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Abstract: With increasing global attention on carbon emission control, the carbon market has become an
important tool for carbon emission regulation. As an important part of energy trading, the electricity market is
closely related to the carbon market. Given the relative maturity of the EU carbon market and electricity market,
this paper identifies key points of market volatility through the Coupling coordination model analysis, and
uses the GPT large model analysis to analyze policy factors that have a greater impact on carbon market and
electricity market transactions. The research results show that market-regulating policies and expectation
management policies have the greatest impact on the degree of coupling between the carbon and electricity
markets. The impact of secondary policies such as international cooperation policies and structural adjustment
policies is relatively insignificant. Although the development of China's carbon market faces many challenges,
reasonable policy interventions are expected to achieve significant results in the domestic carbon market.
Finally, this paper also draws on analogy analysis to draw corresponding implications for China from the EU's
carbon-electricity coupling policy promulgation.
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1. Introduction

The current Chinese government is committed to the “3060” plan and has been very effective in
building a carbon rights market. On April 24, 2024, the closing price of China's carbon emission
trading market exceeded 100 yuan per tonne for the first time, and the green financial attributes of
carbon emission rights are being recognized by more and more financial institutions. Meanwhile,
China's power generation, distribution and sales account for a large amount of carbon emissions. By
the end of 2022, the cumulative trading volume of carbon emission allowances in the power
generation industry in China's carbon emission rights trading market reached 230 million tons, with
a cumulative turnover of 10.475 billion yuan. The relationship between China's carbon rights market
and power market is becoming increasingly close [1].

However, the differences between the electricity market and the carbon market in terms of
market elements and trading mechanisms have not yet been well coordinated [2]. The electricity
market is a demand-driven market, the trading subject of which is electric energy, and continuous
trading is required according to time periods such as years, months, and days. The carbon rights
market, on the other hand, is a policy-driven market, the trading subject of which is carbon quotas
and their derivatives, which do not have to be continuously traded like the electricity market.

Due to the different characteristics of the markets mentioned above, there are corresponding
deficiencies in the connection between the carbon market and the electricity market. For example, the
relative independence of the market policy systems has prevented the two markets from establishing
close links, and differences in trading methods have prevented the effective transmission of carbon
and electricity prices within a short period of time [3, 4]. At the same time, China's electricity market
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is currently in the process of transitioning from planning to the market, which also has a negative
impact on the transmission of electricity and carbon prices [6-8]. These problems have greatly
constrained the transformation of China's energy system. Therefore, an analysis of the coupling of
China's carbon and electricity markets has become an important research task.

Compared with China's relatively underdeveloped carbon electricity market, the EU's carbon
electricity market construction has entered a more mature stage [9, 10]. Under its highly market-
oriented electricity conditions, power companies can directly incorporate the carbon price into the
cost of power generation and partially or fully transfer it to consumers, combining the carbon rights
market and the electricity market with in-depth price linkage [11]. At the same time, the EU has
adopted the approach of no longer allocating free carbon allowances to power companies, forcing
power companies to compete in carbon market transactions, which enables the electricity market and
the carbon market to develop simultaneously. For China's current carbon electricity market, this
approach is advanced and worth learning from.

Published articles have also analyzed the coupling of China's carbon electricity market. Paper
[12] analyzed the cause-and-effect relationship between the operation of the electricity market and
the carbon market in the Beijing-Tianjin-Hebei region, and obtained a dynamic model of the carbon
electricity market for simulation. Paper [13] focused on Guangdong Province and studied the impact
of the carbon electricity market on the marginal clearing price of Guangdong's electricity trading and
the cost of electricity supply. Unlike previous related articles, this article, based on research on
China's carbon electricity market, also analyzes the EU carbon electricity market. The carbon
electricity markets in the two different regions can be compared, which leads to more targeted
opinions. At the same time, this paper combines the GPT large model to analyze relevant policies.
The use of Allarge semantic models to analyze the impact of relevant policies on the carbon electricity
market is rare before now, which is also an innovative aspect of this paper.

Within the overall framework of introducing the EU carbon electricity market for comparative
analysis, this article will adopt the following structure: First, an overview of the EU's electricity
market and carbon market will be given, introducing the general characteristics of its electricity
market and carbon market. Second, the main analysis part of the article will explain in detail the types
of EU policies, and based on the GPT model, the corresponding effects of various models will be
given. Based on the policy analysis, factors such as the trading volume, unit price, and trading volume
of the carbon electricity market will be used as the main variables to establish positive and negative
correlation models and give the corresponding functional forms of the coupling degree. On this basis,
the validity and rationality of the selected data will be further elaborated, and the results of the carbon
electricity market coupling degree based on the established model will be used to visually illustrate
the impact of various indicators on the carbon electricity market. Based on the results of the analysis
of the factors and coupling degree of the EU market, the article will analyze the corresponding factors
of the Chinese carbon electricity market and the actual coupling of the carbon electricity market, so
as to more specifically obtain the main deficiencies in the current development of the Chinese carbon
electricity market and the types and priority levels of various indicators that need to be improved.
After using the analysis results of the EU carbon electricity market to analyze the Chinese carbon
electricity market horizontally, the article will summarize all the previous content and draw the final
research conclusions.

2. An Overview of Electricity and Carbon Markets in European Union

Section 2 describes the overview of the EU carbon electricity market separately. The EU market
is chosen because of its large carbon electricity market and extremely mature trading mechanism,
which facilitates comparison with the Chinese market in Section 4.

2.1. Electricity Market in European Union

In 2023, the EU's total power generation reached 2,402 TWh. Of this, renewable power accounted
for 44%, with wind power in particular, accounting for 18% of total power generation, surpassing
natural gas for the first time. At the same time, the EU's fossil fuel power generation fell significantly,
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accounting for less than one-third of EU power. And coal power generation was only 333 TWh,
equivalent to 12% of total power generation. This significant change in the energy mix is largely due
to the EU's strong market policies for new energy sources, and the proportion of new energy sources
in electricity generation is expected to rise further [14].

In addition to the EU's improving electricity energy mix, its relatively complete market trading
system and non-uniform pricing system have also brought sufficient vitality to the EU's electricity
market [15].

Long-term and short-term electricity trading coexist in the EU. Among them, once a potential
spot market is formed, long-term trading will naturally develop without political or regulatory
intervention. However, the short-term spot market for electricity is different. Even though the vast
majority of participants are private companies, the development of both the day-ahead hourly
auction market and the intraday spot market has required political intervention or regulatory support.
At the same time, due to the different sizes of the territories of different countries, the sizes of bidding
areas in the spot market vary. This complexity has increased market tension, and changes to price
areas are difficult to implement due to their political sensitivity. Nevertheless, the policy of
combining long-term and short-term electricity trading still ensures the flexibility of the EU electricity
market.

In terms of electricity prices, there is no unified transmission and distribution price system in
Europe, and European electricity prices also differ greatly in terms of structure and absolute value
[16]. Some are based on electricity volume, some on capacity, and some on a combination of the two.
At the same time, electricity prices in different regions of the same country may not be the same. Such
a system brings more uncertainty to the market, but at the same time, cross-border transactions and
competition are also promoted to a certain extent.

The EU electricity market has come a long way since the reforms that began with the gradual
liberalization of the monopoly. Before the introduction of competitive markets in the EU, national or
regional monopolies covered all public utilities, including electricity production, the power grid and
retail. The EU responded with structural reform measures to promote competition, the cornerstone
of which was the separation of competitive and natural monopoly operations: transmission and
distribution are natural monopoly operations, but power generation, trading and the sale of
electricity to customers are classified as competitive operations. Since 1999, competition in the market
has gradually developed, and the openness of the market has also deepened [17]. The implementation
framework of the EU's market opening plan has gradually narrowed from being quite broad at the
beginning to the current EU electricity market.

The current EU electricity market is relatively mature and is even able to actively carry out
foreign trade while meeting the needs of member states [18]. With the further promotion of carbon
peak and carbon neutrality, the EU's power structure is expected to be further improved, and the
trading system of the power market is also expected to further innovate and develop, becoming more
perfect.

2.2. Carbon Market in European Union

The EU electricity market includes 27 member states and 30 countries in total, including Iceland,
Norway and Liechtenstein. More than 12,000 companies and industrial plants with an energy
consumption of more than 20 MW are included in the EU carbon market. At the same time, the EU
carbon market has a wide range of business coverage, including steel, cement, glass, ceramics,
electricity, shipping, etc [19]. Among them, high-emission industries account for about 40% of EU
carbon emissions.

Such a large scale of carbon emissions requires well-regulated carbon trading rules to ensure
compliance. The EU government has adopted a cap-and-trade rule, but it is relatively free. Within
the scope of administrative licensing, companies can sell their carbon allowances or purchase
additional allowances to ensure that their overall carbon emissions are qualified. Under the
government's sampling and supervision, companies commission agencies to conduct annual carbon
emission verifications. If a company's carbon emissions exceed the quota, it will be fined at least 100
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euros per unit of allowance [20]. This relatively standardized trading rule has largely ensured the
stable operation of the EU carbon market.

In practice, however, the initial penalty specifications were not as high as they are now, and
were accompanied by a large number of emission allowances. EU carbon trading has been
developing since 2005, and has gone through roughly three stages before reaching its current state
[21].

In the first phase, from 2005 to 2007, trading only covered the carbon emissions of power
generators and energy-intensive industries, and there were substantial subsidies and a relatively low
penalty price of 40 euros per tonne. The second phase ran from 2008 to 2012, when three countries
outside the EU joined, subsidies were cut, and the penalty price was raised to its current level. This
was followed by the third phase, which ran until 2020, when the different national cap systems were
replaced by a standard EU emissions cap and auctioning was introduced as the default method for
allocating allowances, with more companies and greenhouse gases included. The period from 2021
to the present is the fourth phase, which has been very successful, with regulated emissions from
companies falling by 62% compared to 2005. The new EU Emissions Trading System 2 (ETS 2) was
also introduced [22, 23].

The EU carbon rights market today uses the EU Allowance (EUA) as the unit of trade, with one
unit of EUA equivalent to one metric ton of carbon dioxide equivalent. It is stored electronically in
software. It can be traded on the European Climate Exchange (ECX) or the European Energy
Exchange (EEX), both within individual countries and the EU, which greatly improves the flexibility
of carbon market transactions [24]. In the future, the free carbon allowances of today may disappear
completely, and companies will only be able to obtain carbon allowances through market transactions.
At the same time, in order to further accelerate the “carbon reduction” process, the EU may impose
additional levies on carbon market transactions as an incentive for companies to make greater
contributions to carbon emission reductions and environmental improvements.

3. Coupling Analysis of Carbon and Electricity Markets

Section 3 systematically elaborates on the research content from the following four aspects. First,
Section 3.1 introduces the coupled analysis model. This model can calculate and analyze the time-
series coupling degree of the carbon electricity market, thus providing the coupling degree
fluctuation point for the GPT macro model in Section 3.2. Second, Section 3.2 provides an in-depth
analysis of the policy factors that cause this fluctuation point based on the GPT macro model. Then,
Section 3.3 uses the EU carbon electricity market as an example to conduct a coupling analysis and
verify the practical application effect of the proposed algorithm. Finally, Section 3.4 discusses the
results of the analysis, summarizes the research findings and puts forward relevant
recommendations.

3.1. Coupling Coordination Model

The coupling coordination model is used to measure the level of interaction and coordinated
development between multiple systems. According to the relevant literature [25], the model can
quantitatively calculate the degree of coupling coordination between multiple systems.

For a system xq,x;, %3, ..., Xy, each system has m evaluation indicators. Therefore, the data set
of the i-th systemis x;; ={x;;, X2, ... , Xim}, The weight vector of each system indicator obtained by
the entropy method is w;;.

The data for each system is then standardized to eliminate dimensional effects. Calculate the
standard value of the j-th indicator for the i-th system:

zij =[x — min(xij)] + [max(xij) — min(xij)].

After that, the comprehensive evaluation index U; of each system is calculated. The
comprehensive evaluation index is an indicator that measures the overall performance of each system.
By multiplying the standardized data with the corresponding weight and summing it, a single value
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reflecting the comprehensive performance of the system can be obtained. This index can help
compare the comprehensive performance of different systems.

Ui = ZWU X Zij

Coupling € measures the strength of interactions and synergies between multiple systems. It
reflects the level of interdependence and synergistic development between systems. Coupling is
calculated by taking the ratio of the geometric mean of the synthetic evaluation indices of all the
systems to their arithmetic mean. The formula for calculating Coupling C is as follows.

n . 1
C = (1‘=—1U‘)z

U; is the value for each subsystem, and the standardized result is distributed in the interval
[0,1]. The coupling degree is also in the interval [0, 1]. The greater the coupling degree C, the less
discrete the subsystems are from each other. Conversely, the greater the degree of discrete between
subsystems.

The coupling coordination index T is calculated to reflect the strength of the interaction
between systems or the degree of interdependence between systems. It is an empirical parameter that
is usually determined based on expert opinion, historical data analysis, or model simulation.

n

T=Zai><Ul-

i=1

n
Zai=1
1

where «; is the weight of the i-th subsystem, which is generally set to the same weight.

Coordination degree D is based on coupling degree C and takes into account the regulating
factor of interaction between systems. By introducing the regulating factor T, the coordinated
development level between systems is further refined and adjusted. Therefore, that the interaction
between systems and the state of coordinated development can be more accurately evaluated. The
evaluation criteria for coupling coordination D are shown in Table 1.

D=+VCXT

Table 1. Coupling coordination evaluation criteria.

Coupling coordination Degree of coupling and

Coordination level

degree D value range coordination
[0,0.1) 1 extreme imbalance
[0.1,0.2) 2 severe imbalance
[0.2,0.3) 3 moderate disorder
[0.3,0.4) 4 mild disorder
[0.4,0.5) 5 on the verge of collapse
[0.5,0.6) 6 barely dysfunctional
[0.6,0.7) 7 primary coordination
[0.7,0.8) 8 intermediate coordination
[0.8,0.9) 9 well-coordinated
[0.9,1] 10 high-quality coordination
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3.2. Coupling Analysis Algorithm Based on the GPT Large Model

All figures and tables should be cited in the main text as Figure 1, Table 1, etc.

Coupling degree of

calculation

Identify a coupled
mutation site

v

Policy factor analysis

and classification

Results statistics

and summary

Figure 1. Coupling analysis algorithm process.

3.2.1. Policy Classification

To more accurately reflect the role of various policies in market coupling, the policies
promulgated by the Energy Administration for the carbon electricity market have been reclassified.
Based on the time frame and implementation purpose of the policies, they are divided into two
categories: strategic policies and operational policies. Strategic policies mainly focus on the
management of long-term goals and market expectations, and usually involve long-term planning
and structural changes. Operational policies mainly focus on short-term market stability and
responding to emergencies, and usually involve specific market operations and emergency measures.
Under these two broad categories, strategic policies are further subdivided into four categories based
on the different expected directions of long-term planning and structural change. Operational
policies are further subdivided into two categories based on the different approaches to resolving
unexpected events that the market faces in the short term. The policy categories and their brief
descriptions are shown in Table 2 [26-29].

Table 2. Policy categories and their brief descriptions.

First-level

e . Second-level classification Definition
classification

Intervene directly in the market's
supply-demand relationship and
market-regulating policy ~ price signals, adjust the market's
operating mechanism, and ensure the
market's stability and effectiveness.

Formulate long-term strategies and
goals, clarify policy directions,
Policy expectation management influence market players'
factor strategic policy policy expectations and investment
decisions, and guide the market
towards transformation.

Deep-level reform of market
structures and mechanisms to
promote the transformation and
structural adjustment policy upgrading of the energy and
economic structures and achieve
profound changes in the market and
industry.
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Policy incentives and financial
support promote the development of
clean technologies and the use of

. . . . renewable energy, stimulate
innovation incentive policy L .
technological innovation and
industrial upgrading, and promote a
green transformation of the
economy.

Address the global challenge of
climate change and promote
international cooperation international action to reduce carbon
policy emissions through international

agreements and transnational

operational policy cooperation.

In case of emergency, temporary and
targeted short-term measures should
be taken to deal with sudden
problems and ensure market stability
and energy supply.

emergency adjustment
policy

The specific definitions of each policy and their examples are described in detail below.

1. Market-regulating policy. Adjust the market operating mechanism by directly intervening in
the supply and demand relationship and price signals in the market to ensure market stability and
effectiveness. China: Launch of the national carbon emissions trading market (2021) In July 2021,
China officially launched its national carbon emissions trading market. The power generation
industry will be included first. Through the quota allocation and trading mechanism, the supply and
demand relationship in the carbon market will be directly regulated to achieve a stable carbon price
and effective market operation. European Union: Fourth phase of the EU ETS reform (2021). In 2021,
the EU will implement the fourth phase of the reform of its Emissions Trading System (EU ETS). The
reform measures include tightening the total number of allowances, increasing the emission
reduction target, and introducing a stricter market stability reserve mechanism (MSR) to strengthen
the carbon price signal and promote emission reductions by enterprises. Canada: Federal Carbon
Pricing Backstop Plan (2019) In 2019, Canada implemented the Federal Carbon Pricing Backstop Plan,
which imposes a federal carbon tax on provinces that do not set their own carbon pricing mechanisms.
This policy directly affects the cost of carbon emissions, adjusts market supply and demand, and
encourages a low-carbon transition.

2. Anticipatory management policy. By formulating long-term strategies and goals, clarifying
future policy directions, influencing the expectations and investment decisions of market entities,
and guiding the market towards a low-carbon transition, Japan: 2050 carbon neutrality target (2020)
In 2020, the Japanese government officially announced the goal of achieving carbon neutrality by
2050, and formulated the “Green Growth Strategy” to guide long-term emission reduction planning
for enterprises and society. This goal provides a clear policy signal for market entities and influences
their long-term investment decisions. United States: Clean Power Plan 2035 (2021) In 2021, the Biden
administration proposed the goal of achieving 100% clean electricity by 2035. This goal has set a
direction for long-term investment and development in the energy industry, influenced the
expectations and behaviors of market players, and promoted investment in renewable energy.

3. Structural adjustment policy. Promote the transformation and upgrading of the energy
structure and economic structure through in-depth reforms of market structures and mechanisms,
which involves profound changes in market and industrial structures. Germany: Renewable Energy
Sources Act (EEG) amendment (2021) In 2021, Germany amended the Renewable Energy Sources Act
(EEG) to further increase the target for the proportion of renewable energy in electricity. Accelerate
the transformation of the energy structure, promote the withdrawal from fossil fuels, adjust the
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industrial structure, and achieve low-carbon growth. South Korea: “New Deal for Korea 2.0” (2021)
South Korea released “New Deal for Korea 2.0” in 2021, which includes a green transformation plan
that invests in renewable energy, hydrogen energy and other fields. This policy adjusts the industrial
structure and aims to achieve low-carbon growth and promote the sustainable development of the
economy. UK: Early ban on petrol cars (2020) In 2020, the UK government brought forward the ban
onnew petrol and diesel cars from 2040 to 2030. This accelerates the structural change in the transport
sector and promotes the development of electric vehicles and related infrastructure.

4. Innovative incentive policy. Provide policy incentives and financial support to promote the
development of clean technologies and the widespread use of renewable energy. Promote
technological innovation and industrial upgrading through incentive mechanisms to drive the green
transformation of the economy. Australia: Technology Investment Roadmap (2020) In 2020, the
Australian government formulated the Technology Investment Roadmap, which identifies key low-
emission technology areas and provides funding and policy support to stimulate the development of
clean technologies. This policy aims to reduce the cost of clean technologies and improve their market
competitiveness. United States: Inflation Reduction Act (2022) In 2022, the United States passed the
Inflation Reduction Act, which provides large-scale tax credits and subsidies for clean energy
technologies. This policy encourages the research, development and application of new energy
technologies and accelerates the innovation and industrialization of green technologies.

5. International cooperation policy. Address the global challenge of climate change and promote
international carbon emission reduction actions through participation in international agreements
and cross-border cooperation. New Zealand and Switzerland: Carbon trading cooperation agreement
(2020) In 2020, New Zealand and Switzerland signed a carbon trading cooperation agreement. The
two countries cooperate through the international carbon market mechanism to achieve their
respective emission reduction targets, promote cross-border carbon trading, prevent carbon leakage,
and improve the flexibility and cost-effectiveness of emission reduction measures. Global: Adoption
of the rules for the implementation of Article 6 of the Paris Agreement (2021) At the United Nations
Climate Change Conference (COP26) in 2021, countries agreed on the rules for the implementation
of Article 6 of the Paris Agreement. The adoption of these rules promotes cooperation and integration
of the global carbon market and international cooperation on carbon emission reductions.

6. Contingency adjustment policy. Short-term measures taken in emergencies to deal with
sudden problems. They are temporary and targeted to ensure market stability and energy supply.
India: Emergency electricity supply measures (2021) In the face of power shortages in 2021, the Indian
government urgently adjusted coal supply and power dispatch to ensure power supply during
critical periods. By increasing coal production and optimizing power distribution, the pressure on
energy supply has been eased. European Union: Measures to address the energy crisis (2022) In 2022,
the European Union formulated an emergency response plan in the face of a shortage of natural gas
supplies and soaring energy prices. Measures include setting an energy price cap, implementing
demand-side management and accelerating the deployment of renewable energy to stabilize energy
markets and ensure the energy security of member states. China: Coal supply and price stabilization
policy (2021) In response to the tight power supply and rising coal prices in 2021, the Chinese
government took measures to expand coal production capacity, stabilize coal prices, and ensure
power supply. Through policy intervention, market stability was maintained and the energy needs
of economic development were met.

The effectiveness of the six-category policy classification method was verified by categorizing
the policies promulgated by multiple governments in the past five years that have had a macro
impact on the carbon electricity market. These examples not only enrich the specific content of each
category, but also demonstrate the clarity and applicability of the classification criteria. This
classification method can help policy analysts and researchers in China and around the world better
understand the dynamic changes in global carbon electricity market policies and provide reference
suggestions for future policy formulation and adjustment.

3.2.2. Coupling analysis algorithm process
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In order to reveal the coupling relationship between carbon electricity markets, a coupling
analysis algorithm was established, and the process is shown in Figure 1.

1. Calculate the coupling coordination degree D value. Substitute the pre-processed index data
of the two systems into the coupling coordination degree model. Use statistical analysis software
such as SPSS to obtain the coupling coordination degree D value of the long time series and plot a
trend chart of its change over time.

2. Identify coupled mutation points. Take D=0.4 as the baseline for judgment, analyze the D
value trend chart, identify significant isolated peak points and clusters of peak points, and mark the
time series numbers and corresponding dates of these peak points.

3. Policy factor analysis and classification. Using the GPT model, supervised learning and search
are performed on policy factors that may affect the coupling degree of the carbon electricity market
within one week before the date of each wave peak, and policy factors that lead to sudden increases
in coupling degree are mined and classified according to the policy classification method proposed
earlier.

4. Statistics and summary. Conduct a statistical analysis of the policy factors identified,
summarize the key policy categories that promote increased coupling of the carbon and electricity
markets, and summarize their common characteristics and impact mechanisms.

3.3. Data Pre-Processing

This section describes the data sources related to this article and the specific methods of data
pre-processing.

First, for the coupled objects studied in this paper, there are a total of two market participants,
namely the carbon rights trading market and the spot electricity trading market. Therefore, the value
of n in the algorithm is set to 2. In addition, each system in this paper has 4 evaluation indicators,
namely, daily transaction price, daily transaction volume, daily transaction price volatility and daily
transaction volume volatility. Therefore, the value of m in the algorithm is set to 4. In this paper, the
daily transaction price of the EU electricity market is obtained from Energy-Charts. The data on this
website is based on the official auction results of electricity markets in various countries and is
updated regularly, ensuring the accuracy and timeliness of the data, so it is used in academic research
and market analysis.

3.3.1. Electricity Market Data

The electricity market data in this paper focuses on the day-ahead market, using the average
daily transaction price as the market transaction price. Due to the lack of an authoritative and uniform
formula for calculating the size of the electricity transaction and the transaction price, this paper takes
the load (LOAD) of each time period as the transaction size. In addition, given that the EU electricity
market is conducted on a regional basis, it is more difficult to obtain a uniform price that can represent
the entire EU carbon electricity market. Therefore, the transaction data were processed to calculate
the weighted average price and transaction size across the EU.

First, calculate the turnover size of the electricity market. The load (LOAD) of the electricity
market consists of four components Cross border electricity trading, Nuclear, Non-Renewable and
Renewable.

The average price of electricity is calculated:

For k-th day, the average price P, for all regions can be calculated by the following formula:

5 _ Z%:l P, km
KoM
where Py, is the price of electricity in region m on day k and M is the number of regions
involved in the calculation.

In order to more accurately reflect the overall EU electricity market price level, a weighted

average price W, is used, calculated as follows:
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N J—
z (P, X LOAD,)

W. = m=1
k TOTAL,

Volatility of day k transaction price V,:
Transaction price volatility and transaction size volatility are calculated based on the daily
weighted average price and total load:
W= Wi
pk W,
Here, W), — W,,_; denotes the weighted average price difference between day k and day k —

Volatility of day k transaction size Vji:
LOADy — LOADy_,

Vit = LOAD,

Through the above data preprocessing, the daily weighted average transaction price, the daily
total load, and their respective volatilities of the electricity spot trading market are obtained. These
four evaluation indicators will be used as inputs to the first system for coupling analysis. The
processed data for the four evaluation indicators are shown in Figure 2.
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Figure 2. Electricity market timing data.

3.3.2. Carbon Market Data

The data for the carbon emissions trading market comes from the official website of the
Intercontinental Exchange (ICE). As a world-renowned provider of financial market infrastructure
and trading platforms, ICE's data is real-time and accurate, with historical prices and trading data
covering a rich time span, supporting time series data analysis. In addition, its market data and
trading rules are transparent and suitable for this study. From ICE, you can obtain the daily closing
price and trading volume of the carbon emissions trading market. The closing price is used as the
clearing price, and the trading volume is used as the transaction size to calculate the price volatility
and trading size volatility.

Volatility of carbon rights trading price V,, onday k:

Wer = Wek-1

Wer

where W, is the closing price of carbon emission rights on the kth day.

chk =
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Day k Carbon right trading size Volatility Vyy:
LOAD,, — LOAD,,_,

LOAD
where LOAD is the trading volume of carbon emissiorclkrights on the k-th day.

After data preprocessing, the daily closing price, daily trading volume, and their respective
volatilities of the carbon emission trading market were obtained. These four evaluation indicators
will be used as the input of the second system for coupling analysis. The time series chart of the four
indicators of the carbon market is shown in Figure 3.
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Figure 3. Carbon market timing data.

3.4. Results

The two systems obtained from data preprocessing and their respective four indicators were
substituted into the previously mentioned coupling analysis algorithm. First, SPSS software was used
to process and analyze the data, and the change curve of the coupling coordination degree D value
of the long time series was obtained, as shown in Figure 4.
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Coupling Coordination Degree D Timing Diagram
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Figure 4. Coupling coordination degree D timing diagram.

Subsequently, the D value curve was analyzed using D=0.6 as the baseline for judgment, and it
was found that there were multiple isolated peaks and a cluster of peaks. The time series positions of
these peaks were marked, and the specific dates corresponding to the peaks were determined.

Then, using the GPT large language model, supervised learning and search were performed on
policy information within one week before and after the date of each wave peak point, and the
relevant policies were classified. The dates of the wave peak points and the corresponding policy
factor analysis are shown in Table 3.

Table 3. The dates of the wave peak points and the corresponding policy factor analysis.

Serial — — . .
number Date P, W, Py W D Brief content of the policy
The Market Stabilization Reserve (MSR) was
2015-07- l adopted to remove some carbon allowances and
1 1 T 1 oz
31 regulate the balance between market supply and
demand.
2015-11- Prepare for the Paris Agreement, propos‘e'reforms
2 o4 l ,L T ,L 0.65 to strengthen the carbon market, and anticipate and

manage market changes.
2016-10- The proposed reform of the EU ETS aims to address
3 l l T T 0.64 the problems of market oversupply and low carbon

11 .
prices.
Published the report “Carbon Pricing Status and
2017-05-
4 0 0 105 T T T T 0.82  Trends 2017” to analyze the implementation of

carbon pricing mechanisms around the world.
Published the 2017 Global Carbon Pricing Overview
2017-09- . . .
5 19 T l T l 0.67  report, which pointed out newly implemented
carbon pricing mechanisms.
An agreement was reached on reforming the EU
6 201274;11_ T l, T l, 0.68  ETS, with important adjustments to the market
mechanism.
” 2018-02- T T T l 0.64 Approve the EU ETS reform plan to enhance market
13 flexibility and adaptability.
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A long-term strategy for EU climate and energy
8 2018-12- l l l l 0.65 policy was published, emphasizing the synergies of
18 ' the carbon market and the need for international
cooperation.
Release a draft climate law that sets a target of
2018-12- reducing emissions by at least 55% by 2030 and
9 Tl Tl 069 ! S .
27 improves the coverage of the emissions trading
system.
Initial discussions on the European Green Deal to
2019-10- e
10 14 T T T T 0.67  promote the transition to a green economy and
climate goals.
1 2021-04- T T T T 0.82 Propose follow-up reform§ tc.) the EU FTS to expand
05 the scope of emissions trading.
2021-04- The EU Climate Law was épproyed, estabhsh.mg a
12 06 T T l l 0.76 legal framework for achieving climate neutrality by
2050.
2021-11- Signing of the (%lobal Carbon Market Cooperation
13 01 T T T T 0.66  Statement to discuss the need for carbon market
cooperation.
Initiate capacity-building projects in the carbon
14 2021-11- T l l T 073 market, provide technical éssistance ‘and ﬁn:ar'lcial
02 support, and help developing countries participate
in the international carbon market.
Proposals for reform of the carbon market were
2022-04-
15 022:0 i T l T 0.66 released, emphasizing market stability and

01
transparency.
Publish annual environmental reports to assess the
2022-05- .
16 01 T T T T 0.65 operation and future prospects of the carbon
market.
2022-05 The REPowerEU initiative was launched to reduce
17 05 i l l T 0.60 dependence on Russian energy and develop
renewable energy sources.
-09- 1 with
18 2022-09 l« T T l« 0.60 Propose urgent energy meaISI_Jres to deal with the
20 energy crisis.
2022-12- The latest EU ETS rfepf)rt was released, h}ghhghtlng
19 01 T l l T 0.62  future carbon emission targets and their market
impact.
-01- lish a cli i 1
20 2023-01 T l« l« l« 0.61 Pub ishac imate polilcy' work p an for 2023 and
03 commit to future emission reduction measures.
2023-03 Discuss the link between green bonds and the
21 13 T i i i 0.63  carbon market to encourage the development of

low-carbon technologies.

2023-05- A report on the future development s.tr.ategy of the

22 01 T T T T 0.78 carbon market was released, emphasizing the goal
of achieving emission neutrality before 2030.

2023-05- Discuss enhancing th? 1nteroperab1ht¥ of cross-

23 18 T i T T 0.65 border carbon transactions and promoting market
integration.

2023-08- Publish a carbon n.larket mteg‘rat'lo‘n report and

24 07 T ,L T T 0.62 make recommendations for optimizing the carbon
pricing mechanism.
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Encourage the development of low-carbon
2023-10- .
25 i l l T 0.63 technologies through programs that support

23
renewable energy technologies.
A draft policy for the standardization of cross-
2023-11-
26 07 T l l l 0.62 border carbon trading has been launched to
promote market integration.
o7 2023-11- T T T l 0.61 Extend .emergency energy. measmjes to deél with the
28 impact of the Russia-Ukraine conflict.
28 2023-12- T T l l 0.60 Di.scuss a c.arbon neutr.al policy. framework and
04 increase investment in green infrastructure.
Publish annual environmental and climate change
2023-12- .
29 7 T l l T 0.65 reports, assessing the performance of the carbon
market and recommendations for reform.
30 2024-01- T l l T 0.61 Release the 2024 Climate Policy Framework, which
02 ' sets out the priorities for carbon market reform.
2024-03 Discuss future emission reduction targets and make
31 )8 l l T l 0.65 recommendations to enhance the integration of
international carbon markets.
2024-05- A report on the future development s.tr.ategy of the
32 01 l T l T 0.78 carbon market was released, emphasizing the goal

of achieving emission neutrality before 2030.
33 2024-05- T T T l 0.62 Discuss a green bond policy framej*work to support
09 renewable energy projects.
Publish annual environmental and climate change
2024-05- .
34 29 l T l T 0.64  reports, and assess the operation of the carbon
market and reform proposals.

Furthermore, through in-depth analysis, policy factors that lead to the occurrence of serial wave
peaks were identified and these factors were classified and organized. Finally, a statistical analysis of
the identified policy factors was performed to draw more in-depth conclusions, as shown in Figure
5.

2015-07-31 @
2015-11-24
2016-10-11 1
2017-05-01
2017-09-19
2017-11-24 market-regulating policy 13
2018-02-13
20 European Commission j(())]l:-lliy;
2019-10-14
2021-04-05 1
2021-04-06 |
2021-11-01 expectation management policy 8
2021-11-02
2022-04-01 W
2022-05-01
6 = European Parliament 2022-05-05
2022-09-20

2 . Council of the European Union

international cooperation policy 3

2022-12-01 emergency adjustment policy 3
1 M Forest Trends 2023-01-03
1 Institute for Climate Economics 2023-03-13
2 . COP26 Climate Conference 2023-05-01
. o ” ) 2023-05-18
2 National Governments and Parliaments 9(23-08-07 structural adjustment policy I 3

2023-10-23 W

2023-11-07 |

2023-11-28 W

2023-12-04

2023-12-27 @

2024-01-02

2024-03-28

2024-05-01

2024-05-09

2024-05-29

innovation-ineentive policy I 4
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Figure 5. A statistical analysis of the identified policy factors.

Given that the spike at the peak represents a sudden increase in the coupling degree of the
carbon electricity market, i.e., the degree of coupling of the carbon electricity market has been
significantly improved. Event analysis, case studies and statistical data were used to identify the
policy factors that caused the spike. The key policy factors that can promote the increase in the
coupling degree of the carbon electricity market were summarized. These successful policy
experiences are of great significance for the Chinese government. China can formulate more effective
policy measures based on these policy factors and combined with the characteristics of its own market,
to further promote the coupling development of the carbon electricity market and promote the
sustainable development of a low-carbon economy.

4. Analogical Analysis of the Chinese Market

Among the relevant electricity market policies, market-regulating policies are the most
numerous, issued by the European Council, the European Parliament, the European Commission,
and national governments and parliaments. Moreover, these policies were issued earlier and have a
longer span. Market-regulating policies have been issued since 2015, and there will be follow-up
supplements until July 2024. Next are expectation management policies, which are issued by energy
analysis organizations such as the Institute for Energy Economics Research. At the same time, these
policies have a time span comparable to market-regulating policies. The other four types of policies
are significantly different from the first two in terms of quantity and time span. It can be analyzed
that market-regulating policies and market-planning policies play a major role in maintaining the
coupling of the carbon and electricity markets. To continue to maintain a good coupling of the carbon
and electricity markets, it is essential to continue to promote the release of these two types of policies.

Although China has actively participated in international cooperation activities on green energy,
played an important role in important conferences such as COP26, and participated in many
international cooperation policies, the starting time for China to issue market regulation policies and
market planning policies was much later than that of the EU. In January 2024, the State Council
promulgated the “Interim Regulations on the Administration of Carbon Emissions Trading”, which
came into effect on May 1. This is the first special law in the field of climate change in China. It can
be seen that before this, China's market-regulating and market-planning policies for the carbon
market were basically lacking, and these are the most important policies for coupling the carbon and
electricity markets.

Therefore, improving market-regulating and market-planning policies is currently the most
important task in China in terms of policies to promote the construction of carbon and electricity
coupling. With sufficient and effective policy adjustments, China's construction of carbon and
electricity market coupling is expected to develop further.

5. Conclusions

This paper introduces a coupling coordination model and analyzes various data indicators
obtained from the electricity and carbon markets to obtain relative results of the degree of coupling
between the carbon and electricity markets. Furthermore, the GPT macro model is used innovatively
to analyze the role of policies in the carbon and electricity markets by introducing the type
relationship between the mutation points of the analysis results and the corresponding policies on
the basis of a preliminary classification of policies. The analysis found that market regulation policies
and expectation management policies have the greatest impact on the coupling degree of the carbon
and electricity markets, and the introduction of favorable policies of this kind is more likely to
promote the coupling construction of the carbon and electricity markets. The impact of secondary
policies such as international cooperation policies and structural adjustment policies is relatively
insignificant.

However, at the same time, this paper does not further analyze the underlying reasons for the
impact of carbon market price fluctuations on its trading volume and the impact on the electricity
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market price. This could be a new direction for follow-up research. But overall, this paper's analysis
of the factors influencing the degree of coupling of the carbon and electricity markets is relatively
complete.
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