The
continuous increase in R&D investment has effectively driven the
continuous emergence of technological innovations. This trend is
likely to further enhance the competitive advantage of clean
electricity in the power market, thereby increasing its substitution
effect for fossil fuel-based power generation and accelerating the
pace of low-carbon transformation in the power industry.

Hypothesis H2: R&D investment may play a mediating role
between clean electricity development and carbon emissions from
thermal power.

3.3 Regional heterogeneity

The impact of clean electricity development on CO, emissions
from thermal power may exhibit significant regional heterogeneity
due to variations in natural and geographical conditions, economic
development levels, and energy structures. Firstly, due to variations
in natural geographical conditions such as terrain and climate, the
distribution of clean energy resources is uneven, leading to
significant differences in the costs of their development and
utilization across different regions (Liu et al., 2018; Tang et al,
2019). In regions with favorable natural geographical conditions and
abundant clean energy resources, the development of clean
electricity is more economical, resulting in a significant portion
of the region’s energy supply coming from clean energy rather than
relying on traditional fossil fuels (Mao et al., 2021). In such cases,
further increasing the level of clean electricity development does not
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have a significant inhibitory effect on CO, emissions from the
thermal power. Secondly, different regions possess varying
strengths and weaknesses in terms of factor resources such as
capital, technology, and talent, which influence the research,
development, and application of clean energy technologies. In
regions with high levels of economic development and strong
technological innovation capabilities, clean energy technologies
are more likely to be developed and applied, thereby more
effectively facilitating CO, emission reduction in thermal power
generation (He et al, 2023). In addition, differences in energy
structures across regions, stemming from varying degrees of
dependence on fossil fuels, also influence the progress and
effectiveness of clean energy substituting for fossil fuels (Wang
et al, 2024). Thus, due to regional variations in natural
geographical conditions, economic development levels, and
energy structures, there exist differences in the distribution of
clean energy resources, technological research and development,
application conditions, as well as the potential for energy
substitution. These disparities may lead to regional heterogeneity
in the impact of clean electricity development on carbon emission
reduction from thermal power.

Hypothesis H3: There may be regional heterogeneity in the
carbon emission reduction effects of clean electricity development
on thermal power.

Figure 2 illustrates the research framework, with the hypotheses
displayed in the figure.

4 Model construction and data
4.1 Variable selection

4.1.1 The explained variable

The explained variable is thermal power Carbon dioxide
emissions (TPCO,), and take it logarithm (InTPCO,). The
specific calculation entails multiplying the annual thermal power
generation output of each province by the national fossil fuel-based
power CO, emission factor. The national fossil fuel-based power
CO, emission factor refers to the amount of CO, emitted per unit of
fossil fuel-based power generation output, with an emission
coefficient of 0.8426 kgCO,/kWh. The relevant data are sourced
from the Ministry of Ecology and Environment of China and the
National Bureau of Statistics.

4.1.2 The main explanatory variable

The main explanatory variable is the level of clean electricity
(CE) development. The level of clean electricity development is
measured by the ratio of the annual total clean energy generation to
the regional gross domestic product (GDP) in each province. The
clean energy generation is calculated based on the data of
hydroelectric, nuclear, wind, and solar energy generation in each
province, which are obtained from the provincial statistical
yearbooks and the China Energy Statistical Yearbook.

4.1.3 The mediating variable

The mediating variable is the research and development (R&D)
investment, which is represented by the RD expenditure of industrial
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enterprises above a designated size, and take it logarithm (InRD). It is
generally believed that higher R&D investment indicates more resources
being allocated to the exploration of new technologies, products, or
services, which directly enhances the activity of technological innovation.
This, in turn, plays a positive role in improving energy efficiency,
optimizing energy consumption structures, and promoting the
development of green and low-carbon technologies.

4.1.4 Control variables

There are numerous factors that influence carbon emissions.
Based on relevant research, this paper selects five control variables
for analysis, which are as follows: (1) Industrial structure
supererogation (ISS): measured by the ratio of the value added of
the tertiary industry to the value added of the secondary industry,
which primarily gauges the upgrading trend of the industrial
structure (Gan et al, 2011). (2) Urbanization (URB): measured
by the ratio of the number of urban residents to the total resident
population. (3) Energy intensity (EI): measured by the ratio of total
energy consumption (in ten thousand tons of standard coal) to the
regional GDP. (4) Energy consumption structure (ECS): measured
by the ratio of total coal consumption to total energy consumption.
(GE):
government’s general budget expenditure, and take it logarithm.

(5) Government expenditure represented by local

4.2 Model construction

To investigate the impact of developing clean electricity on
carbon emissions from thermal power in the electricity industry,
this paper constructs the following model for analysis. Model (1)
serves as the benchmark regression. Where subscript i represents the
province; t represents the year; C is the constant term; CV is a series
of control variables; y; is the fixed effects of the provinces; §; is the
fixed effects of the year; and ¢ is the random error term. Meanwhile,
in accordance with the existing research framework for mediation
effects (Wen and Ye, 2014), models (2) and (3) are established on the
basis of model (1), with R&D investment serving as the
mediator variable.

To examine Hypothesis H1 regarding the relationship between
clean electricity development and carbon emissions from thermal
power, as well as to investigate the regional heterogeneity of
Hypothesis H3, the following model (1), also served as Equation
1, is constructed:

InTPCO,;; = C+ B,CEj; + B,CVi + p, + 6, + &, (1)

To test the mediating effect of R&D investment in Hypothesis
H2, the following mediation effect models (2) and (3) are
constructed:

InRD;; = C + B,CE; + B,CVyy + p, + 6 + &, (2)
InTPCO,; = C+ B,CE; + B,CViy + BInRDj; + y; + 6; + & (3)

4.3 Data source

This paper uses panel data from 30 provinces in China
(excluding Tibet and the Hong Kong, Macao, and Taiwan
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TABLE 2 Descriptive statistics results.

10.3389/fenvs.2024.1525047

Definition Symbol Observation Mean S.D Min Max

The logarithm of TPCO, InTPCO, 420 9.046 0.895 6.651 10.75
Level of CE development CE 420 0.0359 0.0521 0.00003 0.324
The logarithm of R&D InRD 420 4.941 1.424 -0.131 7.973
Industrial structure supererogation ISS 420 1.271 0.709 0.527 5.244
Urbanization URB 420 0.576 0.131 0.291 0.896

Energy intensity EI 420 0.886 0.529 0.173 2.794

Energy consumption structure ECS 420 0.677 0.321 0.00815 2.136
The logarithm of GE InGE 420 8.204 0.707 5.783 9.812

TABLE 3 Results of fixed effect regressions.

Variables (1) (2) (3) (4)
INTPCO, InTPCO, InTPCO, InTPCO,
CE —6.733*** —1.445** —6.130%** —1.877***
(-13.88) (-2.36) (-11.64) (-3.23)
ISS —0.344*** -0.066 —-0.316%** —-0.114**
(~10.02) (-1.57) (-9.05) (-1.97)
URB 0.640*** 2.6457 0.741** 2.041%*
(3.21) (6.76) (3.66) (4.01)
EI 0.661*** 0.720%* 0.643*** 0.833***
(10.34) (9.54) (10.12) (11.14)
ECS 0.717*** 0.7320* 0.801*** 0.764***
(8.71) (8.87) (9.38) (9.71)
LNGS 0.964*** 0.5320%* 1.053*** 0.266***
(25.31) (10.90) (23.71) (2.72)
Constant 0.375 2.157%%* —-0.507 4.646***
(1.13) (5.76) (-1.23) (5.94)
Observations 420 420 420 420
R’ 0.817 0.973 0.829 0.977
Fixed Province NO YES NO YES
Fixed Year NO NO YES YES

Note: Values in parentheses are corresponding t-values.
%, %, *Indicate significant at 1%, 5%, 10% levels respectively.

regions) from 2008 to 2021 as the research sample. The original
data is sourced from annual publications such as the China
Statistical Yearbook, China Energy Statistical Yearbook, and
China Electric Power Statistical Yearbook. Some missing
filled by
yearbooks, while others were imputed using the linear
interpolation method in Stata software. The descriptive results
for each variable are presented in Table 2.

values were consulting provincial statistical
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5 Empirical results and discussion
5.1 Regression results

To avoid the issue of multicollinearity among variables and enhance
the accuracy of regression analysis, this study employs Variance Inflation
Factor (VIF) as a diagnostic tool to examine multicollinearity in the
model. Based on the VIF test results, the VIF values of all explanatory
variables are less than the critical value of 5, with an average VIF of 2.1.
This indicates that there is no severe multicollinearity among the
variables in the model. Furthermore, the Hausman Test was
conducted to choose between the Random Effects (RE) and Fixed
Effects (FE) models. The test yielded a P-value of 0, which is
significantly lower than the commonly used significance level of 0.05.
Consequently, in the analysis of this panel data, the FE model is deemed
more appropriate. The regression results are presented in Table 3.

Regardless of whether fixed effects are introduced, the regression
coefficient of CE in the model exhibits negative significance. The
results in columns (1), (3), and (4) all show significance at the 1%
confidence level, while the results in column (2) indicate significance
at the 5% confidence level. From the following regression results, it is
evident that the two-way fixed-effect regression incorporating both
year and province in column (4) is more appropriate. The results in
column (4) indicate that CE is significant at the 1% confidence level,
with a coefficient of —1.877. This suggests that for every one-unit
increase in CE, TPCO, will decrease by 1.877 units. These findings
support the idea that enhancing the development level of clean
electricity contributes to suppressing CO, emissions from thermal
power, thereby verifying Hypothesis HI.

5.2 Robustness tests

This paper uses four methods to test the robustness: (1) Replace
the explained variable: Replace the explained variable with the per
capita CO, emissions from thermal power, and take it logarithm
(InTPCO,P). (2) Reduce the sample size: Due to the economic and
political uniqueness of municipalities directly under the central
government, some of their data may exhibit significant disparities
with other provinces. To enhance the comparability of the data, we
exclude the data of the four municipalities directly under the central
government in China from the sample. (3) Lagged Variable: Regress
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TABLE 4 Robustness test results.

Variables (1) (2) (3) (4)
INTPCO,P InTPCO, F. InNTPCO,
InNTPCO,
CE —2.135%** —1.786*** —1.811***
(-3.74) (-3.01) (-3.02)
CE_w —1.958***
(-3.16)
1SS —-0.086 —0.198*** —-0.063 —0.116**
(-1.51) (-3.07) (~1.00) (-2.01)
URB 2.3264** 3.207%%* 1.599** 2.0320%
(4.65) (4.45) (2.87) (3.99)
EI 0.761*** 0.890*** 0.734*** 0.828***
(10.36) (11.33) (9.48) (11.11)
ECS 0.812%%* 0.853*** 0.820%** 0.763**
(10.51) (10.30) (9.32) (9.70)
LNGS 0.063 0.230** 0.380*** 0.261%%*
(0.66) (2.07) (3.80) (2.66)
Constant —2.051*** 4.360*** 3.978%** 4.7040¢
(-2.67) (4.86) (4.84) (5.99)
Observations 420 364 390 420
R? 0.966 0.977 0.978 0.977
Fixed Province YES YES YES YES
Fixed Year YES YES YES YES

Note: Values in parentheses are corresponding t-values.
0%, *Indicate significant at 1%, 5%, 10% levels respectively.

after lagging the explanatory variable by one order. (4) Apply
winsorization to the data: To avoid the interference of outliers on
the results, this paper applies bilateral 1% tail trimming to the
explanatory variables. F. InTPCO, is the explained variable of the
previous stage, and CE_ w is the explanatory variable with bilateral
1% tail trimming. Table 4 shows the robustness test results. The
regression coefficients are all significantly negative, which proves the
previous benchmark analysis is strongly robust.

5.3 The mediating mechanism test

Table 5 reports the results of Bootstrap test, which are used to
determine the presence and size of the mediation effect. First, after

TABLE 5 The results of Bootstrap test.

10.3389/fenvs.2024.1525047

adding control variables, we conducted the Sobel test and obtained a
P-value of 0, which is significantly lower than the commonly used
significance level of 0.05. This suggests the presence of a mediation
effect. Second, we performed the Bootstrap test with 1,000 bootstrap
samples. The results indicated an indirect effect of —2.265, accounting
for 33.6% of the total effect. The 95% confidence interval for the indirect
effect was [-3.034, —1.495], excluding zero. The direct effect was —4.469,
with a confidence interval of [-5.454, —3.483], also excluding zero. These
findings confirm the presence of a partial mediation effect.

In addition, the stepwise regression method is also used for
testing. Perform fixed-effects regression based on the mediation
effect Formulas 2, 3 set in Section 4.2 above, and the results are
shown in Table 6. The results in column (2) indicate a positive
correlation between CE and RD at a 5% confidence level. The
coefficient of 1.254 suggests that for every one-unit increase in
CE, RD will increase by 1.254 units. The results in column (3) show
that after adding the mediating variable RD, there is a negative
correlation between CE and TPCO, at a 1% confidence level. The
absolute value of the coefficient of CE in column (3) decreases
compared to that in column (1), indicating that part of the impact is
transmitted through the mediating variable of R&D investment,
which aligns with the criteria for judging mediation effects.
Therefore, H2 is verified, indicating that R&D investment plays a
mediating role between clean electricity development and CO,
emissions from thermal power. By increasing R&D investment,
the level of clean electricity development can be effectively
enhanced, CO, emissions from thermal power can be reduced,
and the low-carbonization of electricity supply can be promoted.

5.4 Regional heterogeneity analysis

Following the traditional division of economic zones in China,
this paper categorizes the data samples into three major regions: the
eastern economic zone, the central economic zone, and the western
economic zone, and then conducts heterogeneity analysis, as shown
in Table 7. The regression results indicate that the regression
coefficients of CE are —11.136 and -3.677 for the eastern and
central regions, respectively, both of which pass the test at the
1% significance level. In the western region, the regression
coefficient of CE is -1.674, passing the test at the 10%
significance level. Overall, from the eastern to the western
regions, both the significance and the absolute values of the
regression coefficients of CE show a clear decreasing trend. This
suggests that the effectiveness of clean electricity development in
reducing CO, emissions from thermal power gradually decreases
from the eastern region to the western region, demonstrating
significant regional heterogeneity. Thus, H3 is verified.

The development of clean electricity has the most significant
effect on reducing CO, emissions from thermal power in the eastern

Mediating variable  Effect type Effect size Effect ratio
In RD Direct ~4.468684 66.4%
Indirect ~2.264578 33.6%
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Standard error 95% confidence interval Conclusion
0.503 [-5.454, —3.483] Partial
Mediation
0.393 [-3.034, —1.495]
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TABLE 6 Mediation test with stepwise regression.

Variables (1) (3)
InTPCO, InNTPCO,
CE —1.877*** 1.254** —1.713***
(-3.23) (2.02) (-2.96)
InRD —0.131***
(-2.71)
1SS —0.114** —0.256*** —0.147**
(-1.97) (~4.14) (-2.51)
URB 2.041%%* 3.567** 2.507***
(4.01) (6.55) (4.70)
EI 0.833*** 0.301** 0.872%**
(11.14) (3.76) (11.55)
ECS 0.764*** —0.493*** 0.699***
9.71) (-5.86) (8.58)
LNGS 0.266*** 11147 0.411
(2.72) (10.67) (3.72)
Constant 4.646*** —=5.906*** 3.875%%*
(5.94) (-7.05) (4.69)
Observations 420 420 420
R’ 0.9770 0.990 0.9775
Fixed Province YES YES YES
Fixed Year YES YES YES

Note: Values in parentheses are corresponding t-values.
%, %, *Indicate significant at 1%, 5%, 10% levels respectively.

region. This is primarily because the eastern region, as the most
economically developed and highly urbanized area in China,
experiences significant electricity demand due to its vibrant
economic activities and large population. However, the region’s
energy resources are not abundant, especially the scarcity of fossil
fuels, resulting in a high dependence on external inputs for its
electricity supply. In terms of local electricity supply, although the
eastern region possesses a certain capacity of hydropower and
nuclear power, thermal power still dominates as its primary
mode of electricity generation, with a dependence on imported
coal for thermal power production. According to data from the
National Energy Administration in 2021, Shandong, Jiangsu,
Guangdong, Zhejiang, and Hebei provinces rank first
(528.104 billion kWh), third (484.131 billion kWh), fourth
(463.857 billion kWh), seventh (304.854 billion kWh), and ninth
(269.874 billion kWh), respectively, in thermal power generation
among all provinces in China. This situation highlights the coal-
dominated energy consumption structure in the eastern region.
Therefore, the enhanced clean electricity development in the
eastern region creates a pronounced substitution effect for
thermal power, reducing fossil fuel consumption and enhancing
CO, emission reduction effects. At the same time, benefiting from

Frontiers in Environmental Science

10.3389/fenvs.2024.1525047

TABLE 7 Regional heterogeneity.

Variables East Central Western
region region region
InTPCO, InTPCO, InNTPCO,
CE —11.136*** —3.677%** -1.674*
(-7.80) (-3.69) (-1.71)
1SS 0.243*%* —0.375*** —0.450**
(4.31) (-7.24) (-2.22)
URB 2.715%%* -0.151 1.387
(5.22) (-0.19) (0.49)
EI 0.036 0.9320% 1.067*
(0.22) (8.27) (5.78)
ECS 0.639*** 0.510%** 1.151%%*
(3.25) (5.81) (6.12)
LNGS 0.035 0.150 0.746**
(0.40) (0.93) (2.28)
Constant 6.556*** 7.311%%* 0.540
(9.20) (6.57) (0.20)
Observations 168 126 126
R* 0.993 0.990 0.954
Fixed Province YES YES YES
Fixed Year YES YES YES

Note: Values in parentheses are corresponding t-values.
%, %, *Indicate significant at 1%, 5%, 10% levels respectively.

the strong economic and technological capabilities of the eastern
region, it has invested heavily in the research and development of
clean energy technologies and has the ability to support large-scale
clean energy project further
development of clean electricity. Similar conclusions have also
been reached in related studies: Regions with a high level of

development, enhancing the

urbanization have good conditions for technological R&D and
expansion, high energy energy
utilization technology, making the effect of reducing carbon

efficiency and renewable
emissions more pronounced (Adebayo and Ullah, 2023; Zheng
et al, 2023). In addition, the regression coefficient of ISS is
significantly positive in the eastern region but negative in the
central and western regions, indicating that industrial structure
upgrading reduces CO, emissions from thermal power in the
central and western regions but has the opposite effect in the
eastern region. This is primarily because, in the early stages of
industrial structure upgrading, energy demand was indeed reduced
and CO, emissions were decreased (Mi et al., 2017; Zheng et al.,
2019). However, in the eastern region with a high degree of
industrial transformation, the rapid development of the tertiary
industry, especially information technology (IT) and artificial
intelligence (AI), the demand for computing power has soared,
leading to a sharp increase in electricity consumption (Xie et al.,
2024). The main electricity for these computing centers still comes
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from fossil fuels, which partly offsets the carbon reduction achieved
by upgrading industrial structures in the eastern regions. Similar
viewpoints have been reached in other studies: the development of
China’s tertiary industry can lead to an increasing trend in carbon
dioxide emissions, but increasing energy investment, technological
innovation, research and development expenditures, and the use of
renewable energy can help mitigate these emissions (Ma et al., 2021;
Xie et al., 2024).

The development of clean electricity has a significant effect in
reducing CO, emissions from thermal power in the central region,
but it is still lower compared to the eastern region. This is primarily
due to the abundant coal resource reserves in the central region,
which provide convenient conditions for the deployment of thermal
power generation. At the same time, considering that the economy
in the central region is in a stage of rapid development, ensuring
stable electricity supply has become a top priority. Due to the
instability in power generation of some clean energy sources, the
central region has shown insufficient enthusiasm in investing and
promoting clean energy technologies. Although the central region
possesses a certain scale of hydropower resources, which are mainly
concentrated in Hubei and Hunan provinces, the scale effect of
energy demand, driven by rapid economic development and sharp
growth in total energy consumption, may outweigh the structural
effect brought by the development of these clean energy sources.
Looking ahead, with the further enhancement of economic
development in the central region, it is expected that more funds
will be invested in the development of clean energy, indicating
significant potential for the low-carbon transformation of the power
industry in this region.

The development of clean electricity has significantly reduced CO,
emissions from thermal power in the western region, but the effect and
its significance have noticeably declined. This is primarily because the
western region is endowed with abundant natural resources, especially
wind, solar, and hydropower resources, which provide unique conditions
for the development of clean energy in this area. In the southwestern
region, the three provinces of Sichuan, Guizhou, and Yunnan, influenced
by the Hengduan Mountains, have significant terrain variations and
abound with rich hydropower resources. According to data from the
National Energy Administration in 2021, Sichuan Province ranks first in
hydropower generation nationwide (372.446 billion kWh), followed by
Yunnan Province in second place (302.816 billion kWh) and Guizhou
Province in fourth place (73.446 billion kWh). These abundant
hydropower resources not only meet the demands of local industrial
production and residential life, but also significantly reduce the
consumption of fossil fuels in electricity supply. Meanwhile, due to
its latitude and terrain, the northwest region also possesses abundant
reserves of solar and wind energy resources. Therefore, a significant
portion of the power supply in the western region comes from clean
energy, and annually, a large amount of clean electricity is transmitted to
the eastern region through the “West-to-East Electricity Transmission”
project. Compared to the eastern and central regions, the western region
has a lower dependence on thermal power.

6 Conclusion

To explore the specific role of developing clean electricity in
controlling CO, emissions from thermal power and promoting the
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low-carbon transition of the power industry, this paper utilizes
provincial panel data from China spanning from 2008 to 2021. It
analyzes the impact of clean electricity development on thermal
power carbon emissions using a fixed-effects model and verifies the
mediating effect of R&D investment between clean electricity
development and thermal power carbon emissions using a
mediation effect model. Additionally, this paper explains the
reasons for the regional heterogeneity in the effectiveness of clean
electricity development in reducing CO, emissions from thermal
geographical
environment, energy consumption structure, industrial structure

power, considering factors such as natural
upgrading, and economic development level. Our research findings

indicate the following.

(1) On the whole, the improvement in the development level of
clean electricity plays a significant role in suppressing CO,
emissions from thermal power. It is of great importance for
optimizing the coal-dominated electricity consumption
structure and promoting the low-carbon transformation of
the power industry.

(2) From the perspective of mediation effect, increasing
investment in research and development can better
enhance the development level of clean electricity, thereby
reducing CO, emissions from thermal power.

(3) From the perspective of regional heterogeneity, the

improvement in the development level of clean

electricity can reduce CO, emissions from thermal
power, and this effect shows a downward trend from the
eastern economic zone to the western economic zone in
China. In the eastern regions with higher urban
development levels, the development of clean electricity
has a more pronounced effect on mitigating CO, emissions
from thermal power. The advancement of industrial
structure in central and western regions contributes to

decreasing CO, emissions from thermal power.

Based on the above research conclusions, this paper proposes
the following suggestions to promote the development of clean
and the
power industry:

energy low-carbon transformation of the

Firstly, to intensify R&D investment. To meet the practical
requirements of achieving dual carbon goals, the future focus of
the electricity market will be on high-proportion clean energy, with
thermal power transitioning to a peak-shaving power source
(Kopiske, et al.,, 2017). Consequently, research and development
efforts should prioritize photovoltaic, wind power, and energy
storage technologies. By increasing investment in clean energy
technologies and fostering innovation, clean energy generation
efficiency can be enhanced, costs reduced, and competitiveness in
the electricity market strengthened. In this process, the government
can offer incentives like subsidies and tax reductions to R&D
enterprises and entities, aiming to reduce their costs and
investment risks in clean energy and low-carbon technology.
Additionally, the government should enhance the intellectual
property protection system to safeguard the legitimate rights of
research outcomes, thereby encouraging more enterprises and
entities to actively engage in the R&D of clean energy and low-
carbon technologies.
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Secondly, to promote cross-regional cooperation and sharing
of clean energy. Given the regional heterogeneity in clean energy
it
cooperation. By establishing cross-regional clean energy trading

development, is essential to strengthen interregional
platforms and improving power transmission networks, optimal
allocation and efficient utilization of clean energy can be achieved
across the country. In particular, for the abundant renewable
energy resources in the western regions, we should increase
development and transmission efforts to complement the high
electricity demand in the eastern regions. Specifically, it is essential
to leverage the role of market mechanisms in resource allocation
and accelerate the reform of electricity marketization. In this
process, emphasis should be placed on the effective integration
of medium and long-term markets with spot markets within the
inter-provincial electricity market, thereby enhancing the capacity
to absorb clean energy electricity (Kang et al., 2016; Fan et al,
2021).

transmission networks should be reasonably planned based on

In terms of grid construction, ultra-high-voltage
the distribution of clean energy resources and electricity demand
to reduce transmission losses (Yi et al., 2016; Liu et al.,, 2018).
it the

transformation of the grid, establishing an intelligent grid

Furthermore, is crucial to prioritize intelligent
dispatching system to achieve precise forecasting and dynamic
adjustment of electricity supply and demand, thereby further
reducing the risk of electricity transmission congestion (Majeed
Butt et al., 2021; Mahmood et al., 2024). This approach not only
promotes economic development in the west but also contributes
to reducing thermal power emissions in the east, driving the
optimization and upgrading of China’s energy structure towards
sustainable development.

Thirdly, to implement differentiated clean energy development
The differentiated

development policies tailored to each region’s economic level,

policies. government should formulate

resource endowments, and industrial structure. For eastern
regions with high levels of urbanization, support for clean energy
power generation projects should be strengthened. Active efforts
should be made to promote the large-scale development and
utilization of potential renewable energy resources in these
regions, particularly wind power generation in coastal areas and
photovoltaic power generation in mudflat zones. Meanwhile, it is
crucial to ensure that the construction of grid infrastructure and
advancements in energy storage technologies align with the pace of
local renewable energy development, in order to mitigate the
instability of renewable energy generation and enhance the
stability of clean energy power supply (Leonard et al, 2020;
Wang N. et al., 2022). For central regions, during the continuous
promotion of clean energy development and industrial structure
optimization, a batch of outdated high-energy-consuming thermal
power generation facilities should be phased out in an orderly
manner, and research and development efforts on Carbon
Capture and Storage (CCS) technologies should be intensified to
achieve carbon reduction targets for existing thermal power plants.

Fourthly, to establish a continuous monitoring and evaluation
mechanism. Regular evaluations should be conducted on the
application effects of clean energy in the power sector and the
progress it has made in promoting the low-carbon transformation of
the power industry. At the same time, the potential impact of clean
energy projects on the ecological environment cannot be ignored, so
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environmental impact monitoring should also be included in the
evaluation system. By monitoring key indicators such as the growth
of clean energy generation, the reduction of carbon emissions from
thermal power, the optimization of energy structure, and the
improvement of environmental indicators, a comprehensive
assessment of clean energy’s contribution to the low-carbon
transformation of the power sector and environmental protection
can be made. This enables policymakers to make data-driven
decisions, promptly adjust and refine clean energy development
strategies, ensure the high-quality development of clean energy, and
effectively promote the low-carbon transformation of the
power industry.
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