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Abstract

Under the dual pressure of increasing energy demand and reducing carbon emissions to protect the
environment, the carbon reduction effect and dynamic transmission mechanism of the pilot policy of elec-
tricity spot market need to be systematically evaluated. Based on the panel data of 30 provincial-level regions
in China from 2017 to 2021, this paper empirically tests the impact of policy on carbon emission intensity
and its regional heterogeneity by using the panel fixed effect model, mediating effect analysis and moderating
effect analysis. The findings are as follows: (1) In the short term, the imperfect market mechanism increases
the dependence on thermal power, leading to a significant rise in carbon emissions. However, in the long run,
the synergistic effect of industrial structure upgrading, low-carbon technology innovation and increased
environmental awareness effectively reduces the emission intensity. (2) Prominent regional heteroge-
neity: high financial development regions inhibit emissions through technology diffusion and service
industry transformation, while low financial development regions face carbon lock-in due to thermal pow-
er dependence. High sustainability regions accelerate emission reduction through innovation network
externalities, while low sustainability regions require technological
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1 Introduction

Against the urgent backdrop of global efforts to address climate change, the low-carbon transition
of energy systems has become a core issue in advancing sustainable development. As one of the main
sources of carbon emissions, the power industry's market-oriented reform is not only related to the improve-
ment of energy resource allocation efficiency but also has a profound impact on achieving carbon
emission reduction goals. In recent years, with the gradual advancement of the pilot policy for the electric-
ity spot market, its role in optimizing power dispatching and promoting the integration of clean energy

has gradually become apparent. However, the actual impact paths and mechanisms on carbon emissions
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still need systematic verification.

Existing literature mostly discusses the driving factors of carbon emission reduction from the
macro policy level, such as industrial structure adjustment, technological innovation, and foreign direct
investment. There are also many studies on the operation mechanism of the power market, new energy inte-
gration, and market design. Nevertheless, in-depth empirical analysis is lacking regarding the carbon
emission reduction effect of the specific policy experiment of electricity spot market construction, especially
its heterogeneous performance under different regional conditions. Most studies focus on the design
and operation efficiency of the market mechanism itself, ignoring its dynamic connection with environmental

goals and the underlying economic transmission mechanisms.

The electricity spot market guides power generation behavior through price signals, which in theory should
help improve energy efficiency and the proportion of clean energy. However, problems such as market
imperfections in the early stage of policy implementation and the locked-in path of dependence on thermal
power may lead to a short-term increase rather than a decrease in carbon emissions. In the long run, the matu-
rity of the market mechanism and the optimization of supporting structures are expected to reverse this trend
and achieve emission reduction effects. This dynamic process of "short-term intensification and long-term

mitigation" and its regional differences constitute the core concern of this study.

Based on China's provincial panel data from 2017 to 2021, this paper uses fixed-effects models,
mediating effect, and moderating effect analysis methods to systematically examine the impact mecha-
nism of the electricity spot market pilot policy on carbon emission intensity. It further explores the
regional heterogeneous performance of the policy from the two dimensions of financial development level
and sustainable development capacity. The study aims to reveal the transmission paths and effects of the
policy under different regional conditions, providing theoretical and empirical basis for the coordinated

promotion of electricity market-oriented reform and carbon emission reduction goals.

The contributions of this paper are as follows: First, it identifies the "double-edged sword" effect of the
electricity spot market policy on carbon emissions and clarifies its short-term and long-term directions of ac-
tion. Second, through the test of mediating effect, it reveals the key role of industrial structure optimization in
policy transmission. Third, it conducts heterogeneity analysis from the two dimensions of finance and
sustainable development to provide support for differentiated policy design. The research conclusions
have important theoretical value and practical significance for improving the electricity market mecha-

nism and optimizing regional emission reduction strategies.

2 Literature Review

The issue of carbon emissions has long attracted considerable attention from scholars, who have con-
ducted extensive discussions on how to effectively save energy and reduce emissions. Wang et al. (2024)
found that low-carbon transformation is conducive to achieving "carbon neutrality" and coordinated
regional development[3] . Fang et al. (2024) pointed out that the carbon market promoted carbon
emission reduction in the thermal power industry, but its impact had a lag effect, and there was a robust "in-

verted U-shaped" relationship between carbon price and carbon emission reduction in the thermal power
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industry [4] . He Fengzhi (2024) adopted the DID method and concluded that the adoption of TPS pilot car-
bon emission trading policy and the improvement of carbon market in China's power generation industry
significantly reduced the carbon emissions and intensity of the power generation industry [5]. The research
conclusions of Wang (2024) [6] and Ji (2025) [7] verified the above views, and further proposed that the
pilot policy of carbon trading could reduce the level of carbon emissions by improving the level of digital in-

dustry and green technology innovation, technological innovation, government intervention and other ways.

As a key component of the current electricity market system, the research on electricity spot mar-
ket has been increasing in recent years. At present, domestic scholars' research on the electricity
spot market mainly focuses on basic issues of market construction, such as congestion management
mechanisms [8] and construction mode strategies [9] . With the development of the electricity spot market,

research has gradually expanded to multiple fields.

In terms of market operation optimization, some studies focus on balancing the absorption of new energy
and the economic benefits of other units, such as considering the time-sharing bidding game of new ener-

gy-thermal power bilateral peak-shaving

transactions to optimize market operation [10], and designing transaction mechanisms that take into ac-
count the absorption of high-proportion new energy and peak-shaving compensation for thermal power
units [11]. Regarding market transaction decisions, aiming at the transaction decisions of wind and solar
power generators participating in the electricity spot-green certificate market, a two-layer coupled trans-
action model considering the bilateral deviation penalty price mechanism is proposed [12], and the bidding
strategies and business development strategies of thermal power enterprises in the electricity spot market
environment are analyzed [13]. In terms of market data processing and scheduling, some studies have
proposed an adaptive scheduling method for multi-party transaction data in the electricity spot market to
cope with the data scheduling challenges brought by the expansion of transaction scale [14] . In terms of
market settlement and price mechanisms, discussions are made on the evaluation and optimization of market
operation status under the new energy settlement mechanism [15], the analysis of the value of medium and
long-term contracts and pricing suggestions [16], and the study of expanding the linear relaxation pric-
ing method of node prices to improve market fairness and operational efficiency [17] . In addition, some
studies focus on the participation of specific subjects in the market. For example, analyzing the risks faced by
pumped storage in participating in the spot market and constructing a report quantity decision model [18],
and studying the problems and countermeasures of hydropower stations participating in the electricity
spot market [19] . At the same time, there are also studies discussing the structural design theory and methods
of a unified electricity spot market system from a macro perspective [20], thinking about the develop-
ment of virtual power plants in the electricity spot market environment [21], and studies on improving the
quality and efficiency of meter reading, verification and collection work under the electricity spot market
[22] . In addition, there are studies on the electricity spot market model considering carbon emission rights
trading, proposing a two-stage electricity spot market clearing model in which load subjects participate in
carbon emission rights trading [23] . Compared with the traditional electricity planning system, the electricity
spot market innovatively proposes solutions to key issues such as interest balance, risk control, and market

connection in the electricity spot market, and is a electricity spot market transaction rule in line with China's
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national conditions and with Chinese characteristics [24] .

To sum up, the issue of carbon emissions has always been a core topic in academic circles. Existing studies
have focused on the influencing factors of carbon emissions. Domestic research on the externalities of the
electricity spot market is relatively scarce, and there is a lack of research on evaluating the implementation
effect of the electricity spot market construction pilot policy. Currently, the pilot work of the electricity spot
market is still being carried out in depth. However, what is the carbon emission reduction effect of
China's electricity spot market construction pilot policy? How does this pilot policy affect carbon emission
reduction? Are there differences in the effect of the pilot policy in different regions? These issues need further

analysis.

2 Research Design

2.1 Model Construction

This paper uses fixed effects to analyze the carbon emission reduction effect of the pilot policy, and con-

structs the model as follows:

InCE;; = By + B1Policy; + BsUr;, + B3 In GDP,, + B, In Population, + BsFPy + BelS;:
+ B;SDy. + BgIVy + v, (SDy X Policy,) +y,(IS;, X Policy,,)
+v3(IVy, X Policy,) + 1 + A, + &

2.2 Data Sources

The quasi-natural experiment in this study is defined as the first official implementation of the elec-
tricity spot market construction pilot policy in 2017. Eight provincial administrative units including Guang-
dong, Inner Mongolia, Zhejiang, Shanxi, Shandong, Fujian, Sichuan, and Gansu are selected as the exper-
imental group, and the remaining 22 provinces and autonomous regions as the control group. Panel data of
30 provincial administrative regions (provinces, municipalities directly under the Central Government, and
autonomous regions) from 2005 to 2021 are used (originally 34 provincial administrative regions, ex-
cluding Hong Kong, Macao, Taiwan, and Tibet due to missing data). The data are obtained from the China
Statistical Yearbook, China Energy Statistical Yearbook, and the official website of the National Bureau of
Statistics. In addition, to avoid the impact of outliers, all continuous variables are subjected to logarithmic

processing. The descriptive statistics of each variable are shown in Table 1.
2.3 Variable Description

2.3.1 Dependent variable: Carbon emission intensity(CE). Its reduction can not only directly reduce carbon
dioxide emissions but also promote the transformation of the economy towards green and low-carbon devel-

opment. It is expressed by the carbon dioxide emissions of each region.

2.3.2 Core explanatory variable: Electricity spot market construction pilot policy (Policy). Among them,

Policy is the product of treat and period. Treat is an individual dummy variable, which equals 1 if the region
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is a pilot policy implementation area, otherwise 0; Period is a time dummy variable, which equals 1 if the

time is before the implementation of the pilot policy, otherwise 0.

2.3.3 Mediating variable: Industrial structure optimization. Different industries have different degrees
of resource consumption, and changes in industrial structure will affect the generation of carbon emissions. It

is expressed by the ratio of the total output value of the tertiary industry to that of the secondary industry.

2.3.4 Control variables: The control variables are selected as follows: (1) Urbanization rate, mea-
sured by the proportion of urban population in the total population; (2) Per capita GDP after price
adjustment, using per capita GDP with logarithm taken; (3) Population density. Human activities are the
main cause of carbon emissions, and population density affects regional carbon emissions, measured by the
ratio of the total population at the end ofthe year to the regional area; (4) Fuel commodity price in-
dex, based on statistical yearbook data; (5) Thermal power proportion, the proportion of thermal power
generation in total power generation within a certain period and scope. All variables are taken as natural loga-

rithms.

3 Empirical Analysis
3.1 Benchmark Regression

As shown in Table 2, both before and after the inclusion of control variables, the electricity spot market
construction pilot policy has a significant positive impact on the amount of carbon emissions, but the degree

of impact varies slightly.

Column (1) only shows the regression results of core explanatory variables and dependent variables. The
coefficient of the pilot policy of electricity spot market construction on carbon emissions is signifi-
cantly positive. Column (2) shows the regression results after adding control variables such as urban-
ization rate, GDP, population and fuel commodity prices. The coefficient of the pilot power spot market con-
struction policy on carbon emissions is still significantly positive, indicating that the implementation of the
policy leads to a significant increase in carbon emissions on average. This effect may stem from the imma-
turity of the market mechanism in the early stage of policy implementation. For example, the pilot policy of
electricity spot market construction has stimulated the trading activities of high-emission energy sourc-
es (such as thermal power) in the short term (in the short term), while factors such as lagging substitution
of clean energy have led to a temporary increase in carbon emissions. Compared with the regression
results in Column (1), the positive promoting effect of the policy pilot on carbon emissions is significantly
weakened, and part of the policy effect is absorbed by the urbanization rate, GDP and other variables, but it is
still positive. This may be due to the insufficient role of the current electricity spot market trading mechanism
in promoting the optimal allocation of electricity resources, or the low proportion of new energy electric-
ity in the transaction, which makes the implementation of electricity trading policy increase carbon

emissions to a certain extent.
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Table 2 Benchmark Regression Results

(1) In(CE) (2) In(CE)
: 0.86%** 0.41%%*
Policy -8.98 -4.96
o -0.93%*
Urbanization (-2.71)
0.38%*
In(GDP) -2.6
. 0.27*
In(Population ) (2.10)
‘ -0. 11
Fuel Price (-0.43)
cons §.45% %% 0.67
_ -62.53 -0.5
N 510 510
3.2Mediating Effect

As shown in Table 3, Column (1) conducts the benchmark regression, and the influence coefficient of the
pilot policy of electricity spot market construction on carbon emissions is significantly positive at the signif-
icance level of 1%. This indicates that the implementation of the pilot policy led to a significant increase in
the average level of carbon emissions. Column (2) is the regression of mediating variables, and the
estimated coefficient of the industrial structure pilot policy is significantly positive at the significance level of
10%. This shows that the implementation of the pilot policy will lead to a significant average growth of the
industrial structure, which means that the policy has a certain positive role in promoting the upgrading of the
industrial structure. The mechanism may be that policies guide capital to flow to clean and renewable
energy, high-end manufacturing or high value-added industries through market-oriented means such as pric-
ing mechanisms, thus promoting the optimization of industrial structure. It is worth noting that the esti-
mated coefficient of the proportion of thermal power is significantly negative, indicating that the expansion of
thermal power scale significantly inhibits the optimization and upgrading of industrial structure, further

indicating the conflict between high energy consumption and industrial structure.

Column (3) shows the joint regression, where after incorporating both the pilot policy and industrial struc-
ture into the model, the coefficient of the pilot policy drops to 0.116 (p<0.01), a decrease of approximate-
ly 72% compared to the benchmark regression. This indicates that industrial structure plays a partial
mediating effect (72%). The coefficient of industrial structure is -0.241 (p<0.01), revealing a close negative
correlation between industrial structure and carbon emissions, with carbon emissions decreasing by 0.241%.
This result is consistent with the Environmental Kuznets Curve (EKC) theory, i.e., industrial upgrading can

inhibit carbon emissions through technical effects and structural effects.

In summary, the electricity trading pilot policy has a dual effect of "direct promotion and indirect
inhibition" on carbon emissions. On one hand, the electricity spot market construction pilot policy directly
stimulates and increases carbon emissions in pilot areas; on the other hand, industrial structure upgrading can
significantly inhibit carbon emissions, and the inhibitory effect is considerable as indicated by the estimated
coefficient, reflecting a complex mechanism. This means that in the early stage of the electricity spot mar-

ket pilot, although the policy itself may directly stimulate transactions of high-carbon energy such as
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thermal power in the short term, leading to a rise in carbon emissions, promoting industrial structure upgrad-

ing can partially offset this impact, thereby gradually achieving carbon reduction.

Table 3 Results of Mediating Effect Test Based on Industrial Structure

(DIn(CE) (2)Industrial Structure (3)In(CE)
Poli 0.4]%** 0.07* 0. 12%*
oney -4.96 -1.97 (3. 13)
: -0.245%
Industrial Structure (-5.55)
-1 0% 0.19
InPth (-4.09) (1. 16)
Control YES YES YES
N 510 510 510
3.3Moderating Effect

In Table 4, columns (1)-(3) respectively test the regression results of the electricity spot market construction
pilot policy with the awareness of sustainable development, industrial structure, and comprehensive innova-
tion index. In all columns, the electricity spot market construction pilot policy shows a significant positive
impact on carbon emissions, indicating that the current electricity spot pilot policy may indirectly promote
the increase of carbon emission levels by expanding electricity market transactions, which leads to a rise in

power generation.

In column (1), the interaction term coefficient between the electricity spot market construction pilot pol-
icy and the awareness of sustainable development is significantly negative, indicating that the electricity
spot market construction pilot policy has a significant moderating effect on environmental protection
awareness. Under the implementation of the electricity spot market construction pilot policy, for every 1%
increase in environmental protection awareness, the amount of carbon emissions decreases by an av-
erage of 2.721%. The interaction between the electricity spot market construction pilot policy and environ-
mental protection awareness shows that public participation is a key social capital for achieving car-
bon emission reduction in the market-oriented reform of electricity spot, and social capital can strengthen
its carbon emission reduction leverage effect through information disclosure and green certifica-

tion.

In column (2), the interaction term between the electricity spot market construction pilot policy and in-
dustrial structure is significantly negative, indicating that the electricity spot market construction pilot
policy has a significant moderating effect on industrial structure. Under the implementation of the
electricity spot market construction pilot policy, for every 1% improvement in industrial structure, the
amount of carbon emissions decreases by an average of 0.907%. The electricity spot market construction pi-
lot policy guides the dynamic adjustment of industrial structure through price signals, and can achieve
long-term emission reduction dividends of market-oriented reform by supporting industrial access stan-

dards and energy efficiency subsidies.

In column (3), the interaction term between the electricity spot market construction pilot policy and the
comprehensive innovation index is significantly negative, indicating that the electricity spot market construc-

tion pilot policy has a significant moderating effect on the comprehensive innovation index. Under the
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implementation of the electricity spot market construction pilot policy, for every 1% increase in the
comprehensive innovation index, the amount of carbon emissions decreases by an average of 1.281%.
The electricity spot market construction pilot policy has built a market-oriented incentive mechanism for
technological innovation. The government expands the emission reduction multiplier effect of enterprise

technological innovation by strengthening intellectual property protection and green financial support.

To sum up, the electricity spot market construction pilot policy presents a "double-edged sword"
effect of "directly aggravating and indirectly alleviating" on carbon emissions. The implementation of the
electricity spot market policy needs to rely on the synergistic mechanism of industrial structure optimi-
zation, technological innovation incentives, and the improvement of public environmental protection
awareness to reverse the short-term carbon lock-in risk, and finally realize the compatibility between

the electricity market-oriented reform and the carbon neutrality goal.
Table 4 Moderating Effect Test Based on Sustainable Development Level, Industrial Structure

and Innovation Level

(M 2 3)
In(CE) In(CE) In(CE)
Policy 10.40%** [ 17%** 2. 14%**
(7.73) (3.00) (6.54)
Industrial Structure -0.40%** -0.41%%* -0.38***
(-18.39) (-25.98) (-20.50)
InPy;, [.29%** 1.347%%* 1.36%**
(19.84) (16.24) (18.25)
Sustainable DevelopmentxPolicy -2.40%**
(-7.34)
Industrial StructurexPolicy -0.50%*
(-1.76)
Innovation ValuexPolicy -0.51%**
(-4.58)
Sustainable Development -0.32%*
(-2.406)
Control YES YES YES
N 510 510 510

4 Heterogeneity Analysis

4.1 Analysis Based on the Heterogeneity of Financial Development Level

The research samples are divided into two categories, namely regions with a high level of financial devel-
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opment and regions with a low level of financial development, based on the average value of the financial
development level of 30 provinces and cities. This is to investigate the implementation effect of the electricity

trading pilot policy in regions with different sustainable development levels.

It can be seen from the financial benchmark regression in Table 5 that whether in regions with a high lev-
el of financial development or regions with a low level of financial development, the implementation of
the electricity spot market construction pilot policy has a significant promoting effect on carbon emissions.
That is, compared with non-pilot regions, the carbon emissions in pilot policy regions increase by an aver-
age of 0.328%. At the same time, after adding control variables such as the urbanization rate, the in-
crease in carbon emissions becomes insignificant. This may be because, whether in economically developed
or underdeveloped regions, the power dispatching departments and the current development level of power
grid infrastructure are limited. After the implementation of the electricity spot market trading policy, the trad-
ing policy cannot be effectively used to trade electricity generated by clean energy that is difficult to dispatch
quickly, so thermal power, which is convenient and quick to generate, is used for trading, thus significantly

increasing carbon emissions.

Table 5 Benchmark Regression Based on Heterogeneity in Financial Development Level

: Regi ith a high level of Regions with a low level of financial
Policy eglgggr\lga}f deve op%/gn‘f) glons W develo\gme\rllt
In(CE) In(CE) In(CE) In(CE)
0.33%** 0.06 0.36%** 0.03
(4.54) (1.18) (4.34) (0.39)
-4 32%%% 1.39
Urbanization
(-6.64) (1.49)
0.33%** 0.29
In(GDP)
(5.42) (1.72)
0.52%** 0.37%*
In(Population)
(3.57) (2.42)
0.09 0.04
Fuel Price
(0.51) (0.14)
5.78%** -0.29 5.42% %% -0.97
_cons
(129.50) (-0.26) (53.16) (-0.73)
N 102 102 408 408

As shown in Table 6, the mediating effects of the pilot policy, thermal power proportion, and carbon
emissions are elaborated as follows: The pilot policy has a significant inhibitory effect on the proportion
of thermal power in both regions with above-average financial development and those with be-
low-average financial development. Meanwhile, the proportion of thermal power in regions
with below-average financial development has a significantly positive promoting effect on carbon emissions,
whereas in regions with above-average financial development, the promoting effect of thermal power pro-

portion on carbon emissions is only slightly significant. This may be because the environmental constraint
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mechanism for thermal power proportion has weakened in regions with above-average financial development.
Carbon emissions in such regions are composed of multiple industries, and thermal power only accounts for a
small part. Therefore, the impact of thermal power proportion on the increase in carbon emissions is slightly
significant. In contrast, in regions with below-average financial development, carbon emissions from thermal
power account for a major part of total carbon emissions, so the proportion of thermal power can significantly

increase carbon emissions.

The mediating effects of the pilot policy, industrial structure, and carbon emissions are elaborated as fol-
lows: It can be seen from Figure 2 that in regions with above-average financial development, the pilot
policy has a significant promoting effect on the industrial structure, and the industrial structure also has a
slightly significant inhibitory effect on carbon emissions. However, in regions with below-average financial
development, neither the pilot policy on the industrial structure nor the industrial structure on carbon
emissions has a significant impact. This indicates that there is an obvious mediating effect among the three
in regions with above-average financial development, while such a mediating effect is not ob-
vious in regions with below-average financial development. This may be due to the dual regulatory role
of financial development level on policy transmission efficiency and industrial transformation
capacity, as well as the mechanism blockage in financially underdeveloped regions: In finan-
cially underdeveloped regions, zombie enterprises occupy a large amount of credit resources, policy funds
are locked in inefficiently, and there may even be a phenomenon of pseudo-upgrading. The statistically
increased "proportion of the tertiary industry" is essentially the expansion of low-end service industries,

whose carbon emissions per unit of added value are even higher than those of some manufacturing industries.

Table 6 Test of Heterogeneous Mediating Effects Based on Financial Development Level

Regions with a high level of financial Regions with a low level of financial
development development
Industri- Industri-
al Struc al Struc
ture InPyy, In(CE) In(CE) ture InPyj, In(CE) In(CE)
0.07%%%  .0.04%%%  (.10%%  0.09%* 0.03 0.08%** - 0.17%F - 0.18%*
Policy
(4.06) (-5.76) (2.62) (2.42) (0.76) (-6.03) (2.70)  (2.76)
Indu-
stria
1 Str-
Str -0.67* -0.13
ucture
(-1.91) (-1.19)
InPyy 1.76* 0.82%**
(1.94) (4.99)
Cont
| YES YES YES YES YES YES YES YES
1o
N 102 102 102 102 408 408 408 408

As shown in Table 7, in regions with a high level of financial development, the coefficient of "pilot policy *
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industrial structure" is 4.440 with a positive significance, indicating that in such regions, the industrial struc-
ture plays a significant moderating role in the relationship between the pilot policy and carbon emissions.
That is, the higher the level of industrial structure optimization, the more the impact of the pilot policy on
carbon emissions will change. The coefficient of "comprehensive innovation index * pilot policy" is sig-
nificantly positive, suggesting that the comprehensive innovation index also has a significant moderating
effect on the relationship between the pilot policy and carbon emissions. The effect of the pilot policy on car-

bon emissions varies under different levels of the comprehensive innovation index.

In regions with a low level of financial development: the coefficient of "pilot policy * industrial struc-
ture" is 1.625, which passes the test at the 5% confidence level, meaning that in regions with low financial
development, the industrial structure has a significant moderating effect on the relationship between the pilot
policy and carbon emissions. The coefficient of "comprehensive innovation index * pilot policy" is
significantly negative, indicating that the comprehensive innovation index has a significant moderating
effect on the relationship between the pilot policy and carbon emissions, but the direction of moderation is

opposite to that in regions with a high level of financial development.

To sum up, both the industrial structure and the comprehensive innovation index have significant moderat-
ing effects on the relationship between the pilot policy and carbon emissions in both high and low financial
development regions, but there are differences in the magnitude and direction of the moderating effects.

The specific directional differences and their explanations are as follows:

Positive moderation mechanism in high financial development regions: The positive moderation of the
industrial structure coefficient (+4.440) indicates that when a region has a modern financial service system,
the service-oriented transformation of the industrial structure (increased proportion of the tertiary industry)
and the agglomeration of high-value-added industries can significantly amplify the emission reduction effect
of the electricity spot market policy. The underlying mechanism is that a developed financial market
effectively guides capital to low-energy-consuming industries through green credit, carbon financial in-
struments, etc., while supporting the clean transformation of traditional industries. The positive mod-
eration of the innovation index (+3.448) stems from the synergistic effect of innovation factors brought by
financial deepening. Regions with high financial development are often characterized by active venture cap-
ital and mature technology trading markets, enabling technological innovations (such as smart
grids and energy storage technologies) to achieve commercial application faster and strengthening the

technological emission reduction path of the policy.

Differentiated moderation in low financial development regions: The industrial structure coefficient
(+1.625) remains positive but with a weakened effect, reflecting that industrial transformation in underdevel-
oped regions mainly relies on mandatory policy-driven rather than spontaneous market regulation. Due
to the lack of green financial support, the emission reduction effect of industrial upgrading is limited by
the constraints of enterprise technological transformation funds. The negative moderation of the innovation
index (-1.177) reveals the "innovation paradox": when the regional financial foundation is weak, enter-
prise R&D investment may squeeze productive funds, resulting in the inability of short-term energy efficien-
cy improvements to offset the emission increase caused by capacity expansion. A deeper reason is that

low-end innovations (such as partial improvement of coal-fired equipment) may produce a technology
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lock-in effect, which is instead unfavorable to systematic emission reduction.

Table 7 Test of Heterogeneous Moderating Effects Based on Financial Development Level

Regions with a high level of financial Regions with a low level of financial
development development
In(CE) In(CE) In(CE) In(CE) In(CE) In(CE)
Policy 46.84%** -3.40%** -12.63%** 4.45 -1k 3.80%**
(4.13) (-4.006) (-6.83) (1.38) (-2.63) (5.38)
Sustainable
Development -11.09%** -1.02
xPolicy
(-4.11) (-1.34)
Sustainable 0.10 0.1 -0.01 0A47FE L0.49%%  L0.36%
Development
(0.81) (0.88) (-0.02) (-2.77) (-2.60) (-2.32)
Industrial
Structure 4.44%%% 1.63%**
xPolicy
(4.31) (3.17)
Indusrial S0.86*FE L0.86FRE LQ7THRE L0.89%KE L(Q3kkx ] Dk
tructure ' ' ’ ' ' ’
(-12.15) (-12.04) (-10.22) (-4.89) (-5.28) (-6.75)
Innovation o sk
ValuexPolicy 343 118
(6.82) (-5.33)
Innovation 1,07 -1.19%%*
Value ' '
(-5.55) (-5.79)
_cons -3.68% -3.91%* -1.47 4.91%** 4.93%** 6.8 %%*
(-1.96) (-2.01) (-1.17) (3.37) (3.41) (4.45)
N 102 102 102 408 408 408

4.2Heterogeneity in Sustainable Development Level

Based on the average value of the sustainable development level of 30 provinces and cities, the research
samples are divided into two categories: regions with a high level of sustainable development and regions
with a low level of sustainable development, so as to investigate the implementation effect of the electrici-

ty trading pilot policy in regions with different sustainable development levels.

Table 8 shows the benchmark regression results of the two types of regions. It can be seen that the electric-
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ity trading pilot policy has a significant effect on the carbon emission volume in both types of regions. The
electricity trading pilot policy has a stronger effect on the carbon emission volume in regions with a low level
of sustainable development, but the pilot policy has a positive effect on the carbon emission volume in both
types of regions, and both have passed the significance test. After adding control variables, the electricity

trading pilot policy failed the significance test in regions with a high level of sustainable development.

Table 9 shows the mediating effect results of the two types of regions. The results show that the coefficient
of the impact of the pilot electricity trading policy on carbon emissions is significantly positive in regions
with low levels of sustainable development. After the intermediary variable of industrial structure is added,
the influence coefficient of the pilot power trading policy on carbon emissions increases and is still signifi-
cant. There may be other factors that work together with industrial structure to promote carbon reduction.
At this time, the industrial structure plays a partial intermediary role in carbon emission reduction in the re-

gion.

Table 10 shows the moderating effect results of the two types of regions. In regions with a high level of
sustainable development, although the pilot policy has a significant positive impact on carbon emissions, the
impact intensity is significantly lower than that in high-level regions. After adding environmental protection
awareness, the interaction coefficient is -1.443. The first column shows that under the implementation
of the electricity spot market construction pilot policy, for every 1% increase in environmental protection
awareness, the carbon emission volume decreases by an average of 1. 132%. The second column shows that
under the implementation of the electricity spot market construction pilot policy, for every 1% optimiza-
tion of the industrial structure, the carbon emission volume decreases by an average of 0.916%. The third
column shows that under the implementation of the electricity spot market construction pilot policy, for every
1% increase in the comprehensive innovation index, the carbon emission volume decreases by an average of
1.84%.

In regions with a high level of sustainable development, although the pilot policy has a significant pos-
itive impact on carbon emissions, the impact intensity is significantly lower than that in high-level re-
gions. The third column shows that under the implementation of the electricity spot market construction pilot
policy, for every 1% increase in the comprehensive innovation index, the carbon emission volume decreases

by an average of 0.991%.

To sum up, in regions with a high level of sustainable development, it is necessary to promote the simul-
taneous implementation of three measures: "improving environmental protection awareness, optimizing
and upgrading the industrial structure, and increasing the comprehensive innovation index". In regions with a
low level of sustainable development, the focus should be on increasing the comprehensive innovation

index.

Table 8 Benchmark Regression Based on Heterogeneity in Sustainable Development Level
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Regions with a high level of sustainable
development

Regions with a low level of sustainable
development

In(Carbon Emis sion) In(Carbon Emis sion) In(Carbon Emis sion) In(Carbon Emis sion)

(1) (2) (3) (4)
Policy 0.35%** 0.06 0. 10*** 0.40%**
-4.23 (1. 18) -8.78 -4.27
Urbanization 0.49%* 0.73
2.3 -0.79
In(GDP) 0.11 0.34*
-1.46 -1.89
In(Populatio 0.68*** 0.23
-16.46 -1.3
Fuel Price -0.37 -0.12
(-1.41) (-0.46)
cons 5. 15%** 0.14 5.81%** 1.08
-67.94 (0. 12) (56. 15) -0.85
N 272 272 238 238

t statistics in parentheses® p < 0. 10, ** p <0.05, *** p < 0.01

Table 9 Test of Heterogeneous Mediating Effects Based on Sustainable Development Level

Regions with a high level of sustainable

Regions with a low level of sustainable development

development
Industrial InP In(Carbon  In(Carbon  Industrial InP In(Carbon In(Carbon
Structure th Emission)  Emission) Structure th Emission) Emission)
Policy -0.02 -0.04* 0.04 0.04 0.08* -0.01 0.12%* 0.14%**
(-0.18) (-1.79) (1.13) (0.68) (1.82) (-0.69) (2.30) (3.05)
Urbanization 0.01 1.47%%%* 0.11 0.42 -0.16 0.38%*** -2.91%* S2.27%*
(0.05) (4.92) (0.13) (0.41) (-1.32) (3.32) (-2.42) (-2.63)
In(GDP) 0.19%%* Q. 15%%*%  (.39%** 0.32%%* 0.09%* -0.05%* 0.81%%* 0.80%**
(5.51) (-5.68) (3.85) (2.60) (2.53) (-1.76) (9.09) (10.94)
In(Population) ~ -0.39*** 0.09%* -0.16 -0.23 -0.14%%% 0, 12%%F ], 00%** -1.10%**
(-6.64) (2.60) (-1.00) (-0.81) (-4.606) (3.99) (-3.53) (-6.72)
Fuel Price 0.04 -0.04 -0.14 -0.13 -0.25%* 0.11% -0.23* -0.22%%*
(0.37) (-0.70) (-0.99) (-0.67) (-2.90) (2.03) (-2.05) (-2.49)
Industrial _0.49% %% 011
Structure
(-3.20) (-0.39)
InPy;, 0.42 1.53%%*
(1.55) (5.68)
_cons 1.91*** 0.77** 3.81%* 4.25% 224%*%  0.61%* 8.82%** 8.39%*x*
(3.05) (2.28) (2.91) (2.09) (5.50) (-2.83) (5.40) (8.43)
N 272 272 272 272 238 238 238 238

t statistics in parentheses* p < 0.10, ** p < 0.05, *** p <0.01

Table 10 Test of Heterogeneous Moderating Effects Based on Sustainable Development Level

Regions with a high level of sustainable
development

Regions with a low level of sustainable
development
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In(Carbon  In(Carbon In(Carbon In(Carbon In(Carbon In(Carbon

Emission)  Emission) Emission) Emission) Emission) Emission)
(1) (2) (3) (4) (5) (6)
Policy 6.3]%** -1 27 4.26%** 0.26%** 0.25%* 0.22%%*
(5.95) (-8.87) (4.43) (3.45) (2.92) (5.02)
Sustainable
Development — -1.44%** 0.07%**
xPolicy
' (-5.81) (5.83)
Sustainable 0.31%* 0.30%* 0.35%%* 0.16 0.18 -0.02
Development
(2.56) (2.59) (3.40) (0.89) (0.97) (-0.26)
Industrial
Structure 1.70%** 0.37%%*
xPolicy
. (11.12) (4.22)
Industrial 0.77EEE 79k 0,63 %% 0.63 0.45 -0.70%*
Structure
(-17.02) (-15.53) (-17.55) (1.46) (1.08) (-2.28)
Innovation i . sk
ValuexPolicy 1.28 0.08
' (-4.25) (7.51)
Innovation L0.56%%* 107
Value ’ ’
(-4.87) (-12.88)
_cons -1.39 -1.46 -1.82 1.80 1.87 4.67%**
(-1.21) (-1.28) (-1.29) (1.38) (1.41) (5.81)
N 272 272 272 238 238 238

t statistics in parentheses™ p < 0.10, ** p < 0.05, *** p <0.01 (Due to space constraints, the control variables

are not included in the table. They can be obtained from the author upon request.)

5 Conclusions and Policy Recommendations

Through multi-dimensional empirical analysis, this study reveals that the impact of the electricity spot
market construction pilot policy on carbon emissions exhibits significant dynamic effects and regional
heterogeneity characteristics: (1) Dynamic effect mechanism: In the early stage of the policy, the strength-
ening of dependence on thermal power caused by imperfect market mechanisms led to a significant increase
in carbon emissions; however, within the 3-5 year policy cycle, through the synergistic effect of industrial
structure upgrading, low-carbon technological innovation, and the strengthening of environmental regula-
tions, the carbon emission intensity finally decreased. This finding confirms the phased characteristics
of the Environmental Kuznets Curve. (2) Laws of regional heterogeneity: In terms of financial development
level: high financial agglomeration areas significantly inhibit carbon emissions through the service-oriented
industrial structure and technology diffusion effects, while areas with low financial levels show negative
policy spillover due to the thermal power lock-in effect; in terms of sustainable development capaci-
ty: regions with leading sustainable development levels accelerate the emission reduction process relying on
the internalization of environmental protection awareness and the externality of innovation networks; at the
same time, underdeveloped areas need to break through path dependence through technology catch-
up strategies. (3) Core transmission path: Industrial structure optimization constitutes a key mediating

variable. Each 1% increase in its cleanliness can reduce carbon emissions by 0.241%, but each 1% increase
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in the proportion of thermal power will offset the effect of industrial upgrading and lead to an increase in car-
bon emissions by 1.358%. This indicates that the lag in energy structure transformation may form a systemic

resistance to emission reduction.
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