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This study analyzes energy-related carbon emissions in the Yangtze River Economic Belt (YREB) from 2000 to 2022 using regional energy consumption data and IPCC guidelines. The Mann-Kendall trend test and mutation point detection methods are applied to examine emission trends and structural shifts. The Kaya identity and Logarithmic Mean Divisia Index (LMDI) approach are used to decompose the impacts of energy structure, economic activity, population, and energy intensity on carbon emissions across subregions. The results show that since 2000, the growth rate of carbon emissions across the YREB has slowed significantly, with annual growth remaining below 2.5% since 2012. The energy mix has improved, with coal’s share decreasing from 77% to 69%, while natural gas and electricity’s combined share grew from 1% to 4%. Regionally, emissions in the Midstream reaches have peaked and are declining, while the Upstream reaches are nearing their peak. Although the Downstream reaches have not yet peaked, their emission growth has markedly decelerated. Overall, energy intensity and structural optimization have suppressed emissions, while economic growth and population expansion remain the dominant drivers. These findings highlight the need for continued optimization of both energy and industrial structures, with differentiated carbon reduction strategies tailored to each subregion’s unique characteristics and development stages within the YREB.
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1 INTRODUCTION
As human society continues to develop, the ongoing intensification of global warming has led to a rising frequency of extreme climate events—such as floods, heatwaves, and desertification—which increasingly threaten human survival and safety. In particular, carbon dioxide (CO2) emissions from energy consumption accounted for 30.7% of global CO2 emissions in 2022 (Wayth, 2023). Consequently, the mitigation of carbon emissions from energy use has become a focal point of international scientific inquiry. Major global economies have reached a broad consensus on curbing ecological degradation and limiting global temperature rise (Minx et al., 2021).
As the world’s largest energy consumer and carbon emitter, China plays a pivotal role in the realization of global emission reduction targets, including the Paris Agreement and Nationally Determined Contributions (NDCs). China’s commitment to peak carbon emissions before 2030 and achieve carbon neutrality before 2060—commonly referred to as the “dual carbon” goals—will be decisive in meeting these international commitments (Li and Zhang, 2024). According to the Statistical Communiqué of the People’s Republic of China on the 2023 National Economic and Social Development, China’s total energy consumption reached 5.72 billion tons of standard coal in 2022, with coal accounting for 55.3% of the energy mix. This indicates a continued heavy reliance on high-carbon fossil fuels.
The YREB, which spans nine provinces and two centrally administered municipalities along the Yangtze River, crosses China’s eastern, central, and western regions. It is one of the world’s most densely populated, industrially concentrated, and urbanized river basins, and remains one of China’s most dynamic and economically promising regions (He et al., 2025). As a crucial pillar of the national economy, the YREB contributes nearly half of China’s GDP. Its energy consumption and associated carbon emissions have a substantial impact on the country’s overall emissions profile. However, the region increasingly faces challenges related to energy consumption and carbon emissions, which now constitute key constraints on its sustainable development.
Low-carbon development is widely recognized as a strategic pathway to address the region’s environmental and resource constraints, ensure ecological security, and achieve long-term sustainability. In response, the Chinese government has implemented several policy initiatives aimed at promoting green development across the YREB. The 13th Five-Year Plan for National Economic and Social Development emphasized that total energy consumption within the YREB should be capped at five billion tons of standard coal equivalent. More recently, the 14th Five-Year Implementation Plan for the Development of the Yangtze River Midstream Reaches Urban Agglomeration (2022) highlighted the necessity of enhanced interprovincial coordination to facilitate a smooth and effective low-carbon transition across the region.
Given the vast geographical coverage of the YREB and the significant heterogeneity in energy consumption characteristics across its constituent provinces and cities, a detailed analysis of the spatial and temporal patterns of energy-related carbon emissions—and their driving factors—is essential. Such research will not only inform regional policy decisions but also provide critical insights into the broader realization of China’s “dual carbon” objectives.
The remainder of this paper is organized as follows: Section 2 reviews the relevant literature; Section 3 outlines the methodological framework, empirical model, and data sources; Section 4 presents and analyzes the empirical results; Section 5 offers an in-depth discussion; and Section 6 concludes with key findings, policy implications, research limitations, and directions for future study.
2 LITERATURE REVIEW
In recent years, domestic and international scholars have conducted extensive research on the factors influencing carbon emissions using various methodologies. The literature primarily falls into the following three thematic categories:
	(1) Methodologies for Carbon Emissions AccountingIn the context of global climate change, carbon emissions from energy consumption serve as a critical indicator for assessing a country’s overall carbon footprint. Accurate estimation methods have thus garnered significant scholarly attention. Among the numerous methods employed, the input–output method, direct measurement, and emission coefficient approach are most widely used. The input–output method is particularly suited for macroeconomic analyses and policy development, offering actionable insights for governments and enterprises. For instance, Zhu et al. (2012) developed an input–output model to estimate indirect carbon emissions from residential consumption in China, revealing a distinct urban–rural disparity and relatively low per capita emissions compared to Western nations.The direct measurement approach, while accurate in specific contexts, is limited by data availability and the influence of geographic and environmental factors. Nevertheless, it has been applied across multiple domains, including vehicle emissions, industrial machining processes, and agricultural carbon footprints (Li et al., 2015). Wang et al. (2015) proposed a plume-based analysis to identify high-emission vehicles through real-time monitoring in Canada. Amediek et al. (2017) employed a novel airborne lidar system to monitor CO2 and CH4 emissions and quantify major point sources. The emission coefficient method, based on experimental data and emission factors, is straightforward and widely adopted. Hutchins et al. (2017) compared high-resolution fossil-fuel CO2 inventories across the U.S., contributing to the development of spatially explicit databases. Similarly, Fang et al. (2019) used the LMDI decomposition method to estimate the carbon emissions of urban households in Beijing between 2006 and 2016, noting a rapid average annual growth rate of 7.29%. Overall, the IPCC inventory method, a top-down approach, remains widely used due to its simplicity and accuracy for national and regional carbon accounting.
	(2) Spatiotemporal Characteristics of Carbon Emissions. Understanding the spatial and temporal dynamics of carbon emissions is essential for formulating region-specific mitigation strategies. Such studies are typically conducted at national, regional, and urban scales. Nassar et al. (2013) improved the temporal and spatial resolution of global fossil fuel emission datasets, offering weekly and daily insights via satellite data integration. In China, Hu et al. (2015) employed ESDA and GWR models to analyze provincial carbon emissions between 1997 and 2012, identifying significant spatial autocorrelation. Cheng et al. (2023) further examined the spatiotemporal performance of provincial carbon emissions from 2002 to 2018, uncovering an east-to-west decreasing gradien. Other studies have addressed specific spatial dimensions such as river basins (Wang et al., 2021), urban agglomerations (Qian et al., 2022), and ports (Gian et al., 2020). At the sectoral level, Su et al. (2017) analyzed carbon emissions from China’s power sector between 2007 and 2012, identifying a steady upward trend. Xu et al. (2017) conducted an empirical analysis of carbon emissions in 18 central Chinese cities from 2000 to 2014, estimating contributions from fossil fuel combustion and industrial processes. Collectively, these studies suggest that most research has concentrated on national and provincial levels, with limited focus on intra-regional variations and multi-scalar spatial dynamics.
	(3) Driving Factors of Carbon Emissions. Identifying the key drivers of carbon emissions is crucial for designing effective mitigation policies. Numerous studies have empirically examined these factors. Shuai et al. (2017), analyzing panel data from 125 countries between 1990 and 2011 using the STIRPAT model, found that affluence, technological progress, and population size ranked as the dominant drivers, in that order. In a regional study of Xinjiang, Wang et al. (2017) segmented the timeline into three historical periods and identified economic growth and industrial expansion as primary contributors to emissions. Yu et al. (2019) explored the relationship between carbon emissions and resource endowments under environmental regulation, concluding a positive correlation between energy endowment and emissions. Chen et al. (2023) used the LMDI model to decompose the contributing factors to per capita emissions in China from 2011 to 2019, quantifying their individual impacts. Broader analyses have consistently highlighted economic output, population dynamics, industrial structure, urbanization, technological advancement, and environmental regulation as significant determinants (Pan and Guo, 2024; Wang et al., 2025; Li et al., 2024).

Despite the wealth of studies on carbon accounting methods, spatiotemporal trends, and driving mechanisms, several limitations persist. Many existing works focus primarily on national or provincial levels, neglecting multi-scale, cross-regional analyses within economic belts. Moreover, most studies rely on single-method approaches, limiting comprehensive understanding of carbon drivers. In the case of the YREB, prior research has disproportionately focused on either the entire region or specific urban clusters, with insufficient attention paid to upstream–midstream–downstream differentiation.
To address these gaps, the present study investigates the spatiotemporal evolution and driving forces of carbon emissions in the YREB from 2000 to 2022 using a combined Kaya identity and LMDI decomposition approach. Special attention is given to the dynamic evolution of the energy structure and its impact on carbon emissions. The Belt is divided into upstream, midstream, and downstream segments to explore intra-regional heterogeneity, thereby providing empirical evidence to inform region-specific mitigation policies.
This study offers three main contributions:
	(1) This study enhances spatial granularity and emphasizes regional heterogeneity. In contrast to existing literature that predominantly focuses on national or provincial levels, this paper disaggregates the Yangtze River Economic Belt into upper, middle, and lower reaches. It identifies temporal turning points and structural differences in the evolution of carbon emissions, thereby systematically revealing interregional heterogeneity in energy structure transitions and emission-driving mechanisms.
	(2) This study innovatively integrates the Kaya identity with the Logarithmic Mean Divisia Index (LMDI) model. While previous studies often rely on a single decomposition approach—such as STIRPAT or the traditional LMDI framework—this paper embeds the Kaya identity into the LMDI decomposition, enabling a more comprehensive and multidimensional analysis of carbon emission drivers. This integrated approach improves both the systematic nature and explanatory power of the mechanism analysis.
	(3) The study offers differentiated policy implications tailored to regional contexts. Unlike prior research that tends to propose generic emission reduction strategies, this paper develops practical policy recommendations based on disaggregated empirical findings. By considering differences in energy and economic structures across regions, it highlights the importance of coordinated governance and targeted measures under differentiated pathways, thereby enhancing both the feasibility and applicability of policy responses.

3 MATERIALS AND METHODS
3.1 Study area
As the largest river in both Asia and China, the Yangtze River spans across the eastern, central, and western regions of the country, exhibiting diverse topographical features and complex ecosystems. With a total water resource volume of 1.286 trillion cubic meters and 658 nationally designated nature reserves (Zhu et al., 2024), the Yangtze River serves as a crucial biological gene bank and an essential ecological security barrier for China. As shown in Figure 1, the YREB extends across 11 provinces and municipalities, including Shanghai, Zhejiang, Jiangsu, Anhui, Jiangxi, Hubei, Hunan, Chongqing, Sichuan, Yunnan, and Guizhou. Covering a total area of 2.0523 million km2—approximately 21.4% of China’s total landmass—the YREB accounts for over 40% of the national population and economic output. In 2022, the region’s average urbanization rate reached 63.22%, while its total GDP amounted to 55.98 trillion RMB. As one of the world’s largest economic corridors and the most densely populated and industrialized region in China (Miao and Sun, 2020), the YREB exhibits substantial regional diversity in both natural conditions and human activities due to variations in latitude, longitude, and elevation. However, the well-developed agricultural and manufacturing industries require substantial energy consumption, with the total energy consumption in the YREB reaching 1.94×109t in 2022. The extensive consumption of fossil energy in this region has placed significant pressure on China’s carbon reduction efforts.
[image: Map series highlighting China's Yangtze River Economic Belt (YEB). Panel (a) displays China with YEB in yellow. Panel (b) shows a close-up of the same region. Panel (c) categorizes land cover types such as cropland and forest. Panel (d) illustrates upper, middle, and lower regions with municipal and provincial boundaries. Major cities like Nanjing, Wuhan, and Shanghai are marked. A scale bar is included in each panel.]FIGURE 1 | Geographic scope of the study area.3.2 Data sources
This study selects the eleven provinces constituting the YREB as the primary sample. The dataset comprises annual data from 2000 to 2022, including energy consumption, permanent resident population, gross domestic product (GDP), and sector-specific energy use across the primary, secondary, and tertiary industries. All data are derived from provincial Statistical Yearbooks (2001–2023), such as the Shanghai Statistical Yearbook, as well as from the China Energy Statistical Yearbook (2000–2023). Informed by the actual characteristics of energy consumption in the YREB and the availability and continuity of historical data, this study draws upon prior empirical insights to guide variable selection and methodological design (Wang et al., 2024; Tang et al., 2019). Specifically, nine major energy categories—coal, coke, crude oil, gasoline, kerosene, diesel, fuel oil, natural gas, and electricity—are incorporated into the analysis. The carbon content coefficients and standard coal conversion factors for these energy sources are adopted from the 2006 IPCC Guidelines for National Greenhouse Gas Inventories. Missing data, which are relatively minor and sporadically distributed across certain provinces and years, are addressed with targeted imputation strategies. For isolated gaps within time series, linear interpolation based on adjacent years is applied. For entire missing values in specific years for certain provinces, imputation is guided by data from neighboring provinces with similar economic structures and energy consumption patterns.
3.3 Research methodology
3.3.1 Calculation of carbon emissions from energy consumption
The estimation of carbon emissions from energy consumption in this study is based on annual energy consumption data for various energy types across the 11 provinces of the YREB. Carbon emissions were calculated following the methodology outlined in the 2006 IPCC Guidelines for National Greenhouse Gas Inventories (IPCC, 2006). Specifically, this approach provides standardized emission factors and estimation formulas tailored to different categories of energy use and fuel types, ensuring methodological consistency and international comparability in emissions accounting (IPCC, 2006). The corresponding equation employed for quantifying emissions from each type of energy is as follows:
C=∑Ci=∑Qi×Hi×CIco2−i+MCH4−i(1)
CIco2−i=Xi×Yi(2)
Ctotal−i=Hi×CIco2−i+MCH4−i(3)
In Equations 1–3, C represents the total carbon emissions from energy consumption, while Ci denotes the carbon emissions from energy type i. Qi refers to the consumption of energy type i, Hi is the net calorific value of energy type i, CIco2−i represents the carbon dioxide emission factor of the energy source, MCH4−i is the methane carbon emission factor, Xi corresponds to the default carbon content, and Yi denotes the default carbon oxidation factor. Ctotal−i represents the total carbon emission coefficient. The conversion coefficients for different types of energy into standard coal are sourced from the China Energy Statistical Yearbook. The net calorific value, default carbon content, carbon oxidation factor, and methane emission coefficient are derived from the IPCC Guidelines for National Greenhouse Gas Inventories, as referenced earlier. The specific values are presented in Table 1, where the total carbon emission coefficient is calculated using Equation 3.
TABLE 1 | Standard coal conversion factors and carbon emission coefficients.	Energy type	Net calorific value	Default carbon content kg·GJ−1	Carbon oxidation factor	Methane emission factor kg·TJ−1	Total carbon emission coefficient	Standard coal conversion factor
	Diesel	42652 kJ/kg	20.20	1	3	0.86 kg/kg	1.46 kg/kg
	Electricity	3596 kJ/kWh	26.95	1	1	0.10 kg/kWh	0.12 kg/kWh
	Coke	28435 kJ/kg	29.20	1	1	0.83 kg/kg	0.97 kg/kg
	Coal	20908 kJ/kg	25.80	1	1	0.54 kg/kg	0.71 kg/kg
	Kerosene	43070 kJ/kg	19.60	1	3	0.84 kg/kg	1.47 kg/kg
	Gasoline	43070 kJ/kg	18.90	1	3	0.81 kg/kg	1.47 kg/kg
	Fuel Oil	41816 kJ/kg	21.10	1	3	0.88 kg/kg	1.43 kg/kg
	Natural Gas	38931 kJ/m3	15.30	1	1	0.60 kg/m3	1.10–1.33 kg /m3
	Crude Oil	41816 kJ/kg	20.00	1	3	0.84 kg/kg	1.43 kg/kg


3.3.2 Abrupt change analysis of carbon emissions from energy consumption
In this study, the Mann–Kendall (MK) trend test was employed primarily due to its non-parametric characteristics and minimal assumptions regarding the distribution of data. Unlike conventional parametric approaches such as linear regression or the t-test, the MK test does not require the data to follow a normal distribution, making it particularly well-suited for analyzing time series data that may be non-normally distributed, contain missing values, or exhibit outliers (Hamed and Rao, 1998; Ogundele et al., 2022). Additionally, the MK test is robust against outliers and is capable of reliably detecting monotonic trends—i.e., consistent increases or decreases over time—without assuming linearity. These methodological advantages have led to its widespread application in environmental science, climate change, and hydrological research. For instance, Yue et al. (2002) demonstrated the MK test’s high robustness and reliability in handling autocorrelated and non-normally distributed hydrological time series data. Furthermore, the MK test can be integrated with Sen’s slope estimator to quantify the magnitude of detected trends. In comparison, while other non-parametric tests such as Spearman’s rank correlation also serve as tools for trend analysis, they may introduce biases when applied to autocorrelated data. Therefore, considering both the nature of the data and the suitability of different methods, the MK test was selected in this study to identify the change points in carbon emissions from energy consumption within the YREB.
First, for a time series x with a sample size of n, an ordered sequence Sk is constructed. The value of Sk at a given time i represents the cumulative count of instances where the value at time j is greater than that at an earlier time. Assuming Equations 4, 5:
Sk=∑i=1kri k=2,3,⋯,n (4)
ri=+1,xi>xj0,xi≤xj j=1,2,⋯,i(5)
Then, under the assumption that the time series is independently and randomly distributed, the test statistic is defined as follows:
UFk=Sk−ESkVarSk k=1,2,⋯,n(6)
In Equation 6, UF1=0,ESk and VarSk represent the mean and variance of the cumulative sum Sk, respectively. We construct Equations 7, 8:
ESk=nn−14(7)
VarSk=nn−12n+572(8)
The test statistic UFk is computed sequentially based on the time series xx1,x2,⋯,xn. The same method is then applied to the reverse-order time series xn,xn−1,⋯,x1, following the identical computational steps. During this process, the parameters are set such that UBk=−UFk,k=n,n−1,⋯,1,UB1=0. Under the same significance level, if UFk>0 and UBk>0, the time series exhibits an upward trend, whereas if UFk<0 and UBk<0, a downward trend is indicated. When these statistics exceed the significance threshold, it suggests that the observed upward or downward trend is statistically significant. Specifically, if the value of UFk lies above the 0.05 significance level threshold, the upward trend passes the 0.05 significance test. Moreover, if the two curves of UFk and UBk intersect within the critical boundary, the corresponding time point of intersection marks the onset of a structural change.
3.3.3 Analysis of factors influencing carbon emissions from energy consumption
Among existing methodological approaches, econometric regression analysis typically requires large data samples to ensure statistical reliability. However, the factors influencing carbon emissions span across multiple socioeconomic domains, which complicates model construction. When the number of research subjects is limited, the available dataset often fails to meet the precision requirements of econometric models. This leads to low statistical significance for some regression parameters, thereby weakening explanatory power and limiting the broader applicability of the findings (Dong et al., 2018; Zhao et al., 2022). In contrast, structural decomposition analysis (SDA), particularly the Logarithmic Mean Divisia Index (LMDI) method, offers key advantages—such as zero residuals and strong interpretability—which make it especially suitable for macro-level entities such as provinces or municipalities (Sun and Huang, 2022). Nonetheless, the LMDI method is constrained by its mathematical formulation: the decomposed ratios, composed of binary variables, must be clearly attributable to specific socioeconomic indicators. As such, LMDI-based decomposition is typically confined to carbon emissions from energy consumption, ensuring robust correspondence between decomposition factors and measurable socioeconomic variables. In this study, we adopt the Kaya Identity as the theoretical foundation to develop a stepwise LMDI-based model for analyzing the drivers of carbon emissions. Originally proposed by Japanese scholar Yoichi Kaya in the IPCC context, the Kaya Identity establishes a quantitative relationship between carbon emissions and key factors such as population, policy, and economic activity (Kaya, 1983). Its general formulation, shown in Equation 9, allows for wide applicability, conceptual clarity, and empirical measurability. As a result, the Kaya Identity has been extensively applied in studies of low-carbon energy transitions (Lin et al., 2023; Shi, 2021).
C=∑iCiEi·EiE·EGDP·GDPP·P(9)
In Equation 9, A represents the total carbon emissions, B denotes the carbon emissions generated by various energy sources, C indicates the consumption of different types of energy, D refers to the total energy consumption, GDP stands for the gross domestic product, and P represents the total population. This identity facilitates a theoretical understanding of the driving forces behind carbon emissions, but it does not, in itself, possess the capability to quantitatively disentangle the contributions of individual factors.
The carbon emission coefficient of energy is defined as Ai=Ci/Ei, which reflects the ratio of carbon emissions to energy consumption (converted to standard coal equivalent) for each type of energy. The term Bi=Ei/E represents the energy structure. Energy consumption intensity, expressed as E/GDP, also known as energy consumption per unit of GDP, measures the amount of energy consumed per unit of gross domestic product within a specific period for a country or region. This indicator reflects the impact of industrial structure and technological progress. The term GDP/P represents per capita GDP, which indicates the scale of economic growth. Substituting these variables into Equation 9 yields:
C=∑iAiBiDGP(10)
Building upon this, and drawing on the Logarithmic Mean Divisia Index (LMDI) method proposed by Ang (2015), the driving factors of energy-related carbon emissions are decomposed into five distinct effects: (ΔCA) the carbon emission coefficient effect, (ΔCB) the energy structure effect, (ΔCD) the energy intensity effect, (ΔCG) the per capita GDP effect, and (ΔCP) the population effect. In line with the IPCC assumption that the carbon emission coefficients of fossil fuels remain constant over time, the contribution of factor ΔCA is effectively considered to be zero. On this basis, a decomposition model is constructed to quantitatively analyze the determinants of energy consumption-related CO2 emissions, as specified in Equation 11 (Ang, 2015).
ΔC=Ct−Ct−1=∑iAitBitDtGtPt−∑iAt−1 Bit−1Dt−1Gt−1Pt−1=ΔCA+ΔCB+ΔCD+ΔCG+ΔCP (11)
The equation for calculating the change in carbon emissions from energy consumption in the YREB over the study period is expressed as follows: ΔC represents the variation in carbon emissions from the base year (year 0) to the end year (year T); Ct denotes the carbon emissions in the final year T; and Ct−1 signifies the emissions in the base year. The contribution values of different decomposition factors are derived based on the following fundamental equations (Yu and Zhang, 2015; Zhang and Ang, 2001), as presented in Equation 12 through Equation 16. 
ΔCA=∑iCit−Cit−1ln⁡Cit−ln⁡Cit−1lnAItAIt−1(12)
ΔCB=∑iCit−Cit−1ln⁡Cit−⁡ln⁡Cit−1lnBitBit−1(13)
ΔCD=∑iCit−Cit−1ln⁡Cit−ln⁡Cit−1lnDitDit−1(14)
ΔCG=∑iCit−Cit−1ln⁡Cit−⁡ln⁡Cit−1lnGitGit−1(15)
ΔCP=∑iCit−Cit−1ln⁡Cit−⁡ln⁡Cit−1lnPitPit−1(16)
The comprehensive effect ΔC is composed of five key factors: (ΔCA) the carbon emission coefficient effect, (ΔCB) the energy structure effect, (ΔCD) the energy intensity effect, (ΔCG) the per capita GDP effect, and (ΔCP) the population effect. Given that the energy carbon emission coefficient of the same type of energy remains relatively stable over time, the final analysis primarily focuses on the contribution effects of the first four factors.
4 RESULTS AND ANALYSIS
4.1 Temporal characteristics and trends of carbon emissions from energy consumption
First, a multicollinearity test was conducted on total carbon emissions from energy consumption, population, and GDP. The results indicate that the highest variance inflation factor (VIF) value is 1, which is well below the critical threshold of 10. This suggests that multicollinearity is not a significant concern. The regression results of the model are presented in Table 2.
TABLE 2 | Collinearity diagnostics for population, GDP, and total carbon emissions from energy consumption.	Variable	Unstandardized coefficients	Standardized coefficients	t	P	Collinearity diagnostics
	B	Standard error	Beta	VIF	Tolerance
	Population	0.015	0.001	0.923	10.172	0**	1	1
	GDP	20.9	1.717	0.944	12.172	0**	1	1


Dependent variable: Carbon emissions from energy consumption.
By calculating key indicators such as the total carbon emissions from energy consumption, growth rate, carbon emissions per unit of GDP, and per capita carbon emissions from energy consumption in the 11 provinces of the YREB from 2000 to 2022, several notable trends emerge. As shown in Figure 2a, both the total carbon emissions from energy consumption and per capita emissions exhibit a fluctuating upward trend. The cumulative total carbon emissions from energy consumption reached 203.92×108t, with an overall increasing trajectory—from 4.09×108t in 2000 to 11.34×108t in 2022. Similarly, per capita carbon emissions rose from 0.74 t/person to 1.87 t/person, marking a 2.5-fold increase over the past two decades.
[image: (a) Line graph showing carbon emissions per GDP energy consumption and carbon emission growth rate from 2000 to 2022. Emissions generally decrease, while growth rate fluctuates. (b) Line graph depicting carbon emissions and per capita energy consumption-related carbon emissions from 2000 to 2022. Both show a rising trend.]FIGURE 2 | Trends in energy consumption and carbon emissions in the Yangtze river economic belt from 2000 to 2022. (a) Total and per capita carbon emissions from energy consumption. (b) Growth rate and carbon emissions per unit GDP from energy consumption.However, as illustrated in Figure 2b, the growth rate of carbon emissions has shown a significant decline during this period. Between 2000 and 2022, the average annual growth rate of carbon emissions across the YREB remained at 4.40%. Nevertheless, since 2012, this rate has been effectively controlled below 2.50%, with 5 years experiencing negative growth. From 2012 to 2022, the average annual growth rate further declined to 0.4%. Notably, carbon emissions per unit of GDP have also exhibited a significant downward trend, decreasing from 1.01 t/10,000 yuan in 2000 to 0.21 t/10,000 yuan in 2022. This trend aligns with China’s 14th Five-Year Plan, which emphasizes reducing carbon emissions per unit of GDP. Looking ahead, economic development will no longer rely solely on high energy consumption and high carbon emissions but will instead transition toward clean and low-carbon energy sources, driving industrial restructuring.
Significant regional disparities in both the total volume and proportional contributions of energy-related carbon emissions are evident across the Upstream, Midstream, and Downstream reaches of the YREB. As illustrated in Figure 3a, from 2000 to 2022, the spatial distribution of energy consumption-related CO2 emissions across the YREB exhibited a distinct gradient, characterized by the pattern: Downstream reaches > Upstream reaches > Midstream reaches. Notably, the Downstream reaches—comprising provinces such as Jiangsu, Zhejiang, and the municipality of Shanghai—have consistently accounted for over 50% of the region’s total emissions. This dominance is primarily attributed to their advanced economic development, high levels of industrialization and urbanization, and the concentration of energy-intensive industries. While efforts in energy structure optimization and technological innovation have yielded some progress in recent years, the sheer scale of economic activity in the Downstream reaches has kept aggregate emissions persistently high (Shao et al., 2025). In contrast, the Upstream reaches—covering regions such as Sichuan, Chongqing, and Yunnan—witnessed a rapid surge in emissions between 2000 and 2012, coinciding with accelerated economic growth. However, since 2013, the growth rate of carbon emissions in these areas has moderated, reflecting the effectiveness of national energy conservation and emissions reduction policies (Hu et al., 2024). The Midstream reaches—comprising Hubei, Hunan, and Jiangxi—remain in a phase of economic transition. The continued reliance on traditional industries and relatively low energy efficiency have resulted in stable but persistently high carbon emission levels that have proven difficult to reduce substantially (Liu and Hao, 2022).
[image: Two stacked bar charts from 2000 to 2022. Chart (a) shows percentage distribution of Downstream, Midstream, and Upstream categories. Chart (b) details regional contributions from Shanghai, Jiangsu, Zhejiang, Anhui, Jiangxi, Hubei, Hunan, Chongqing, Sichuan, Guizhou, and Yunnan.]FIGURE 3 | Total energy consumption-related carbon emissions and their contribution ratio across the upstream, midstream, and downstream regions of the Yangtze River Economic Belt, as well as among the 11 provinces. (a) Up/mid/downstream energy consumption emissions and contribution. (b) Total carbon emissions and contribution ratio from energy consumption in 11 province.Figure 3b further illustrates that, between 2000 and 2022, Jiangsu, Shanghai, and Zhejiang collectively contributed nearly 40% of the YREB’s total energy-related carbon emissions. Among them, Jiangsu’s emissions have continued to rise, driven by a high proportion of heavy and chemical industries, a coal-dominant energy structure, and a strong reliance on thermal power generation—factors that have consistently placed the province among China’s top emitters (Sun, 2024). Conversely, Shanghai has demonstrated a gradual decline in emissions, attributable to a restructured industrial base, significant improvements in energy efficiency within key sectors, and sustained reductions in coal consumption (Shanghai Municipal People’s Government, 2022). Beyond these core contributors, Sichuan, Hubei, Hunan, and Anhui also exhibit notable emissions levels, while provinces such as Jiangxi, Yunnan, Guizhou, and Chongqing make relatively minor contributions to the regional total. Sichuan, in particular, experienced a decline in emissions between 2000 and 2010, largely due to its substantial reliance on hydropower and increased investments in clean energy development. However, the ongoing industrialization and economic expansion in less-developed southwestern provinces such as Yunnan, Guizhou, and Chongqing have resulted in a recent upward trend in carbon emissions.
4.2 Mann-Kendall trend analysis and abrupt change detection
As shown in Figure 4, the intersection of the UF and UB curves is approximately around the year 2007. The area above the critical line following this intersection marks the onset of a significant change in trend.
[image: Line graph showing UF and UB trends from 2000 to 2022. The green line (UF) starts near zero, steadily rises, and gradually increases from 2009 to 2022. The red line (UB) begins near six, declines sharply, and continues to decrease with fluctuations, ending below one in 2022.]FIGURE 4 | Mk trend analysis and abrupt change detection of carbon emissions from energy consumption in the Yangtze river economic belt.Based on these findings and in conjunction with national policies, the total carbon emissions from energy consumption across the YREB from 2000 to 2022 can be divided into three distinct phases: rapid growth, decelerated growth, and stabilization.
The period from 2000 to 2006 represents the rapid growth phase. During this stage, total carbon emissions from energy consumption in the YREB increased by 100 metric tons, with an average annual growth rate of 9.64%, surpassing the national average of 7.86% (Liu et al., 2021). This period witnessed the fastest increase in carbon emissions from energy consumption. The rapid advancement of industrialization across the provinces along the Yangtze River led to a sharp rise in energy-related carbon emissions, characterized by a development model of “high input, high consumption, high emissions, and low efficiency” (Jiang, 2011).
The period from 2007 to 2011 marks the phase of decelerated growth. During this stage, the growth rate of total carbon emissions from energy consumption began to slow, with the average rate declining to 6.92%. This trend closely aligns with the energy conservation and emission reduction policies implemented during China’s 11th Five-Year Plan period (2006–2009). As a result, energy consumption growth moderated, and carbon emissions exhibited a more gradual upward trend.
The period from 2012 to 2022 represents the stabilization phase. During this time, the total carbon emissions from energy consumption in the YREB increased from 10.84×108t in 2012 to 11.34×108t in 2022, with a growth rate of only 0.40%. In November 2012, the 18th National Congress of the Communist Party of China incorporated ecological civilization into the overall framework of socialism with Chinese characteristics, known as the “Five-Sphere Integrated Plan.” During this phase, the government introduced a series of energy conservation and emission reduction policies, which yielded significant results. Notably, from 2012 to 2015, the YREB experienced four consecutive years of negative carbon emissions growth, highlighting the positive impact of policy-driven advancements in renewable energy and high-tech industries.
It is worth noting that the YREB Development Plan was officially released in 2016. However, the turning point in carbon emission trends emerged around 2011. This suggests that prior to the formal implementation of the coordinated development strategy of “one axis, two wings, three poles, and multiple nodes,” earlier national policies had already played a crucial role in influencing carbon emissions.
4.3 Regional disparities in carbon emissions and energy structure
By calculating the carbon emissions, energy structure, and carbon emissions per unit of GDP for the entire YREB as well as its Upstream, Midstream, and Downstream reaches, the results are presented in Figure 5. Overall, coal remains the dominant energy source for carbon emissions in the YREB, although the energy structure has been gradually improving. Specifically, the share of coal in total carbon emissions initially increased before declining, while the proportion of carbon emissions from oil exhibited a fluctuating upward trend. Meanwhile, the shares of carbon emissions from natural gas and electricity consumption have increased. From 2000 to 2022, the proportions of carbon emissions from coal, oil, natural gas, and electricity shifted from 77%, 19%, 0%, and 1%–69%, 26%, 1%, and 3%, respectively.
[image: Four bar graphs depicting energy consumption and carbon emissions from 2000 to 2022 for All-domain, Upstream, Midstream, and Downstream sectors. Each graph shows energy types, including coal, coke, crude oil, gasoline, and others, with a green line indicating carbon emissions per unit of GDP energy consumption.]FIGURE 5 | Carbon emissions from various energy sources and carbon emission intensity per unit of GDP in the Yangtze River Economic Belt and its upstream, midstream, and downstream reaches (2000–2022).The Upstream, Midstream, and Downstream reaches of the YREB are at different stages in the implementation of the “dual carbon” goals, namely, carbon peaking and carbon neutrality. In terms of both carbon emissions from energy consumption and energy consumption structure, the Upstream and Midstream reaches exhibit a trend of “first rising, then declining” carbon emissions.
In the Upstream reaches, total carbon emissions from energy consumption increased from 1.06×108t in 2000 to a peak of 2.98×108t in 2012, followed by a fluctuating decline, reaching approximately 2.84×108t in 2022. This decline indicates a progressive transition from fossil fuels to cleaner energy sources, with a notable increase in the use of electricity and natural gas. The region is gradually approaching its carbon peaking target.
Similarly, in the Midstream reaches, carbon emissions from energy consumption rose from 0.96×108t in 2000 to 2.78×108t in 2011 before decreasing to 2.50×108t in 2019. During this period, significant reductions in coal and coke emissions were observed, accompanied by a substantial increase in electricity and natural gas consumption, leading to an optimized energy structure. The Midstream reaches have already achieved carbon peaking and are on track to meet the dual carbon targets ahead of schedule.
In contrast, the Downstream reaches exhibit the highest carbon emissions from energy consumption, reaching 5.99×108t in 2022—more than twice the levels observed in the Upstream and Midstream reaches. As a key driver of China’s economic growth, this region is characterized by rapid urbanization, high population density, and a concentration of industrial activities. In particular, Jiangsu Province hosts a substantial share of heavy industry and energy-intensive sectors, which require large amounts of energy to sustain production, thereby contributing significantly to carbon emissions.
Despite active efforts in recent years to promote industrial upgrading and transformation, historical accumulation and industrial inertia continue to sustain high emission levels. Although the growth rate of coal and coke-related emissions has gradually slowed, and the consumption of electricity and natural gas has steadily increased, the Downstream reaches have not yet reached their carbon emission peak. Nevertheless, the significant decline in the carbon emission growth rate suggests that the region has made substantial progress in adopting cleaner energy sources and advancing carbon reduction initiatives.
Increasing the proportion of low-carbon energy sources such as natural gas and primary electricity is an effective pathway for emissions reduction. Additionally, the development of clean coal technologies is crucial for China’s emissions reduction strategy. China’s energy resource endowment is characterized by abundant coal, limited oil, and scarce natural gas, with coal reserves accounting for 94% of total fossil fuel resources. In contrast, China’s reliance on imported natural gas exceeds 40% (Yuan et al., 2014). Given the current international geopolitical landscape, a substantial increase in natural gas consumption may undermine energy security and supply stability. At the same time, renewable energy sources such as wind and hydropower exhibit intermittency, randomness, and fluctuations, making them difficult to completely replace coal-fired power in the short term. Therefore, coal remains essential for ensuring energy security and grid stability. The relationship between renewable energy and traditional fossil fuels should not be viewed as a simple substitution but rather as a complementary and synergistic system (Lyu and Chai, 2022). While advancing the development of clean coal, upgrading coal production and utilization technologies to enhance coal efficiency is a crucial emissions reduction strategy.
Carbon emissions per unit of GDP (carbon intensity) serve as a key indicator of a region’s contribution to emissions reduction alongside economic development. As shown in Figure 5, the carbon intensity of the entire YREB decreased from 1.01 t per 10,000 yuan of GDP in 2000 to 0.2 t per 10,000 yuan in 2022, reflecting an 80.2% reduction. The Upstream reaches exhibited the lowest and fastest decline in carbon intensity, decreasing from 1.00 t per 10,000 yuan to just 0.12 t per 10,000 yuan. The Midstream reaches experienced a reduction from 1.05 t per 10,000 yuan to 0.19 t per 10,000 yuan, while the Downstream reaches saw a decrease from 0.91 t per 10,000 yuan to 0.21 t per 10,000 yuan. The most significant reductions occurred in western provinces within the Upstream reaches, such as Sichuan, Chongqing, and Guizhou. These provinces possess abundant energy resources and have benefited from national industrial policies and ecological protection initiatives, shifting away from economic development at the expense of environmental degradation. Furthermore, since 2013, national policies promoting ecological civilization have accelerated the adoption of clean energy sources such as wind and natural gas in Guizhou and Chongqing as part of pilot projects for ecological development (Liu et al., 2017; Lu et al., 2018). Overall, the YREB has experienced rapid economic growth alongside a continuous decline in carbon intensity, significantly reducing its dependence on energy consumption.
4.4 Analysis of factors influencing carbon emissions
Based on the Kaya identity, the factors influencing carbon emissions from energy consumption are decomposed into population, per capita GDP, energy intensity, energy structure, and the carbon emission coefficient of energy consumption. The trends of population, per capita GDP, energy intensity, and the carbon emission coefficient of energy consumption are illustrated in Figure 6.
[image: Two line charts from 2000 to 2022. Left chart: Red line shows number of permanent residents rising, and green line shows per capita GDP also increasing. Right chart: Green line depicts the energy carbon emission coefficient slightly decreasing, while the red line shows energy consumption intensity declining more noticeably.]FIGURE 6 | Trends of factors influencing carbon emissions from energy consumption.As shown in Figure 6, between 2000 and 2022, both the total population and per capita GDP of the YREB exhibited a steady upward trend, indicating rapid economic growth alongside population expansion. A long-term cointegration relationship exists between total carbon emissions from fossil energy consumption and GDP (Zhao et al., 2021). Studies suggest that absolute CO2 emission reductions can only be achieved when the GDP growth rate is Downstream than the decline rate of carbon emissions per unit of GDP (He and Liu, 2004). From 2000 to 2022, the annual average decline rate of carbon intensity (carbon emissions per unit of GDP) in the YREB was 3.5%, which remained Downstream than the annual GDP growth rate, indicating that absolute carbon emission reductions have not yet been realized.
Energy intensity, an indicator of energy utilization efficiency, decreases as energy efficiency improves. The carbon emission coefficient of energy consumption is defined as the ratio of carbon emissions to energy consumption (measured in standard coal equivalent). For a given energy type, this coefficient remains constant over time. However, when multiple energy sources are considered, the total carbon emission coefficient is calculated as the ratio of total carbon emissions to total energy consumption (in standard coal equivalent). As illustrated in Figure 6, energy intensity across the YREB has shown a consistent decline, reflecting improvements in energy efficiency. Meanwhile, the overall carbon emission coefficient of energy consumption has exhibited a fluctuating downward trend, suggesting effective control of energy demand driven by economic development.
To further analyze the contributions of different factors to carbon emissions, the Logarithmic Mean Divisia Index (LMDI) decomposition method was applied to evaluate the annual effects of influencing factors on energy-related carbon emissions in the YREB and its upstream, midstream, and downstream regions from 2000 to 2022. The results are presented in Figure 7, where energy intensity specifically refers to energy consumption intensity.
	(1) Population Scale Effect. Between 2000 and 2022, population factors have played a generally positive role in the variation of carbon emissions within the YREB. However, the impact’s intensity and trends differ significantly across regions. On a regional scale, the cumulative contribution of population factors has been positive in most years, especially peaking in 2011 and 2012, indicating that population growth had the most pronounced effect on carbon emissions during this period. The Midstream and Downstream reaches of the river show a more stable positive driving trend, while the Upstream reaches exhibit more volatility, with some years even showing negative contributions, such as in 2001 (−0.51), suggesting that in certain periods, population changes in these areas had a mitigating effect on carbon emissions. From a regional perspective, the Downstream reaches experienced the most concentrated carbon emission pressures due to population growth, particularly in 2011 and 2013. This reflects the typical association between population growth and expanded consumption, as well as increased energy demand, especially under the rapid urbanization context, where the growing demand for transportation, construction, and electricity significantly boosted energy consumption (Zhao and Lu, 2019). This analytical result is consistent with the findings of Zhou et al. (2025), who examined the carbon emission drivers and peak forecasts in the Yangtze River Economic Belt. In the Midstream reaches, the population contribution remained relatively low but steadily increased, reflecting the synchronicity between industrial development and population agglomeration. In the Upstream reaches, although there has been certain population growth in recent years, the region’s limited base and sDownstream urbanization process have resulted in a weaker driving effect on carbon emissions. At the same time, it is important to note that in recent years, increased low-carbon awareness and a slowdown in population growth have contributed to a decelerating effect, especially in the Downstream reaches, where the promotion of green lifestyles and energy-saving technologies has led to a deceleration in per capita carbon emissions growth.
	(2) Economic Development Effect. Economic development, represented by per capita GDP, is one of the core driving factors of carbon emission growth in the YREB. This factor has shown a strong positive effect almost every year since 2000, with significant peaks in 2010 and 2011, reflecting the direct driving force of rapid economic growth on energy demand and carbon emissions. This trend is evident across all three regions, with the Upstream reaches showing the most substantial marginal driving effect, with per capita GDP contributing 36.40 and 40.53 in 2010 and 2011, respectively. In the Midstream reaches, the concentration of energy-intensive industries due to industrial transfer contributed strongly to carbon emission growth, with similar trends in 2010 and 2011. In the Downstream reaches, despite the larger economic scale and more developed infrastructure, the promotion of per capita GDP on carbon emissions remained steady but weaker compared to the Midstream reaches. Overall, the increase in carbon emissions in the YREB is closely related to regional economic expansion, the rise in the proportion of heavy industries, and the increase in transportation and logistics. According to Jiang et al. (2017), in their analysis of provincial-level carbon emissions in China, per capita GDP was found to be the strongest explanatory factor for carbon emission growth, particularly during the early stages of economic development. Additionally, this driving effect tends to slow down in the later stages of industrialization, suggesting the potential for a transition from “high-carbon growth” to “low-carbon growth.” From the perspective of development economics, the increase in carbon emissions driven by economic growth represents the early stage of the “Kuznets Curve,” where pollution increases with rising income before decreasing.
	(3) Energy Intensity Effect. Energy intensity factors have shown a consistent and strong negative suppressive effect in the LMDI decomposition. Data across the region indicate that this factor has significantly suppressed carbon emission growth almost every year since 2005, especially in 2008, 2010, and 2013, when its contribution was particularly notable. This trend is particularly pronounced in the Midstream reaches, reflecting the region’s gradual achievement of some energy efficiency improvements, aided by national energy-saving and emission reduction policies and the industrial structure adjustment and technological transformation under the “Central China Rising” strategy (Wang et al., 2022). However, after 2021, this effect weakened, indicating that the region’s energy-saving potential has yet to be fully released. The Downstream reaches showed a more stable and progressively optimizing energy intensity suppression effect, indicating that this region has entered the “deep-water zone” in terms of green and low-carbon development. In recent years, significant progress has been made in energy-saving technologies, industrial digitization, and green buildings (Guo et al., 2024). This also reflects the generally superior energy utilization efficiency in Eastern cities compared to the central and western regions. In contrast, the Upstream reaches, due to relatively weak technological foundations and low energy efficiency, exhibited a polarizing effect in the energy intensity suppression, with significant reductions in 2008 and 2010 of −27.56 and −33.79 units, respectively, which were directly related to the strengthening of energy-saving and emission reduction assessment mechanisms during the “11th Five-Year Plan” period. However, in years like 2002 and 2003, positive contributions were observed, reflecting the region’s continued reliance on outdated industrial structures and technological path dependencies (Wang and Yang, 2025).
	(4) Energy Structure Effect. On a regional scale, the energy structure demonstrated a negative effect on carbon emissions from 2000 to 2022, with the emission reduction effect gradually strengthening, though with significant differences in intensity and pace across regions and periods. The Downstream reaches showed the most persistent energy structure effect, with sustained negative values from 2012 to 2018, peaking in 2014 (−7.51) and 2015 (−4.59), due to its strong capacity to integrate clean energy and a diversified energy consumption structure (such as natural gas and electricity substituting coal). In the Midstream reaches, the energy structure still exhibited some volatility in certain years, indicating that although the clean energy base has gradually improved, the dependency on traditional high-carbon energy sources has not been completely eliminated, especially in areas like Jiangxi and Hunan, where hydropower and new energy development lag behind. Li et al. (2022) noted that the nonlinear process of energy structure optimization contributes limitedly to short-term carbon reduction. In the Upstream reaches, the energy structure effect on carbon emission reduction was the weakest, with contributions typically below −1 in most years (e.g., −0.18 in 2022), reflecting the region’s relatively backward resource endowment and energy infrastructure, along with limited clean energy promotion due to infrastructure and economic constraints, resulting in slow progress in energy system transformation and limited effects of structural adjustments (Lu and Chen, 2024).

[image: Four bar charts showing changes from 2000 to 2022 in four domains: All-domain, Upstream, Midstream, and Downstream. Each chart distinguishes the impact of population, economic development, energy intensity, and energy structure. Economic development generally shows positive effects, while energy intensity impacts negatively.]FIGURE 7 | Decomposition of factors influencing carbon emissions from energy consumption in the Yangtze River Economic Belt and its upstream, midstream, and downstream reaches (2000–2022).Existing research suggests that regional differences in carbon emissions are significantly associated with variations in industrial structure (Dong et al., 2020). Therefore, this study examines energy consumption patterns across the primary, secondary, and tertiary industries in the YREB and its subregions, with the results presented in Figure 8.
	• The analysis of the overall characteristics of industrial structural evolution and carbon emission intensity disparities between 2000 and 2022 reveals that energy consumption in the three major industries of the YREB increased significantly. Energy consumption of the secondary industry rose from 25.4 million tons in 2000 to 41.7 million tons in 2022, while that of the tertiary industry surged from 53.4 million tons to 361.9 million tons. Throughout this period, the secondary industry maintained a dominant share, consistently exceeding 70%, thus becoming a key source of carbon emissions. From the perspective of carbon intensity, the secondary industry exhibits a higher carbon emission coefficient and Downstream energy efficiency, resulting in significantly higher carbon emissions per unit of energy consumption compared to the primary and tertiary industries (Yang et al., 2024). In contrast, although the energy consumption of the tertiary industry has grown substantially (from 53.4 million tons in 2000 to 361.9 million tons in 2022), its marginal effect on carbon emissions is relatively weak, due to its reliance on cleaner energy sources such as electricity and natural gas, along with higher energy utilization efficiency. This “carbon intensity differentiation” underscores the varying impact of energy expansion across industries on carbon emissions, revealing a structural driving effect. Specifically, the degree of carbon emission growth triggered by energy expansion differs significantly across industries, reflecting a structural shift where energy growth of equivalent magnitude leads to varied carbon emission increases in different sectors (Chuai et al., 2012).
	• The driving mechanism of carbon emission disparities due to the evolution of industrial structure within regions can be further explored by examining changes in energy consumption contributions across regions. In downstream areas, although energy consumption of the secondary industry increased from 18.6 million tons in 2000 to 57.1 million tons in 2022, its share in total energy consumption declined, with the tertiary industry increasing its share from 2.8 million tons to 15.4 million tons. This internal structural adjustment led to a continuous decrease in carbon emissions per unit of GDP. In contrast, upstream and midstream regions experienced a faster expansion in secondary industry energy consumption (from 10.0 million tons to 35.1 million tons in the upstream and from 10.2 million tons to 30.3 million tons in the midstream), although the share of the tertiary industry also grew, but at a sDownstream pace. This indicates that the upstream and midstream regions have absorbed some of the energy-intensive manufacturing industries, leading to stronger carbon emission-driving effects from energy consumption structure, with a smaller decline in carbon intensity or even occasional rebounds (Tao et al., 2024). From the perspective of LMDI decomposition, the expansion of the secondary industry in the upstream and midstream regions has contributed more to carbon emissions than in the downstream areas, demonstrating that the spatial reconfiguration of industrial structure plays a significant role in the regional carbon emission differences. This study finds that the industrial structure effect exhibits a significant gradient across the upstream, midstream, and downstream regions. This aligns with the findings of Guo et al., 2024, who report that industrial upgrading has a stronger suppressive effect on carbon emissions in the downstream region of the Yangtze River Economic Belt (YREB). However, our study further quantifies this regional gradient and emphasizes that policy design should account for differentiated, stage-specific interventions.
	• The spatial effects of carbon emissions during industrial transfer in the YREB further amplify regional carbon emission disparities. Between 2000 and 2022, energy consumption in the secondary industry increased by 25.1 million tons in the upstream and 20.1 million tons in the midstream regions, far surpassing the increase of approximately 18.0 million tons in the downstream. This shift in energy consumption is closely related to national policies promoting industrial transfer across regions. However, unlike the “scale growth - carbon intensity reduction” trend observed in the tertiary industry, the expansion of the secondary industry is associated with “scale expansion - carbon intensity maintenance” or even “carbon intensity increase” (Wu et al., 2025). Particularly in provinces with a strong resource-based or traditional industrial foundation, such as Sichuan, Guizhou, Chongqing, and Hubei, the clustering of energy-intensive industries has led to a higher carbon emission elasticity coefficient, reflecting a “carbon emission uplift” in upstream regions. This indicates that, during industrial restructuring, the carbon emission characteristics of different industries determine the spatial coupling effects of carbon emissions, which, in turn, influence the carbon peaking path of the entire YREB.

[image: Four stacked bar charts depict the sectoral distribution from 2000 to 2022. Each chart represents different domains: All-domain, Upstream, Midstream, and Downstream. Sectors are shown as tertiary (purple), secondary (green), and primary (orange). The charts indicate variations in sector proportions over time, with the secondary sector consistently holding the largest share across all domains.]FIGURE 8 | Energy consumption of the primary, secondary, and tertiary sectors in the Yangtze River Economic Belt and its upstream, midstream, and downstream reaches from 2000 to 2022.5 DISCUSSION
This study provides a comprehensive analysis of energy consumption carbon emissions, their variation characteristics, and the contributing factors influencing the YREB, a region known for its high energy consumption and economic development. The findings highlight the following key insights:
Firstly, the total carbon emissions from energy consumption in the YREB have significantly increased, with notable disparities across regions. Spatially, the hotspots for energy consumption carbon emissions show a gradual eastward shift, with economic factors having the most prominent influence. This deduction is similar to the results of the structural decomposition analysis by Wang et al. (2020). Specifically, between 2000 and 2021, the carbon emission intensity from energy consumption across provinces in the YREB ranged from 23.13 to 76.8 Gg per billion yuan, significantly higher than other provinces in central China. For example, the carbon emission intensity in Jiangxi Province between 2000 and 2019 ranged from 22.3 to 9.5 Gg per billion yuan (Chen et al., 2022). This is primarily due to the YREB’s status as a critical economic support region, characterized by high urbanization, population density, industrial concentration, and significant demand for energy in both production and daily life, resulting in a continuous increase in total and per capita carbon emissions (Zhou, 2023). However, the energy consumption carbon emissions per unit of GDP in this region have shown a downward trend, indicating a decreasing dependency on energy for economic development. This shift can be attributed to the optimization and adjustment of the industrial structure in recent years, with the YREB gradually entering a post-industrial phase led by the tertiary and quaternary industries. The industrial structure of the YREB shifted from 15.66:46.54:37.80 in 2000 to 5.1:38.9:56 in 2020, where the proportion of the primary and secondary industries decreased, and the proportion of the tertiary industry increased. This deduction was also confirmed in the study of energy and economic decoupling by Li et al. (2021).
Secondly, the spatial distribution of energy consumption carbon emissions across provinces in the YREB exhibits significant heterogeneity. Jiangsu Province saw the largest increase in both total energy consumption carbon emissions and per capita energy consumption carbon emission intensity. The total carbon emissions from energy consumption in Jiangsu increased from 86.12 million tons in 2000 to 358.24 million tons in 2022, with an annual growth rate exceeding 6.6%. During the same period, per capita carbon emissions rose from 1.175 tons per person to 4.207 tons per person, an increase of over 250%. This finding aligns with previous studies, which indicated that Jiangsu’s carbon emissions from energy consumption have continued to rise since 2000 (Deng et al., 2024). This rapid increase can be attributed to Jiangsu’s location in the eastern coastal region of China and the significant influence of the “West-to-East Gas Transmission” project, which led to a substantial increase in natural gas consumption, thereby accelerating energy consumption carbon emissions (Chang et al., 2017). In contrast, areas with Downstream energy consumption carbon emissions per unit of GDP are primarily located in economically less developed regions of southwest China. This distribution pattern mirrors previous research, which found that the upstream areas of the YREB exhibited higher energy consumption carbon emission intensity per unit of GDP than downstream areas from 2003 to 2020. This phenomenon is mainly due to the challenging natural conditions, weak economic foundation, slow industrial upgrades, and a predominant reliance on the secondary industry in the western regions, leading to Downstream energy efficiency and higher energy dependence (Zhu et al., 2025).
Lastly, the spatiotemporal characteristics of energy consumption carbon emissions in the YREB are influenced by multiple factors, with economic development being the most significant driver of carbon emissions growth. This is particularly evident in the peak years of 2010–2011, where rapid economic growth directly led to a surge in energy demand, followed by population scale effects. In contrast, energy intensity and energy structure have emerged as key forces in mitigating carbon emissions. Particularly after 2005, energy intensity continued to decline, reflecting the substantial effects of energy-saving technological advances and policy guidance. The central and downstream regions of the YREB stand out in this regard, where energy consumption per unit of GDP has consistently decreased, effectively countering the carbon emissions growth driven by economic expansion. Simultaneously, the optimization of the energy structure has also played a role, with an increase in the proportion of clean energy contributing to a phase-wise reduction in carbon emissions (Khaleel et al., 2024). However, regional disparities remain, as downstream areas benefit from stronger clean energy integration, leading to more significant carbon reduction effects. In contrast, upstream areas are constrained by resource endowments and infrastructure conditions, and the energy structure adjustment remains in its early stages. These findings align with previous studies, which emphasize that industrial upgrading can significantly suppress energy consumption carbon emissions in the YREB (Guo et al., 2024). Population growth and economic development have a positive effect on carbon emissions, however, this conclusion differs somewhat from findings at the national scale. For instance, Zhu and Peng (2012), using national data from 1978 to 2008, found that consumption levels and population structure had a significantly greater impact on carbon emissions than the population size itself. This divergence may be attributed to differences in variable construction priorities, as well as scale and spatial heterogeneity.
6 CONCLUSION
This study presents a statistical analysis of the carbon emissions from energy consumption and their change characteristics in the YREB and its upstream, midstream, and downstream regions from 2000 to 2022. It delves into the energy structure, regional disparities, and influencing factors of the area, leading to the following key conclusions:
	(1) As a key region for China’s economic development, the YREB saw its total carbon emissions from energy consumption significantly increase from 2000 to 2022, with an average annual growth rate of 4.4%. However, the growth rate has shown a distinct slowdown. Meanwhile, carbon emissions per unit of GDP showed a fluctuating downward trend.
	(2) The energy structure of the YREB remains dominated by coal, but its share has decreased from 73.72% to 59.48%, indicating an optimization trend in the energy mix. The upstream region is gradually approaching the “carbon peak” target, while the midstream region has already achieved carbon emission “peaking.” Although the downstream region has not yet reached the “peak,” its growth rate has notably slowed.
	(3) Overall, economic development and population growth positively impact carbon emissions, while improvements in energy intensity and energy structure act to mitigate emissions. Notably, the impact of population growth on carbon emissions has been gradually weakening over the years.

Currently, the provinces along the YREB are adhering to principles of inter-provincial consultation, ecological governance, regional cooperation, and shared development. These efforts aim to enhance regional connectivity, policy unity, regulatory consistency, and coordination in implementation, steadily advancing the construction of ecological and economic communities, consolidating prior development achievements, and laying a foundation for long-term goals. Based on the research conclusions, the following recommendations are made:
The upstream region should focus on the construction of clean energy infrastructure and the reduction of coal-fired power emissions. On one hand, leveraging national policies supporting the western development program, efforts should be made to expedite the approval and grid connection of small and medium-sized hydropower, wind, and solar projects. On the other hand, in the context of the coal-dominated traditional industries, high-quality construction of “coal power + CCUS/CCS” demonstration projects should be promoted, prioritizing technical upgrades over simple and inefficient capacity expansion in collaboration with provincial energy regulatory departments. Additionally, energy efficiency assessments should be strictly enforced in high-energy-consuming industries like steel and cement to reduce per-unit product energy consumption, in line with local economic transformation needs.
The midstream region needs to accelerate the upgrade of high-energy-consuming industrial structures and strengthen the technical and talent support under the “Central China Rise” strategy. The provinces in the central region should focus on supporting traditional industrial parks, such as those for automotive parts and equipment manufacturing, to carry out energy-saving and emission-reduction transformations, thereby Downstreaming energy consumption levels in high-energy-consuming enterprises. Furthermore, by establishing a “Low-carbon Advanced Manufacturing Technology Joint Laboratory” in collaboration with universities in the central region, talents in new energy and energy-saving technologies should be attracted and cultivated, facilitating the rapid transformation of research outcomes into local enterprises.
The downstream region should leverage the “Yangtze River Delta Integration” and “Carbon Peak Action Plan” to deepen industrial low-carbon transitions and capitalize on carbon market advantages. First, carbon intensity assessments should be incorporated into the inter-provincial benchmarking system, with key industries such as chemicals, textiles, and electronics subject to a “carbon emission quota + dual control of energy consumption” policy. Second, the downstream provinces and municipalities should further refine the carbon trading market, support carbon financial innovations, and promote the “green credit + carbon collateral” model to provide preferential loan rates for enterprises exceeding carbon emission standards. Moreover, pilot programs for “residential carbon footprint public disclosure and energy-saving subsidies” should be launched, utilizing mechanisms such as “carbon points” incentives and subsidies for green transportation.
Of course, this study does have certain limitations. First, the LMDI decomposition model considers only five key factors but does not further distinguish energy consumption differences within sub-industries, such as the significant differences in energy use and carbon emission characteristics between manufacturing and the building materials industry, both of which belong to the secondary sector. Second, the scope of the study is limited to carbon emissions from energy consumption, excluding non-energy-related carbon emissions from industrial processes, agriculture, and land-use changes. This underestimates the total carbon emissions and the diversity of their driving mechanisms. Finally, the study period ends in 2022 and does not capture the latest developments in the “dual carbon” policies in the later stages of the 14th Five-Year Plan or the early part of the 15th Five-Year Plan, as well as the short-term dynamics of carbon emissions. Future research could incorporate smaller-scale geographical units, improve carbon emission accounting, include non-energy emission sources, and use policy evaluation models to explore the spatial-temporal evolution of carbon emissions and policy effects.
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