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Clarifying the key sectors and influencing factors of carbon emissions from energy consumption is an important prerequisite for achieving the “carbon peaking and carbon neutrality” goals. This study calculated the carbon emissions of fuel combustion in 7 major departments and regional electricity trading of Sichuan Province from 2000 to 2021, and empirically analyzed the impact of energy structure effect, energy intensity effect, industrial structure effect, economic development level effect, and population size effect on the carbon emissions of energy consumption based on the LMDI model. The main research conclusions are as follows: (1) LMDI model has the advantages of no residual and high interpretation. By refining the multi-departments of energy consumption and different types of fuel, it is helpful to improve the accuracy of empirical analysis results. (2) The carbon emissions of energy consumption mainly come from the fuel combustion process. Specifically, the industry sector composed of steel, building materials, chemicals and machinery is the key emission sector, and transportation and residential life are also vital. Regional electricity trading can indirectly reduce the intensity of carbon emissions while ensuring the safety of energy supply. (3) From 2000 to 2021, the energy intensity effect and the economic development level effect were key factors in slowing down and promoting the carbon emission growth of energy consumption in Sichuan Province, respectively. The population scale effect mainly played a positive role in driving carbon emissions, but the impact is small and almost negligible. Before 2012, the energy structure effect and the industrial structure effect were mainly positive driving effects, and after 2012, they all turned into negative inhibitory effects. This was mainly due to the low-carbon transformation of energy structure and the optimization of industrial structure.
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1 INTRODUCTION
Climate change has become a major issue related to human survival and sustainable development, with increasing risks such as high temperatures, extreme precipitation, and natural disasters (Capua and Rahmstorf, 2023). The main cause of climate change is greenhouse gas emissions caused by human activities. Once greenhouse gases are formed in the atmosphere, they will change the thermal balance of the earth while capturing solar radiation. Under the influence of solar radiation, more heat enters the earth, which eventually leads to the rising ambient temperature. The frequent occurrence of glacier melting and extreme weather phenomena caused by global warming will lead to increasing casualties and economic losses. This will not only threaten some cities and even countries to disappear from the earth’s surface, but also seriously affect the supply of fresh water and food and human health. Therefore, it is urgent for countries around the world to unite and cooperate to achieve carbon reduction on a global scale (Maher and Symons, 2022). In March 2023, the AR6 Synthesis Report: Climate Change 2023 issued by the intergovernmental panel on climate change (IPCC) further clarified that greenhouse gas emissions from human energy activities are the main cause of global warming. Energy resources are the material foundation of human social progress, and the explosive growth in the development and utilization of fossil fuels has driven a rapid increase in global carbon dioxide emissions (Slameršak et al., 2022). The energy system with fossil energy as the main body contributes significantly to the greenhouse effect, and addressing climate change has become a huge challenge for human society (Huang Y. M. et al., 2023). According to the Statistical Bulletin of National Economic and Social Development in 2023 issued by the National Bureau of Statistics, China’s total energy consumption exceeded 5.72 billion tons of standard coal, of which coal consumption accounted for 55.30% and oil accounted for more than 18%. The stable dominant position of high carbon fossil fuels in the energy consumption structure has led to the continuous exacerbation of issues such as climate warming and ecological environment damage in China (Xu et al., 2024).
As the largest developing country in the world, China has become the first contributor to global carbon emissions since 2009, which has caused the pressure of international climate negotiations and domestic environmental degradation (Ai et al., 2023). During the general debate of the 75th United Nations General Assembly, China proposed that it would strive to reach the carbon peaking by 2030 and achieve the carbon neutrality by 2060. However, China is currently still in a period of economic growth and carbon emission growth, so it is necessary to comprehensively consider the contradiction between carbon emission reduction and economic and social development (Zhang et al., 2023). Meanwhile, addressing climate change is a systematic project that involves various aspects of economic and social development, and it is urgent for all walks of life to face the enormous challenge of greenhouse gas emission reduction together (Zeng et al., 2021). With the implementation of “carbon peaking and carbon neutrality,” the low-carbon transformation of energy has become the key to carbon emission reduction (Yang et al., 2021).
As an important high-quality clean energy base in China, Sichuan Province has unique advantages in natural gas and hydropower resources (Tian et al., 2021). However, its consumption of non-clean energy such as coal and oil products still accounts for more than 60%, and the high-carbon characteristics of energy consumption have brought great pressure to economic and social development and ecological environment protection (Luo et al., 2021). Therefore, it is urgent for Sichuan Province to complete the gradual substitution of clean energy for high-carbon fossil energy and promote the optimization of energy consumption structure under the new pattern of low-carbon development (Liu et al., 2020). With the construction of the Chengdu-Chongqing dual city economic circle becoming a national strategy, it will form an important growth driving force for regional high-quality development (Yi Ding et al., 2023). This will provide new impetus, new paths, and new goals for the creation of a clean energy demonstration province in Sichuan Province, and help solve the important problem of regional low-carbon energy transformation (Pan et al., 2021).
The important premise of scientifically analyzing the key areas of carbon emissions of energy consumption is to accurately construct a carbon emission inventory. Meanwhile, clarifying the differential effects of key influencing factors is an important starting point for carbon emission reduction. Therefore, it is of practical significance to pay attention to the regional carbon emission characteristics and its influencing factors. In this regard, the major contributions of this research are as follows: (1) By systematically investigating the time evolution path of carbon emissions over a long time span from 2000 to 2021, it is helpful to make up for the lack of existing research that mainly focuses on spatial differences. Meanwhile, the indirect carbon emissions during the regional electricity trading was calculated to clarify the responsibility of carbon emissions in Sichuan Province and its surrounding provinces, which was rarely considered in previous research. (2) The basic structural decomposition model does not take into account the impact of different energy users and fuel types. In this study, the original Kaya identity and logarithmic mean divisia decomposition (LMDI) model were expanded and decomposed to consider the multiple departments and energy consumption types related to carbon emissions. This is helpful to optimize the analytical framework of LMDI model in theory, and improve the accuracy of empirical analysis results. (3) As the largest province in the western region, Sichuan Province is an important ecological barrier and water source conservation area in the upper reaches of the Yangtze River, as well as an important high-quality clean energy base in China. Taking Sichuan Province as the research object, it is helpful to explore demonstration paths for the low-carbon transformation of regional energy consumption. Meanwhile, it can guide the energy producing areas to comprehensively promote the implementation of national independent contribution goals from the bottom up based on its resource endowment advantages.
The rest of this paper is structured as follows: The relevant literature review is in point 2. Model and data are introduced in point 3. Empirical analysis results are in point 4. Main conclusions and policy implications are in point 5.
2 LITERATURE REVIEW
2.1 Calculation of carbon emissions of energy consumption
The calculation of carbon emissions from energy consumption is mainly based on the inventory estimation method, which multiplies the consumption of different types of energy by the corresponding CO2 emission coefficients to investigate the carbon emission level. Specific methods can be classified into the following 3 categories.
The first is the general method of calculating by departments, and it adopts a “bottom-up” research framework. Based on the statistics of various types of energy consumption in different industries by departments, it uses the reference emission coefficients proposed in documents such as IPCC guidelines for national greenhouse gas inventories. Li et al. (2022) calculated the carbon emissions of coal, oil and natural gas consumption in Sichuan Province from 2005 to 2019 based on the standard value of carbon emission coefficients issued by IPCC. The results indicated that regional carbon emissions showed a trend of first increasing and then decreasing, and coal consumption contributed the most to the greenhouse effect. Liu and Yan (2022) calculated the carbon emissions of 11 types of energy consumption in Changxing City from 2001 to 2016 based on the carbon emission coefficients proposed in the 2006 IPCC guidelines for national greenhouse gas inventories, and the results showed that the changes in carbon emissions were mainly influenced by industrial energy consumption. Makondo (2023); Köne and Büke (2019) investigated the carbon emission characteristics of fossil energy consumption in Zambia and Turkey respectively by using IPCC inventory algorithm and its reference emission coefficients.
The second is actual method of calculating by departments. This method uses actual emission coefficients measured based on regional and industry characteristics, which is theoretically more accurate. However, due to the externality and complexity of the measurement, it may cause some uncertainty to the calculation results (Minx et al., 2021). ZHAO et al. (2012) constructed a carbon emission inventory accounting framework from a “bottom-up” perspective by combining economic sector classification, and calculated the carbon emission characteristics of China’s energy sector from 2005 to 2009 by using a newly field database of carbon emission coefficients. The results showed that using provincial energy consumption and China’s unique emission coefficients for calculation resulted in higher annual emission calculation values, thus increasing the uncertainty of evaluation. Mitra et al. (2020) calculated the carbon emission characteristics of energy consumption of shipbreaking industry in Bangladesh by combining the emission coefficients of Generation Resource Integrated Database, and the results showed that the carbon emission level of diesel fuel consumption is much higher than that of electricity consumption. Lu et al. (2023) established a database of carbon emission coefficients of construction industry in China, and conducted case analysis from five aspects: energy, manpower, materials, machinery, and green space.
The third is a reference method based on energy apparent consumption, and it adopts a “up-bottom” research framework. This method uses official energy statistical data to calculate carbon emissions of energy consumption, which has simple data requirements and can eliminate the estimation difference caused by statistical caliber on the macroscopic scale (Shamsuzzaman et al., 2021; Chen W. et al., 2023). Zhen et al. (2023) investigated the carbon emission characteristics of energy consumption in Ningxia Hui Autonomous Region based on the natural and socio-economic statistics in 2013, 2016 and 2019. Timofeyev et al. (2020) investigated the carbon emissions of St. Petersburg based on the statistical data at the city level, and compared it with the actual measurement data based on tomography method.
2.2 Analysis of influencing factors of carbon emissions
Existing researches mainly investigate the influencing factors of carbon emissions by using regression analysis method or structural decomposition method.
The regression analysis method mostly uses stochastic impacts by regression on population, affluence, and technology (STIRPAT) model, environmental Kuznets curve (EKC) or spatial regression model as the research framework, and investigates the impact of factors such as population, economy, technology, energy structure, and urbanization rate on carbon emissions based on econometric analysis. Lin et al. (2009) used STIRPAT model to analyze the impact of population, urbanization level, per capita GDP, industrialization level and energy intensity on carbon emissions, and the results showed that the most influential factor is population, followed by urbanization level, per capita GDP and energy intensity. Jian et al. (2023) used STIRPAT model to regress the panel data of 36 cities in the Yangtze River Delta from 2010 to 2021 and analyze the driving factors of carbon emissions. Balcilar et al. (2023) used the STIRPAT model to investigate the effects of natural resource exploitation, population, wealth and trade openness on carbon emissions in 17 African countries from 1971 to 2019. Lv et al. (2023) used STIRPAT model to analyze the differential effects of population, economy and technology factors on carbon emissions in the demonstration area of ecological civilization in China, and the results showed that reasonable population size, economic structure optimization and clean production technology development can help effectively control the regional carbon emission intensity. Narayan and Narayan (2010) investigated the relationship between economic development level and carbon emissions by using 43 developing countries as research samples. The results showed that in the short term, the increase of carbon emissions was synchronized with economic growth, while in the long term, carbon emissions had a downward trend with economic growth, which was in line with the characteristics of EKC. Thio et al. (2021) analyzed the driving factors of carbon emissions in 10 countries, such as the United States, Russia, Germany, Canada, Japan, etc., and investigated the relationship between variables and examined the EKC hypothesis by using panel quantile regression. Noman et al. (2022); Huang et al. (2022); Jiang et al. (2021) respectively verified the EKC hypothesis on carbon emissions of energy consumption in residential life, transportation sector, and power production sector. Xu (2023) used the spatial regression model to analyze the influencing factors of carbon emissions based on the panel data of different regions in Anhui Province before the COVID-19, and the results showed that urbanization rate, economic development level and population size had a significant impact, while the influence of industrial structure was the smallest. Hao et al. (2022) investigated the influencing factors of carbon emissions of animal husbandry based on spatial autocorrelation model and Tobit model, and the results showed that industrial structure, population and farmers’ income level were the incentive factors of carbon emissions, while urbanization and agricultural mechanization level were the inhibitory factors.
The structural decomposition method mainly uses the LMDI model to investigate the quantitative contribution of various influencing factors to the changes of carbon emissions, and Kaya identity is its theoretical basis. Kaya identity is a theoretical model used to decompose the variation of carbon emissions, which holds that the growth of carbon emissions is mainly driven by four factors: population size, economic development, energy consumption intensity and carbon emission intensity (González-Torres et al., 2021). Based on Kaya identity, LMDI model decomposes the changes of carbon emissions during the research period into the contributions of the above four indicators (Xia, 2011). According to research needs, the influencing factors of carbon emission changes have been expanded with the development of empirical research. Meng et al. (2023) decomposed the carbon emission changes of land utilization in 9 provinces of the Yellow River Basin into the contributions of population scale, economic scale, land utilization structure and land utilization efficiency by using LMDI model. He et al. (2022) decomposed the carbon emission growth of thermal power generation industry into the contributions of carbon emission coefficient, energy consumption structure, energy intensity, power structure, power transaction, power loss, power consumption intensity, economic distribution and economic scale. Isik et al. (2020); Akyürek (2020); Dai and Gao (2016); Lin and Kui (2017) respectively decomposed the influencing factors of carbon emissions in transportation sector, manufacturing industry, logistics industry and heavy industry. In the field of carbon emissions from regional energy consumption, Guan et al. (2018); Yang et al. (2020) decomposed the changes of carbon emissions of 3 types of fossil energy consumption in China into the contributions of population size, per capita GDP, industrial structure, industrial energy intensity, energy structure and energy carbon intensity. Peng and Liu (2023) decomposed the changes of carbon emissions of coal consumption into the contributions of carbon emission intensity, energy structure, energy intensity, economic output and population size. Liu Y. X. et al., (2022) decomposed the changes of carbon emissions of urban coal, oil, natural gas, and electricity consumption into the contributions of GDP, industrial structure, energy intensity, population size, urbanization process, per capita energy consumption, and urban-rural energy structure.
So far, the researches on the calculation of carbon emissions of energy consumption and the analysis of influencing factors of carbon emissions have made some progress in theory and practice, but the existing researches have limitations in the following aspects: firstly, the analysis of carbon emission characteristics focuses more on spatial heterogeneity (Feng et al., 2022; Huang L. P. et al., 2023; Liu et al., 2023; Qu et al., 2024; Zhang et al., 2024), which is not conducive to investigating the time evolution track of regional carbon emissions. Meanwhile, existing researches mostly pay attention to the direct carbon emissions caused by energy consumption (Solazzo et al., 2021), thus ignoring the transfer of carbon emission responsibility caused by regional energy allocation. Secondly, when the number of research objects is single or small, the structural decomposition method represented by LMDI model has the advantages of no residual and high interpretation compared with regression analysis method (Li et al., 2018). However, in order to simplify the calculation, many researches have not fully considered the multiple departments and energy consumption types related to carbon emissions when carrying out structural decomposition, thus reducing the accuracy of empirical analysis results (Xin et al., 2021; Abbas et al., 2023; Ren et al., 2023; Wu et al., 2023).
3 MODEL AND DATA
3.1 Calculation method of carbon emissions from energy consumption
3.1.1 Fuel combustion
In the process of energy consumption, fossil fuel combustion is the main source of carbon emissions (Paraschiv and Paraschiv, 2020). The carbon emissions comes from the intentional oxidation process of fuel inside or outside the equipment when providing heat or mechanical work for a certain process (Sadkin et al., 2023), and mainly from the terminal energy consumption of the three major industries and residential life. Referring to the IPCC guidelines for national greenhouse gas inventories, the calculation method for carbon emissions is shown in Formula 1.
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where Cfb is the total carbon emissions of fuel combustion; Qi,j is the physical consumption of the j-th fuel by the i-th department; Nj is the net calorific value of the j-th fuel; Ej is the carbon emission coefficient of the j-th fuel.
3.1.2 Regional electricity trading
In order to clarify the responsibility of carbon emissions in Sichuan Province and its surrounding provinces, it is necessary to calculate the indirect carbon emissions during the regional electricity trading (du Can et al., 2015). Referring to the guideline for the preparation of provincial greenhouse gas inventory (trial) proposed by the National Development and Reform Commission, the calculation method is shown in Formula 2.
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where Cet is the indirect carbon emissions of regional electricity trading; Ap is the difference in electricity transferred in and out of Sichuan province; Q is the average carbon emission coefficient of regional power supply.
3.2 Analysis model of carbon emission influencing factors
3.2.1 Kaya identity and its extension
Scholar Kaya proposed the Kaya identity at the IPCC seminar in 1989 (Tavakoli, 2018), and expressed the changes in carbon emissions as the result of the combined effects of energy consumption, economic development, and population growth. The basic equation is shown in Formula 3.
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where C is the carbon emissions; E is the regional energy consumption; Q is the regional gross domestic product (GDP); P is the population size.
Due to the excellent openness and scalability of Kaya identity, this study extends and decomposes it to consider the multiple departments and energy consumption types (Lyu, 2016). For the macro-level carbon emissions such as provincial energy consumption, the extended Kaya identity is shown in Formula 4.
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where Qi,j is the carbon emissions of the j-th energy by the i-th industry; Ei,j is the consumption of the j-th energy by the i-th industry; Qi is the GDP of the i-th industry.
By further simplifying Formula 4, the Formula 5 can be obtained.
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where CECij = Cij/Eij, which is the ratio of carbon emissions to energy consumption when the i-th industry consumes the j-th energy, indicating the carbon emission coefficient; ECSij = Eij/Ei, which is the ratio of the j-th energy consumption of the i-th industry to the total energy consumption of the i-th industry, indicating the energy consumption structure; ECIi = Ei/Qi, which is the ratio of the total energy consumption of the i-th industry to the industry’s GDP, indicating the energy consumption intensity; ISi = Qi/Q, which is the ratio of the i-th industry’s GDP to regional total GDP, indicating the regional industrial structure; EDI = Q/P, which is the ratio of regional total GDP to regional total population, indicating the per capita wealth; PS = P, which is the regional total population, indicating the population size.
3.2.2 LMDI decomposition model
Combined with the extended Kaya identity, and according to the LMDI model proposed by Ang (Ang, 2005), the comprehensive effects of factors affecting carbon emissions of energy consumption are decomposed into carbon emission coefficient effect, energy structure effect, energy intensity effect, industrial structure effect, economic development level effect and population size effect (Ang, 2015). The decomposition formula is shown in Formula 6. According to the assumption of the IPCC, the carbon emission coefficient of energy consumption will not change with time, meaning that the carbon emission coefficient effect can be ignored.
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where ΔC is the change in carbon emissions of energy consumption from the 0-th year to the T-th year; CT is the carbon emission in the T-th year representing the final stage; C0 is the carbon emission in the 0-th year representing the base stage; ΔCES is the change in carbon emissions caused by changes in energy consumption structure from the base period to the final period; ΔCEI is the change in carbon emissions caused by changes in energy consumption intensity from the base period to the final period; ΔCIS is the change in carbon emissions caused by changes in industrial structure from the base period to the final period; ΔCED is the change in carbon emissions caused by changes in economic development level from the base period to the final period; ΔCPS is the change in carbon emissions caused by changes in population size from the base period to the final period.
The basic equations of contribution values of different decomposition factors are shown in Formulas 7–11 respectively (González-Torres et al., 2021).
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The basic equations of contribution rates of different decomposition factors are shown in Formulas 12–16 respectively.
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Where rES is the contribution rate of changes in energy consumption structure to carbon emissions of energy consumption in Sichuan Province from the base period to the final period; rEI is the contribution rate of changes in energy consumption intensity to carbon emissions of energy consumption in Sichuan Province from the base period to the final period; rIS is the contribution rate of changes in industrial structure to carbon emissions of energy consumption in Sichuan Province from the base period to the final period; rED is the contribution rate of changes in economic development level to carbon emissions of energy consumption in Sichuan Province from the base period to the final period; rPS is the contribution rate of changes in population size to carbon emissions of energy consumption in Sichuan Province from the base period to the final period.
3.2.3 Indicators analysis
Based on the extended Kaya identity and LMDI decomposition model, this study selects the following representative carbon emission influencing factors.
3.2.3.1 Energy consumption structure
The change of energy consumption structure is one of the important reasons for the change in carbon emissions. The proportion of coal and oil consumption in Sichuan Province has been around 60% for many years, and the high proportion of non-clean energy consumption has a direct impact on carbon emission level. Because the carbon emission coefficients of fossil energy is far greater than that of renewable energy, a large amount of CO2 will be produced during its combustion process, which will have great resistance to regional carbon emission reduction. This study selects the proportion of different types of energy consumption to the total energy consumption to represent the current energy consumption structure in Sichuan Province, which is expressed by ECS.
3.2.3.2 Energy consumption intensity
Energy consumption intensity is an economic index used to measure the energy utilization efficiency of a country or region. The lower the energy consumption intensity, the more mature the regional energy utilization technology. Meanwhile, the innovative development of energy technology can significantly improve energy utilization efficiency and reduce the total energy consumption, thus effectively controlling CO2 emission in the energy system. Therefore, energy consumption intensity can be used to reflect the level of regional technological innovation. This study selects the ratio of the regional total energy consumption to the actual GDP (calculated at the constant price of the base period) to represent the current situation of energy consumption intensity in Sichuan Province, which is expressed by ECI.
3.2.3.3 Industrial structure
The mutual transformation among the three major industries and the internal adjustments of each industry will have an important impact on the carbon emission intensity. In the process of economic and social development in Sichuan Province, the secondary industry occupies an important position. However, due to the characteristics of its production process, a lot of fossil energy will be consumed during the daily operations, thus inevitably resulting in a large amount of carbon emissions. This study selects the proportion of output values of different industries in regional total GDP to represent the current situation of industrial structure in Sichuan Province, which is expressed by IS.
3.2.3.4 Economic development level
Per capita GDP is an important reflection of national wealth. With the improvement of people’s living standards, the total energy consumption continues to increase, and its impact on the ecological environment is becoming increasingly significant. However, according to the concept of carbon emission intensity, if the growth rate of GDP exceeds the growth rate of CO2 emissions, the carbon emission intensity will decrease. Therefore, the impact of economic development level on regional carbon emissions is uncertain, and it depends on the relative size of CO2 emission and GDP growth. This study selects per capita GDP to reflect the situation of economic development level in Sichuan Province, which is expressed by EDI.
3.2.3.5 Population size
There is a positive correlation between population size and carbon emissions. The huge population and sustained growth trend are important reasons why China has become one of the largest contributors to greenhouse gases in the world. Therefore, it is necessary to investigate the impact of population size on regional carbon emissions. The population factors mainly affects regional energy consumption and carbon emissions through two modes: “crowd effect” and “civilization effect”. “Crowd effect” means that the larger the population, the greater the demand for energy, and the more CO2 it produces. That is, it has a positive driving effect on carbon emissions. “Civilization effect” means that with the increasing population concentration, the utilization efficiency of urban public infrastructure is improved, and residents’ quality and low-carbon awareness are constantly enhanced, which is helpful to reduce energy consumption and carbon emissions. That is, it also has a negative inhibitory effect on carbon emissions. In summary, the impact of population size on regional carbon emissions is uncertain. This study selects the number of permanent residents at the end of the year to reflect the current population size of Sichuan Province, which is expressed by PS.
3.3 Data source
This study selects Sichuan Province, a demonstration province of clean energy in China, as the research object, and the research period is from 2000 to 2021. CO2 can absorb and release infrared radiation, and is the main cause of the greenhouse effect (Ramos et al., 2024). Therefore, this study mainly calculates CO2 emissions during the process of energy consumption. The calculation scope of terminal energy consumption includes the three major industries and residential life. According to the national standard of the People’s Republic of China “Industrial classification for national economic activities (GB/T 4754–2017),” and China Energy Statistics Yearbook, the division of the three major industries and energy types are summarized in Table 1.
TABLE 1 | Industry division and energy types.
[image: Table 1]The basic data and emission coefficients for calculating carbon emissions of energy consumption, as well as the basic data for analyzing influencing factors, are summarized in Table 2.
TABLE 2 | Data sources.
[image: Table 2]4 EMPIRICAL ANALYSIS
4.1 Analysis of carbon emission characteristics of energy consumption
According to the calculation method of carbon emissions of energy consumption, the carbon emission inventory of Sichuan province is obtained as shown in Table 3.
TABLE 3 | Carbon emission inventory of energy consumption in Sichuan Province from 2000 to 2021 (Unit: 10,000 tons).
[image: Table 3]From 2000 to 2021, the overall carbon emissions of energy consumption in Sichuan Province showed a trend of first increasing and then decreasing. It reached its peak in 2012 and then began to decline year by year, which is consistent with the findings of Li et al. (2022). From 2012 to 2021, the carbon emissions of energy consumption slowed down at an average annual rate of 8.88%, which supported the rapid growth of regional GDP at an average annual rate of 9.43%. Therefore, the carbon emissions of energy consumption and regional economic development began to show a decoupling trend, which agrees with the findings of Chen et al. (Chen L. et al., 2023). This is mainly due to the fact that since 2013, with the prevention and control of air pollution becoming a national strategy, the carbon emission effect of energy activities had been given more attention. Sichuan Province began to carry out the “oil to gas” and “coal to gas” projects in the fields of residential life, industrial production and communications and transportation, and made great efforts to increase the proportion of clean energy in terminal energy consumption. In 2008, the growth rate of carbon emissions of energy consumption in Sichuan Province reached a historic high of 25.92%. The main reason for this phenomenon is that the international financial crisis in 2008 had a negative impact on the economic development of Sichuan Province. Meanwhile, the post-disaster recovery and reconstruction of the Wenchuan earthquake also led to a significant increase in energy consumption of the whole society. A large amount of refined oil products were transferred from outside the province for earthquake relief work, which brought great pressure on regional energy conservation and emission reduction. From 2019 to 2021, the carbon emissions of energy consumption in Sichuan Province showed a fluctuating trend, which was mainly due to the technical bottleneck of further promotion of clean and low-carbon energy utilization, and also affected by black swan events such as the COVID-19 epidemic. Currently, energy activities are still the largest contributor to carbon emissions in Sichuan Province. Regional development depends on a large amount of fossil energy consumption, which has become the bottleneck of low-carbon economic development in Sichuan Province. During the 14th Five Year Plan period, Sichuan Province should take advantage of its resource endowment to embark on a clean, low-carbon transformation and high-quality development path of “reducing coal, stabilizing oil, increasing gas, and vigorously developing new energy.”
The carbon emissions of energy consumption mainly come from the process of fuel combustion. The sector composition of carbon emissions from fuel combustion in 2021 is shown in Figure 1. Specifically, the industry sector composed of steel, building materials, chemicals and machinery is the key sector for carbon emissions of energy consumption, which is consistent with the research result of Wang et al. (2019) based on the perspective of city capital. In 2021, it produced 134.92 million tons of CO2 emissions, accounting for 61.77% of the total carbon emissions from fuel combustion. Therefore, in the process of industrial production, if the proportion of clean energy consumption can be continuously increased through electrification transformation and fuel substitution, it will greatly improve the level of energy saving and carbon reduction in Sichuan Province. Transportation and residential life are also vital in the carbon emission inventory of regional energy consumption. In 2021, they accounted for 14.14% and 13.34% of the total carbon emissions from fuel combustion, respectively. This was mainly due to the continuous promotion of urbanization in Sichuan Province, as well as the lifestyle changes caused by the improvement of residents’ wealth level. Meanwhile, transportation and residential life depended on the consumption of unclean fossil energy such as coal, gasoline and diesel during their daily operation, which inevitably lead to a large number of greenhouse gas emissions.
[image: Figure 1]FIGURE 1 | The sector composition of carbon emissions from fuel combustion in 2021.
Regional electricity trading could indirectly reduce the carbon emission contribution of energy consumption by exporting excess renewable energy generation, and the indirect emission reduction reached 106.82 million tons in 2021, which extends the previous research that did not consider the transfer of carbon emission responsibility caused by energy allocation (Han et al., 2021; Wang et al., 2024). In recent years, Sichuan Province had actively participated in the energy strategy of “Power Transmission from West to East.” Through the export of hydropower, it effectively guaranteed the safety of China’s energy supply and significantly reduced the carbon emission intensity of energy consumption. In this regard, regional electricity export had increased from 4.138 billion kWh in 2000 to 141.630 billion kWh in 2021, and the indirect emission reduction of electricity trade had also increased from 3.02 million tons to 106.82 million tons. This was helpful to promote full lifecycle emission reduction of energy utilization through clean power production. From the perspective of resource endowment, Sichuan Province has numerous rivers and particularly abundant hydropower resources. According to data from the Ministry of Water Resources of the People’s Republic of China, the total amount of water resources in Sichuan Province reaches 220.92 billion cubic meters, ranking third in China only after Xizang and Guangdong. The technical exploitable capacity of hydropower resources in Sichuan Province is about 148 million kilowatts, accounting for 21.29% of the national total. As a result, Sichuan Province has become an important sending end of “Power Transmission from West to East.” By the beginning of 2022, the installed capacity of hydropower in Sichuan Province had reached 88.87 million kilowatts, ranking first in the country. Therefore, during the 14th Five Year Plan period, Sichuan Province should continuously accelerate the construction of ultra-high voltage power grids, improve the peak shaving capacity and strengthen the optimal dispatching operation. Meanwhile, Sichuan Province should effectively promote the priority consumption within the province and the coordinated consumption across regions, and play a leading role to improve the clean and low-carbon utilization of energy in the western region and even the whole country.
4.2 Analysis of influencing factors of carbon emission
Based on the time series data of Sichuan Province from 2000 to 2021, combined with the Kaya identity and LMDI model, this study empirically analyzes the impact of energy consumption structure, energy consumption intensity, industrial structure, economic development level, and population size on the carbon emissions of regional energy consumption. The annual effects during the research period of each influencing factor are shown in Table 4; Figure 2.
TABLE 4 | Decomposition results of influencing factors of carbon emissions from energy consumption (Unit: 10,000 tons).
[image: Table 4][image: Figure 2]FIGURE 2 | Decomposition effect of influencing factors of carbon emissions of energy consumption.
4.2.1 Energy structure effect
According to the decomposition results of the LMDI model, the cumulative contribution value of energy structure effects from 2000 to 2021 is −28.10 million tons, and its average contribution rate to carbon emissions from energy consumption in Sichuan Province is −163.82%. From 2000 to 2012, the impact of energy consumption structure on carbon emissions mainly showed a positive driving effect, and after 2013, it turned into a negative inhibitory effect, which is different from the result of Wang et al. (2022) on the Yangtze River Delta. This is mainly due to the resource endowment advantage of Sichuan province in clean energy such as natural gas and hydropower. The influence characteristics of energy structure effect is consistent with the changing trend that the consumption proportion of unclean fossil energy such as coal and oil in Sichuan Province first increased and then decreased from 2000 to 2021. Energy activities are the main source of greenhouse gas emissions in Sichuan Province. Due to the nature of fossil fuels, the carbon emission coefficients of coal and oil are much higher than that of other types of energy, which inevitably leads to a large amount of CO2 emission during the combustion process. Therefore, it is an inevitable choice for the development of low-carbon economy in Sichuan Province to gradually establish and improve a clean, low-carbon, safe and efficient modern energy system. At present, the inhibitory effect of energy consumption structure on carbon emissions from energy consumption in Sichuan Province is not significant, which is similar to the findings of Guan (Guan, 2023) on Beijing-Tianjin-Hebei region. This is mainly because the energy transformation needs to be completed over a long time span under the constraints of technical level and infrastructure. Therefore, the advantages and benefits of energy structure optimization on regional carbon emission reduction cannot be effectively highlighted in the short term. However, at the same time, Sichuan Province is an important high-quality clean energy base in China. In recent years, relying on the advantages of resource endowment, it has continuously increased the development, promotion and utilization of clean fossil energy such as natural gas, as well as new energy sources such as wind, hydro, and photovoltaic solar energy. The regional energy structure is gradually characterized by cleanliness and low carbonization. In the future, the inhibitory effect of energy consumption structure on carbon emissions from energy consumption in Sichuan Province will gradually increase.
4.2.2 Energy intensity effect
According to the decomposition results of the LMDI model, the cumulative contribution value of energy intensity effects from 2000 to 2021 is −434.25 million tons, and its average contribution rate to carbon emissions from energy consumption in Sichuan Province is −2532.04%. From 2000 to 2021, except for a few years, the impact of energy consumption intensity on carbon emissions showed a significant negative inhibitory effect, which became the key factor to slow down the growth of regional carbon emissions, which is different from the findings of Liu et al. (Liu Y. X. et al., 2022) on Tianjin and Chongqing. The reason for this phenomenon is that the government of Sichuan has attached great importance to energy intensity and is taking active measures to maintain this index, while the rapid growth in energy consumption of the other two municipalities did not appear synchronously when regional GDP increased rapidly. It is worth noting that in addition to the impact of black swan events such as the COVID-19 in 2020, the inhibitory effect of energy consumption intensity on carbon emissions had significantly increased in the three time nodes of 2004-2005, 2009-2010, and 2014-2015. This was mainly due to the acceleration of energy conservation and carbon reduction goals of the 10th, 11th, and 12th Five Year Plans, which indirectly highlights the important correlation between national development strategy and regional emission reduction efficiency. It provides effective support for the continuous implementation of the Five Year Plan in China. In recent years, the energy intensity effect has shown a slowing trend, indicating that there is a certain barrier to the further development of clean and low-carbon energy utilization technology, which is consistent with the findings of González et al. (González et al., 2024) on Spain. During the 14th Five Year Plan period, Sichuan Province should propose more detailed and reasonable plans for the energy sector, focus on strengthening energy technology innovation, and continue to introduce advanced production processes and efficient energy-saving equipments. It is conducive to continuously strengthening the utilization level of new energy while effectively improving the utilization efficiency of conventional energy, and better exerting the incentive contribution of energy intensity effect to carbon reduction of energy consumption in Sichuan Province. Ultimately, it can serve the strategic goal of creating a national clean energy demonstration province.
4.2.3 Industrial structure effect
According to the decomposition results of the LMDI model, the cumulative contribution value of industrial structure effects from 2000 to 2021 is −17.53 million tons, and its average contribution rate to carbon emissions from energy consumption in Sichuan Province is −102.19%, which is contrary to the result of Xiao et al. (Xiao and Peng, 2023) on China. The reason for this phenomenon is that the proportion of primary industry in Sichuan Province is higher than the national level, while the proportion of secondary industry is lower than the national level. From 2000 to 2011, the impact of industrial structure on carbon emissions mainly showed a positive driving effect, and after 2012, it turned into a negative inhibiting effect. This characteristic is basically consistent with the changing trend that the proportion of the secondary industry in Sichuan Province first increased and then decreased during 2000–2021. Among the three major industries, the primary industry dominated by agriculture, forestry, animal husbandry, and fishery had a low energy consumption level and a certain carbon sequestration effect. The secondary industry, which was dominated by industry and construction, generally had the problem of overcapacity. Its energy consumption had a high degree of aggregation, and its carbon emission intensity was significantly higher than that of the other two industries. With the continuous upgrading and adjustment of the industrial structure in Sichuan Province, the proportion of the secondary industry had gradually decreased from 48% in 2011 to 37% in 2021. It had driven the secondary industry development to exhibit a suppressive effect on regional carbon emissions since 2011. The energy consumption level of the tertiary industry, which was dominated by service industry, was relatively small. Before 2012, it mainly showed an inhibitory effect on carbon emissions of energy consumption. However, with the continuous improvement of residents’ quality of life, human beings began to focus on higher quality material and spiritual needs, and drived the continuous increase in energy consumption in the tertiary industry. The impact of the tertiary industry development on carbon emissions of energy consumption begun to show a positive driving effect. With the proposal of the “Chengdu-Chongqing Dual City Economic Circle” strategy, it will further promote the optimization and upgrading of regional industrial structure. The proportion of the secondary industry in the regional economy of Sichuan Province will continue to decrease. Therefore, the inhibitory effect of industrial structure on carbon emissions from energy consumption in Sichuan Province will be further strengthened in the future, which agrees with the findings of Ye et al. (Ye, 2022).
4.2.4 Economic development level effect
According to the decomposition results of the LMDI model, the cumulative contribution value of economic development level effects from 2000 to 2021 is 453.73 million tons, and its average contribution rate to carbon emissions from energy consumption in Sichuan Province is 2645.61%. From 2000 to 2021, the impact of economic development level on carbon emissions all showed a positive driving effect, with the highest contribution value among all influencing factors, which agrees with the findings of Gu et al. (2019) on Shanghai. It had become a key factor to promote the growth of regional carbon emissions. The incentive effect of economic development level was in stark contrast to the inhibitory effect of energy consumption intensity. It was the mutual cancellation of the two effects that prevented regional carbon emissions from showing a linear growth trend with accelerated economic development. After entering the 21st century, with significant changes in the domestic and international economic environment, in order to adapt to the new pattern of low-carbon development and accelerate the transformation towards a comprehensive, coordinated and sustainable economic development mode, Sichuan Province gradually entered the stage of new industrialization. This had led to a steady decline in energy consumption per unit GDP, and the driving effect of economic development level was gradually decreasing. With the proposal of the “Chengdu-Chongqing Dual City Economic Circle” strategy, it will form an important growth pole of high-quality development in the western region. Under the new pattern of low-carbon development, Sichuan Province will constantly change its economic development mode in the future, and improve the quality of development based on the source. Therefore, the driving effect of economic development level on carbon emissions from energy consumption in Sichuan Province will be reduced.
4.2.5 Population size effect
According to the decomposition results of the LMDI model, the cumulative contribution value of population size effects from 2000 to 2021 is 8.99 million tons, and its average contribution rate to carbon emissions from energy consumption in Sichuan Province is 52.43%. From 2000 to 2021, the impact of population size on carbon emissions mainly showed a positive driving role, but the contribution value was small, which is consistent with the result of Liu Z. Y. et al. (2022) on the affected areas of the lower Yellow River. The main reason for this phenomenon is that there were significant differences in the development level among different regions in Sichuan Province. For urban areas, population growth lead to urban expansion, and the construction process of roads and infrastructure was accompanied by a large amount of energy consumption. With the continuous improvement of living standards, people’s consumption scale and habits changed greatly, resulting in a significant increase in carbon emissions. For rural areas, a large number of rural residents had low cultural literacy, low education level, and weak environmental awareness. As a result, in these areas, the green and low-carbon concept and clean lifestyle were difficult to promote, and the implementation of emission reduction measures was not effective. Since the 21st century, the slowdown of population growth caused by the family planning policy had effectively controlled the impact of population size on carbon emissions. However, in recent years, with the gradual aggravation of the aging problem in China, the new three-child birth encouragement policy has been fully implemented. In the future, the positive driving effect of population size on carbon emissions from energy consumption in Sichuan Province will be further strengthened. On the one hand, the expansion of population size will inevitably require more resources to meet people’s production, circulation and consumption needs. As a result, the direct energy consumption and the indirect energy consumption caused by the supply of goods and services increase, and the carbon emissions increase simultaneously. On the other hand, the expansion of population scale has further increased the impact of human beings on the ecological environment. More forest and land resources are invested in production and residential life, thereby weakening the carbon sequestration effect of forest ecosystems. However, judging from the current situation of population growth, after the implementation of the policy of encouraging birth, Sichuan Province did not produce the expected population fluctuation. The regional birth rate had continuously decreased from 11.3% in 2017 to 6.9% in 2021. Meanwhile, with the improvement of residents’ quality, green and low-carbon lifestyles and consumption concepts will gradually take root. Therefore, the likelihood of significant increases in carbon emissions caused by population size effect in the future is small, which is similar to the findings of Jung et al. (Jung et al., 2012) on South Korea.
5 CONCLUSION AND POLICY IMPLICATIONS
This study calculated the carbon emissions of fuel combustion in 7 major departments and regional electricity trading of Sichuan Province from 2000 to 2021, which is helpful to systematically investigate the time evolution path of carbon emissions over a long time span, and consider the transfer of carbon emission responsibility caused by energy allocation. Meanwhile, the impact of energy structure effect, energy intensity effect, industrial structure effect, economic development level effect, and population size effect on the carbon emissions of energy consumption was empirically analyzed based on the LMDI model, which is helpful to guide the energy producing areas to explore demonstration paths for the low-carbon transformation of regional energy consumption. The main research conclusions are as follows: (1) LMDI model has the advantages of no residual and high interpretation. By refining the multi-departments of energy consumption and different types of fuel, it is helpful to improve the accuracy of empirical analysis results. (2) The carbon emissions of energy consumption mainly come from the fuel combustion process. Specifically, the industry sector composed of steel, building materials, chemicals and machinery is the key emission sector, and transportation and residential life are also vital. Regional electricity trading can indirectly reduce the intensity of carbon emissions while ensuring the safety of energy supply. (3) From 2000 to 2021, the energy intensity effect and the economic development level effect were key factors in slowing down and promoting the carbon emission growth of energy consumption in Sichuan Province, respectively. The population scale effect mainly played a positive role in driving carbon emissions, but the impact is small and almost negligible. Before 2012, the energy structure effect and the industrial structure effect were mainly positive driving effects, and after 2012, they all turned into negative inhibitory effects. This was mainly due to the low-carbon transformation of energy structure and the optimization of industrial structure.
Based on the research findings, the following policy implications are proposed: (1) Sichuan Province should take advantage of its resource endowment to embark on a clean, low-carbon transformation and high-quality development path of “reducing coal, stabilizing oil, increasing gas, and vigorously developing new energy,” and give full play to its unique resource advantages of hydropower, wind energy and solar energy. (2) It is necessary to simultaneously improve the utilization level of electricity and natural gas in the residential, industrial and transportation sectors. (3) Technological innovation in the energy field should be strengthened. Based on the West (Chengdu) Science City and China (Mianyang) Science City, it is necessary to focus on promoting scientific research and achievements transformation in key areas such as clean coal production and utilization, carbon capture and storage, unconventional oil and gas exploration, hydrogen energy and fuel cells. (4) Green, low-carbon, recycling and sustainable lifestyles and consumption concepts should be vigorously advocated. Meanwhile, it is necessary to establish a low-carbon price mechanism that efficiently reflects ecological value and environmental cost, so as to realize the large-scale utilization of low-carbon energy and reduce the use cost of clean energy.
This study offers some innovative insights, but it also has significant limitations that may open up new areas for further study. First, it is assumed that the energy combustion efficiency is the same in the calculation of carbon emissions, which increases the possibility of repeated calculation. In the future, the influence of differentiated combustion efficiency can be further considered in combination with experimental results. Moreover, future research can consider combining the LMDI model with spatial econometric analysis model to more comprehensively investigate the regional heterogeneity difference of various influencing factors on carbon emissions.
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