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More than 40% of China’s emissions come from the power industry, and regional power grids are crucial to the country’s ability to transmit and distribute electricity. However, there is a lack of a complete framework on electricity-related carbon emissions, accounting for regional power grids across different stages of electricity production and distribution. In this study, we propose a framework for accounting for carbon emissions in electricity for regional power networks. Using the Southern Power Grid (SPG) as a case study, we estimate carbon intensity across various stages of electricity generation, supply, and consumption. We incorporate the temporal and regional variations to analyze carbon emissions across five provinces (Guangdong, Guangxi, Yunnan, Guizhou, and Hainan), identifying key trends and factors that influence carbon intensity. Our framework integrates data from multiple sources, including real-world emissions and renewable energy inputs, while validating results through method comparisons and real-time policy alignment. The results reveal significant disparities in carbon intensity reduction across provinces, with Yunnan achieving the most notable reduction and Guangdong showing the highest emissions on the consumption side. Our framework is versatile, reliable, and applicable to other regional grids in China, offering a critical tool for projecting future electricity-related carbon emissions and supporting the nation’s carbon neutrality goals.
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1 INTRODUCTION
The accounting of carbon emissions in the power sector is crucial for tracking progress toward carbon reduction goals, especially in countries with large and complex power systems like China. The power sector is the largest contributor to carbon emissions in China, accounting for more than 40% of the nation’s total emissions (Huo et al., 2022; Liu et al., 2020; Liu et al., 2022; Liu et al., 2023; IEA, 2022). As China aims to achieve carbon neutrality by 2060, establishing accurate and comprehensive carbon accounting frameworks for the electricity sector is of paramount importance (Liu et al., 2015; Fu et al., 2022; Li et al., 2022; Liang et al., 2023; Cai et al., 2022). However, the complexity of regional power grids, which involves inter-regional electricity transfers and a mix of renewable and non-renewable energy sources, presents significant challenges for traditional carbon accounting methods (Wang et al., 2021; Ma, 2022; Yan et al., 2016; Zhang and Li, 2022; He et al., 2023).
Despite the recognized importance of carbon accounting in the power sector, current frameworks often lack the comprehensiveness required to capture the full scope of emissions from regional power grids. Most studies and existing frameworks focus on individual stages of electricity use (Davis and Caldeira, 2010; Shan et al., 2018; Shan et al., 2020), such as power generation or consumption, while neglecting the interconnected nature of the grid system, which involves electricity flows between regions, the use of both renewable and non-renewable energy sources, and the influence of supply-side factors. Although Scope 1 (direct emissions from owned or controlled sources) and Scope 2 (indirect emissions from purchased electricity) accounting methods are commonly applied in carbon tracking, these methods do not provide a holistic view of the emissions associated with regional grid operations. Although some literature studies have focused on carbon intensity estimates for regional grids, considering energy type-specific capacities (Chen R. et al., 2023) and green energy transmission (Chen X. et al., 2023), or constructing node-specific quasi-input–output models for precise grid-side emissions (He et al., 2023), most estimation of grid emissions is still directly using the average carbon intensity of the regional grid (Yang, 2023). Thus, few studies have integrated all three key stages—production, supply, and consumption—into a unified framework that accounts for regional variations and the unique energy dynamics of different provinces. This gap in the literature highlights the need for a comprehensive carbon accounting framework that harmonizes these perspectives, especially in regions like southern China, where electricity generation is highly diversified and inter-regional power transfers are common.
In response to this gap, we propose a novel carbon accounting framework specifically designed to assess carbon emissions across all stages of electricity use in regional power grids by defining three carbon emission accounting scopes, i.e., generation-side, supply-side, and consumption side. Specifically, the Southern Power Grid (SPG) is selected as the case study for this framework as it represents a unique and diverse regional grid that spans five provinces: Guangdong, Guangxi, Yunnan, Guizhou, and Hainan. These provinces differ significantly in terms of their energy profiles, with Yunnan and Guizhou relying heavily on hydropower, while Guangdong, as one of China’s most economically developed provinces, imports substantial amounts of electricity to meet its industrial demand. The SPG also plays a critical role in China’s West–East Electricity Transfer Project, facilitating the transmission of cleaner energy from western provinces to the more developed coastal regions in the east. The complex energy mix and inter-regional electricity flows within the SPG make it an ideal representative for studying the challenges and opportunities in carbon accounting for regional grids (Jiang et al., 2016; Zhou B. et al., 2018; Zhou et al., 2016; Zhou L. et al., 2018). Moreover, the availability of detailed data on energy production, consumption, and inter-regional transfers in the SPG allows for a more accurate application of the proposed framework.
This paper is structured as follows: Section 2 outlines the methodology used to develop the carbon accounting framework, including the key parameters and data sources for emissions tracking. Section 3 presents the results from applying the framework to the Southern Power Grid, including a detailed analysis of carbon intensity and emissions across the stages of electricity generation, supply, and consumption. Section 4 discusses the key findings and implications for regional power grids and emphasizes the need for a standardized carbon accounting system for regional grids.
2 MATERIALS AND METHODS
2.1 Carbon accounting scopes for the three perspectives
In this study, we have developed an electricity carbon accounting framework by integrating carbon accounting methods, such as Scope 1 and Scope 2, with the key characteristics of energy flow within the grid. Specifically, we have estimated the emissions and carbon intensity for power generation, electricity supply, and electricity consumption, respectively. The delineation of the accounting scopes for these three stages is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Components of the three different accounting scopes.
For power generation, we adopt the Scope 1 methodology, as described in Section 2.2. For electricity supply, we integrate scopes 1 and 2, considering both regional generation and purchased thermal power (detailed in Section 2.3). For electricity consumption, we calculate emissions from sold electricity to estimate the emissions associated with regional electricity consumption (Section 2.4). Due to data limitations, adjusted state grid carbon intensity is applied to account for the potential contribution of renewable energy in China. This framework thus incorporates renewable energy while harmonizing carbon intensity calculations for generation, supply, and consumption based on data from regional grids.
2.2 Generation-side emissions
We first estimate the carbon intensity of power generation. To calculate the carbon intensity for power generation, we utilize statistical data from the Southern Power Grid on the standard coal consumption per unit of electricity generation for each fuel and province. Based on these data, we convert the consumption values into carbon emissions per unit of electricity generated. Specifically, we apply emission factors for standard coal equivalent consumption, which are 2.66, 1.73, and 1.56 tCO2 per ton of standard coal equivalent (tce) for coal, oil, and natural gas, respectively. These factors are sourced from the “Provincial Carbon Peaking Action Plan Preparation Guide” issued by the Ministry of Ecology and Environment in February 2021. By multiplying the provincial standard coal consumption per unit of power generation with the corresponding emission factors, we obtain the carbon intensity of power generation for each fuel and province ([image: image]) (Equation 1):
[image: image]
where [image: image] denotes the fuel type and [image: image] denotes the province, [image: image] represents the standard coal consumption per unit of electricity generation for each fuel and province, and [image: image] represents the constant emission factors for standard coal equivalent consumption. However, the available data are limited to 2021 values for provincial coal natural gas consumption per unit of electricity generated. We, therefore, assume that these values remain constant over time, acknowledging that technological improvements—such as reducing the heat rate of thermal power generation—will lower the carbon intensity gradually, which is a limitation to the current study.
Generation-side carbon emissions ([image: image]) are calculated using the following equation (Equation 2):
[image: image]
where [image: image] denotes the electricity generation from the fuel type [image: image] and [image: image] represents the carbon intensity for that fossil fuel.
2.3 Supply-side emissions
Supply-side emissions consider the carbon footprint from both locally generated power and purchased electricity. The total supplyside emissions for a province are (Equation 3):
[image: image]
For domestic generation, carbon intensity is the same as generation-side carbon intensity (Equation 4):
[image: image]
The domestic generation emissions, excluding exported electricity, are (Equation 5):
[image: image]
where [image: image] denotes the electricity generation in province [image: image] and [image: image] represents the sold generation by province [image: image].
For emissions purchased from grids outside the selected provinces, we first clarify two key terms commonly used in Chinese electricity grid enterprise: point-to-grid mode and grid-to-grid mode. The grid-to-grid mode refers to a transmission approach where the power source is connected directly to the sending-end power system. In contrast, the point-to-grid mode involves transmitting power via an independent power line from the power source to the electrical load center. The grid-to-grid mode enhances the utilization of transmission lines and facilitates electricity exchanges between grids to optimize peak demand. It is important to note that some purchased electricity (and associated emissions) may be transmitted through the grid-to-grid mode from other regional grids outside the Southern Power Grid’s coverage. To avoid confusion, we will describe this as “from the other regional grids in China to the Southern Power Grid.” Thus, [image: image] includes emissions from purchases within the Southern Power Grid region and from other regional grids in China, and it is calculated as Equation 6:
[image: image]
where [image: image] denotes the electricity purchased from province [image: image] within the Southern Power Grid region and [image: image] denotes the electricity purchased from other regional grids in China, including both thermal power and potential renewable energy sources. The carbon intensity of the state grid is based on the adjusted value of 0.5810 tCO2/MWh from the “Corporate Greenhouse Gas Emission Accounting Method and Reporting Guidelines for Power Generation Facilities” published by the Ministry of Ecology and Environment in 2022.
Thus, the provincial supply-side carbon intensity ([image: image]) is calculated as Equation 7:
[image: image]
where [image: image] represents the total electricity flow within the regional grid and [image: image] represents the provincial carbon intensity of the electricity supply. [image: image] and [image: image] represent emissions from the purchased and sold electricity, respectively.
Additionally, emissions due to transmission losses or “grid-side carbon emissions” are calculated. Since these emissions arise from the electricity supply, they are calculated using the carbon intensity of electricity supply with the following equation (Equation 8):
[image: image]
2.4 Consumption-side emissions
According to Figure 1, consumption-side emissions for each province are calculated as Equation 9
[image: image]
The carbon intensity for electricity consumption is calculated using the following equation (Equation 10):
[image: image]
Based on this, we attribute carbon emissions to different end-use sectors. We assume that the total carbon emissions of all sectors, as estimated in this study, include both emissions caused by electricity consumption ([image: image]) and other fossil energy sources ([image: image]) as Equation 11:
[image: image]
For emissions from electricity consumption, it can be calculated as Equation 12:
[image: image]
where [image: image] represents the electricity consumption of sector [image: image].
For emissions from other energy sources, the data are taken from the CEADs database. Sectoral carbon emissions from other sources are taken as the corresponding sectoral emissions values in the CEADs database in 2019. Therefore, the carbon emission ratio of the sectoral electricity consumption ([image: image]) for the years 2016–2019 can be calculated (Equation 13) to obtain the carbon emission ratio of the sectoral electricity consumption for the latest available year via the autoregressive analysis to extend our estimations to year 2021 (Equation 14):
[image: image]
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Local- and municipal-level sectoral purchased electricity is used, including 133 sectors according to the national standard and 48 sectors in the CEADs database. We aggregated the sectors into eight industries (i.e., building materials, chemical, civil aviation, electricity generation, ferrous, petrochemicals, pulp and paper, and steel) to present the consumption-side emissions of each province (detailed in Section 3.2.3).
3 RESULTS
We calculated the carbon intensity of the Southern Power Grid, including the carbon intensity of power generation, electricity supply, and electricity consumption. In addition, the carbon emissions were calculated across the generation side, supply, grid, and consumption side of the Southern Power Grid. Section 3.1 presents carbon intensity results, while Section 3.2 discusses regional-level electricity carbon emissions.
3.1 Carbon intensity of the Southern Power Grid
Figure 2 highlights trends in the carbon intensity of electricity supply between 2005 and 2020. Across all provinces and the entire Southern Power Grid, carbon intensity exhibited a clear downward trend. The overall trend for the entire Southern Power Grid showed steady but moderate decreases, reflecting ongoing decarbonization efforts. These efforts are primarily driven by the increasing deployment of renewable energy, improvements in energy efficiency, and governmental policies aimed at reducing carbon emissions, although challenges such as regional disparities in resource availability and industrial demands have influenced the rate of progress.
[image: Figure 2]FIGURE 2 | Carbon intensity for electricity supply, 2005–2020 relative to 2005 values.
Yunnan saw the most significant reduction of about 80%, which can be largely attributed to the province’s abundant hydropower resources and its increasing reliance on renewable energy sources. The expansion of hydropower infrastructure and reduced reliance on coal-based power generation played a key role in Yunnan’s steep decline in carbon intensity. In contrast, Guangxi showed an initial 40% reduction between 2005 and 2008, driven primarily by energy efficiency improvements and the adoption of cleaner energy sources in the early years. However, the subsequent fluctuations in Guangxi’s carbon intensity could be linked to varying levels of industrial activity and changes in energy demand, which periodically increased reliance on fossil fuels. Nonetheless, yet still ended with a 50% reduction by 2020. Guizhou displayed a more gradual decrease, reaching a decrease of approximately 40% by 2020. Although Hainan experienced minor fluctuations, it still achieved a 10% reduction by 2020. The smaller decrease in carbon intensity may be due to its geographical constraints and limited renewable energy resources. However, the island’s efforts to shift toward solar and wind energy in recent years, alongside energy-saving policies, helped stabilize and slightly reduce its carbon intensity.
3.2 Provincial characteristics of carbon emissions
3.2.1 Provincial emissions under different accounting scopes
Our comparative analysis for 2021 examines carbon emissions across the Southern Power Grid from three perspectives (Figure 3). Guangdong’s consumption-side emissions were the highest, exceeding supply-side emissions by 6% and generation-side emissions by 11%. These discrepancies reflect the interprovincial electricity imports, as outlined in the West–East Electricity Transmission plan in the Southern Power Grid Tenth Five-Year Plan (Dong Da Electricity, 2020). Guangdong, as an industrial and economic hub, faces high electricity demand but lacks sufficient local generation capacity, especially from low-emission sources. Consequently, it imports substantial amounts of electricity, including both renewable energy and high-emission intensity electricity from other provinces, leading to higher consumption-side emissions.
[image: Figure 3]FIGURE 3 | Carbon emission variation across five provinces relative to the Southern Power Grid average from the three perspectives, i.e., generation-side (blue bars), supply-side (green bars), and consumption-side (red bars).
Conversely, in the other four provinces, consumption-side emissions were the lowest, followed by supply-side emissions second and generation-side emissions—the highest. This suggests that high-emission intensity electricity is exported to Guangdong, while renewable energy is consumed locally. Provinces like Yunnan, which have abundant hydropower resources, generate cleaner energy locally and export fossil-fuel-based electricity, resulting in lower consumption-side emissions but higher generation-side emissions.
The total emissions of the five provinces follow a similar trend, where consumption-side emissions are lower than production-side emissions, indicating that some production-side emissions are displaced to meet electricity demands in other regions. This finding aligns with China’s electricity transfer strategies and underscores the importance of interregional electricity flows in shaping emissions dynamics.
3.2.2 Provincial shares of carbon emissions
We present the provincial shares of the generation-side, supply-side, grid-side, and consumption-side carbon emissions for the Southern Power Grid in 2021 (Figure 4). In 2021, Guangdong contributed the largest share of the generation-side carbon emissions at 55.5%, followed by Guizhou (21.5%), Guangxi (13.6%), Yunnan (6.8%), and Hainan (2.7%). For supply-side emissions, Guangdong again led with 64.9%, followed by Guizhou (16.2%), Guangxi (11.5%), Yunnan (5%), and Hainan (2.5%). The same pattern is observed for the grid-side emissions, with Guangdong at 62.8%, followed by Guizhou (23%), Guangxi (9.6%), Yunnan (4.2%), and Hainan (0.4%). On the consumption side, Guangdong maintained the largest share at 67%, followed by Guizhou (15.6%), Guangxi (8.8%), Yunnan (6%), and Hainan (2.5%). For all perspectives, Guangdong consistently held the largest share.
[image: Figure 4]FIGURE 4 | Shares of carbon emission from (A) generation, (B) supply, (C) grid, and (D) consumption perspectives for five provinces in 2021.
This pattern can be attributed to Guangdong’s role as the economic powerhouse of the Southern Power Grid region, with its energy-intensive industries and large population-driving substantial electricity demand. Despite its efforts to transition toward cleaner energy sources, Guangdong still relies heavily on fossil fuel-based power generation to meet its vast energy needs, resulting in its high share of generation-side emissions. Additionally, Guangdong imports significant amounts of electricity from other provinces under the West–East Electricity Transmission plan, which further contributes to its supply-side and grid-side emissions. The province’s prominent industrial sector and economic activities ensure that it also holds the largest share of consumption-side emissions, reflecting its high electricity usage.
Guizhou’s relatively high share of generation-side and supply-side emissions (21.5% and 16.2%, respectively) is due to its heavy reliance on coal-fired power plants as it is a major coal-producing region. Although Guizhou exports much of its electricity, its lower consumption-side emissions reflect its smaller population and industrial base compared to Guangdong. In contrast, Guangxi’s moderate share of emissions (13.6% generation-side and 11.5% supply-side) reflects its role as both a producer and consumer of electricity, with a mix of fossil fuels and renewable energy. Although Guangxi exports energy to Guangdong, its overall lower demand keeps consumption-side emissions relatively low. Yunnan, with its abundant hydropower resources, shows a smaller share of generation-side (6.8%) and grid-side (4.2%) emissions as it heavily relies on renewable energy and exports clean electricity. Hainan, with the smallest shares across all perspectives, reflects its lower population, limited industrialization, and constrained energy generation capacity, resulting in minimal emissions. Together, these provinces illustrate the diverse energy profiles within the Southern Power Grid, driven by local resource availability and regional electricity trade.
3.2.3 Sectoral contribution to the provincial consumption-side emissions
We examined emissions from eight sectors: building materials, chemical, civil aviation, electricity generation, ferrous, petrochemicals, pulp and paper, and steel (Figure 5). The chemical sector is the dominant contributor to carbon emissions in each province due to the high electricity demand for processes like heating, distillation, and refrigeration. These processes require large amounts of continuous energy, making the sector particularly carbon-intensive, especially in provinces like Guangdong, which has a large industrial base driven by the chemical industry. The prominence of the chemical sector in Guangdong, where it accounts for around 40% of total emissions, is a direct reflection of the province’s industrial composition and its reliance on electricity to support production.
[image: Figure 5]FIGURE 5 | Carbon emissions attributable to electricity consumption across various sectors.
The pulp and paper sector also contributes significantly, particularly in Guangdong and Guizhou, where it accounts for 50% and 27.3% of total sector emission, respectively. The substantial share in Guangdong can be attributed to the high demand for paper products due to the region’s large consumer market and industrial base. In Guizhou, the pulp and paper industry is similarly energy-intensive, relying heavily on electricity for operations such as mechanical pulping and paper drying, which drive up emissions.
In Yunnan, Guangxi, and Guizhou, the ferrous sector’s emissions are substantial, largely because of the power-intensive nature of ferrous metal production, including iron and steel manufacturing, which requires continuous high-energy processes such as smelting and rolling. These provinces rank 3rd, 7th, and 13th in China for ferrous production in 2022 (China Securities Data, 2023), making the sector a key contributor to their overall emissions. The reliance on coal-based electricity to power these operations exacerbates the sector’s carbon footprint, especially in regions where cleaner energy sources are less prevalent.
In Guangxi, the ferrous (36.6%) and steel (30.4%) industries contribute the most, due to the province’s position as a major player in steel production, which is energy-intensive and highly dependent on electricity. In Yunnan and Guizhou, the ferrous sector is responsible for 54.7% and 46.1% of total electricity-related emissions, respectively. These trends reflect the sectoral reliance on electricity and highlight the significant role of specific industries, such as pulp and paper and ferrous metals, in overall provincial emissions.
4 CONCLUSION AND DISCUSSION
4.1 Key findings and implications
In this study, we developed a comprehensive electricity carbon accounting framework, specifically applying it to the Southern Power Grid as a case study, to assess carbon emissions of regional power grids across different stages of electricity production, transmission, and consumption. The framework integrates four critical perspectives, i.e., generation, supply, grid, and consumption. Our analysis of five provinces (Guangdong, Guangxi, Yunnan, Guizhou, and Hainan) reveals notable differences in carbon intensity reduction and emission patterns across regions.
Our findings show that Yunnan achieved the most significant reduction in carbon intensity, with an approximate 80% decrease between 2005 and 2020, largely due to its reliance on renewable energy, particularly hydropower. In contrast, Guangdong, as the largest electricity consumer, had much higher emissions on the consumption side, with a reduction of only around 50% over the same period, primarily due to its dependence on imported electricity and industrial demand. This reliance on external power, much of which was generated from fossil fuels, resulted in a mismatch between Guangdong’s local generation emissions and consumption emissions, emphasizing the importance of accounting for inter-regional electricity transfers when assessing carbon emissions.
The findings underscore the critical role that renewable energy integration plays in reducing carbon intensity. Provinces with higher shares of renewable energy, such as Yunnan, consistently showed lower carbon emissions, demonstrating the need for more aggressive renewable energy strategies in regions like Guangdong. The analysis also highlights the complex role of inter-regional electricity transfers as provinces like Guangdong benefit from electricity imports but shift their emissions burden to the exporting regions, such as Yunnan and Guizhou. This emphasizes the importance of a comprehensive approach to carbon accounting that fully captures electricity flows between regions.
The framework provides a reliable tool for understanding the emission landscape across regional power grids, enabling more targeted decarbonization strategies. Provinces like Guangdong must prioritize increasing local renewable energy generation and improving energy efficiency in high-demand sectors to achieve significant reductions in emissions. The framework supports China’s broader carbon neutrality goals by offering a structured method for tracking and reducing emissions at the regional level. Moreover, this method is adaptable and can be applied to the other regional grids both within and outside China, making it a valuable tool for global efforts in decarbonizing the power sector.
4.2 Limitations and future work
However, while the framework was designed based on the Southern Power Grid, its application to other regional grids may require modifications, particularly regarding data sources and specific methodological adjustments. Nevertheless, our validation efforts—such as comparing different methods and aligning results with real-world data and policies—demonstrate the framework’s reliability and feasibility for other grids, provided the necessary data and methodological adaptations are made.
Looking ahead, there is a pressing need for a standard carbon accounting framework that encourages grid-operating enterprises to publish key data, facilitating cross-comparisons and validation of emissions data. We hope this framework serves as a foundational step toward such a framework, offering insights for future electricity carbon accounting. Our framework can act as a reference point for future research in this area, helping drive open-source data initiatives and refinements in carbon accounting methodologies.
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