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Abstract

:

To develop effective strategies to reduce CO2 emissions from electricity systems, this study accounted for carbon emissions from power systems (production, transmission, consumption) in Gansu Province based on life cycle theory. We used LMDI and SDA decomposition methods to analyze the driving force of carbon emissions and quantified the influence effect and action intensity of various factors on carbon emissions in corresponding links. Several results were found: (1) Direct carbon emissions during the stage of electricity production had the largest share of the entire electricity life cycle. (2) From the perspective of the cumulative contribution rate, electricity consumption and the electricity trade promoted carbon emissions in the stage of electricity production; the power structure, electricity efficiency, and fuel structure had opposite effects. (3) In the stage of electricity transmission, the higher the voltage level, the lower the net loss rate; high-voltage-level transmission lines effectively reduced the growth of implied carbon emissions. (4) Industrial restructuring and technological advances effectively offset the growth in carbon emissions due to population, economy, and electricity consumption. The results can provide a scientific basis for energy-saving and emission reduction policies in provincial government departments and the electric industry.
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1. Introduction


In recent years, global climate change caused by greenhouse gases represented by CO2 has become a severe problem faced by all countries worldwide, seriously affecting sustainable development of the world economy and human society [1,2]. Climate change is the most important issue of sustainability [3]. How to reduce CO2 emissions is a common concern across countries worldwide [4]. As the most significant energy-consuming and CO2-emitting country globally, China bears a considerable responsibility to reduce global CO2 emissions [5,6]. The Chinese government made an international commitment to address climate change at the 75th Session of the United Nations General Assembly: China aims to have carbon dioxide emissions peak before 2030 and achieve carbon neutrality before 2060. This commitment is in line with China’s national security and sustainable development strategy and an effective way to promote the international development of the carbon trading market.



Energy burning is the largest source of CO2 emissions in China, accounting for about 88% of total CO2 emissions [7,8]; the electricity sector accounts for about 41% of energy sector emissions [9]; and coal consumption is responsible for 75% of CO2 emissions from fossil fuels [10,11]. The electricity sector produces 25% of the world’s CO2 [12]. Coal-fired electricity generation is the predominant form of electricity generation in China, and the electricity generation industry produces more than 45% of the country’s total carbon emissions [13]. The “2030 · 2060” double carbon goals will be challenging to achieve if the structure of coal-burning-based energy consumption continues to hold. To maintain the economy’s growth and achieve a low-carbon electricity system, it is essential to improve energy use efficiency, and clean energy must occupy the dominant position [14].



The northwest region is the most important new energy base in China, exceeding 48% of the national developability of wind and solar technologies. As the central hub of the northwest electricity grid, Gansu Province has significant advantages in geographical location and ventilation (Figure 1). The electricity generation in Gansu Province has continued to rise since 2000 (Figure 2), increasing from 28.027 billion kWh in 2000 to 141.529 billion kWh in 2019, with a sharp increase of 404.97%. The percentage of coal-fired power generation peaked in 2004, with 74% of annual electricity generation. Since then, clean energy, such as hydraulic, wind, and solar energy, has increased yearly. Before 2016, fossil fuels were the largest source of electricity in Gansu Province, accounting for more than 50% of all sources. In 2017, thermal electricity accounted for 47%, and clean energy accounted for 53%; the proportion of clean electricity generation exceeded coal-fired electricity for the first time. By the end of 2020, the capacity for electricity supply had reached 56.2 million kW, with 41.9% of new energy units using wind and solar energy as representatives, and 59% of clean energy units, including hydroelectricity, become the most significant source in Gansu Province. The total carbon emission of Gansu Province has gradually increased since 2000 (Figure 3). In 2000, the carbon emission of Gansu Province was 54.3 Mt, of which the electricity generation industry accounted for 14.25 Mt. In 2013, the direct carbon emission of the power industry reached a peak of 65.66 Mt. After 2013, as the direct carbon emission of power production decreased, it slowed down the total growth rate in Gansu Province to a certain extent.



As can be seen from the above analysis, energy saving and emission reduction of electricity systems is one of the vital projects in China to achieve the “double carbon” goals and sustainable development. Therefore, this study conducted a staged accounting of CO2 emissions in the electric power industry of Gansu Province, further studied the drivers and effect intensity of carbon emissions from electricity at different stages, and put forward corresponding recommendations for low-carbon sustainable development in the electric power industry. Other sections of this paper are organized as follows: Section 2 briefly reviews the current literature on CO2 emissions in the electric power sector and proposes the contributions of this study; Section 3 presents the study methods and data sources; Section 4 analyzes the main factors that affect carbon emissions from power systems and quantifies the magnitude of the impact of various driving factors at different stages; Section 5 discusses the fundamental causes and the future trend in the main driving force contribution of carbon dioxide reduction in the Gansu Province power system; and Section 6 outlines the paper’s conclusions and puts forward some applicable policies, finally ending with a clear statement on future research directions.




2. Literature Review


How to reduce the emission of CO2 is one of the most studied issues in the current scientific literature on energy consumption. With further development of the new energy industry, the energy era with electricity generation and cleaning as the main characteristics is about to accelerate, and carbon emission in the electric power industry has become a hot field of concern for many scholars. As the most widely used secondary energy, electric power’s production, processing, and transportation are based mostly on fossil fuel energy [15,16]. Currently, the calculation of carbon emissions from electricity mainly uses the following methods: the IPCC carbon inventory method [17], the network approach [18], the mass balance method, and the case method [19,20]. As a classical carbon emission estimation theory, the IPCC has a wide range of applicability. Many scholars have used IPCC theory to calculate and analyze the carbon emissions of energy consumption in different fields. Mishra et al. predicted India’s share of global carbon emissions from coal-fired power plants in 2050 by using the IPCC assessment method [21]. Shan et al. studied the carbon emissions from Chinese provinces from 1997 to 2015 and listed China’s local carbon emission inventory [17]. Wei et al. calculated the carbon emission from Shanghai electric power by scope with the IPCC emission accounting method [22]. Liu et al. studied the carbon dioxide emission coefficient (the amount of carbon dioxide emitted per kilowatt-hour of electricity generated) of coal-fired power plants in different regions and further suggested ways for the national grid to minimize carbon emissions [23].



There are abundant scientific research achievements on the influencing factors of carbon emissions from the power industry, and the results show that the economic level, energy consumption, population, power intensity, power trading, energy intensity, power generation structure, and other factors have an impact on carbon dioxide emissions from the power industry [24,25,26]. Karmellos et al. selected 27 countries of the European Union to study the drivers of carbon emissions from the power sector and found that the main driving factor leading to increased carbon dioxide emissions is the economic activity effect counterbalanced mainly by the contribution of the generation structure effect [27]. Peng et al. studied carbon dioxide emissions from production to consumption in China’s power industry during the financial transition period [6]. Chen et al. considered technical indicators in the study of carbon emissions from the power industry, and the results showed that the improvement of the technology level is the crucial reason to reduce the growth of carbon emissions [28]. Similar to the above findings, Rong et al. found that per capita income and population size are drivers of increased carbon emissions [29]. Still, changes in energy intensity are the main inhibitors. In addition, the electricity trade is an essential factor in regional power carbon emission differentiation [30].



In the existing scientific literature, structural decomposition analysis (SDA) and logarithmic mean exponential decomposition (LMDI) are widely used decomposition methods with different data requirements and application fields. For example, Wang and Liu (2021) identified India’s renewable energy consumption patterns and transformational factors based on the multi-regional input-output model (MRIO) and SDA [31]. Su et al. (2017b) used the I-O model to analyze Singapore’s carbon emissions from a demand perspective and studied the drivers of changes in carbon emissions under SDA [32]. As LMDI has a complete theory, it is more flexible and practical and is widely used by researchers [33]. Chontanawat et al. (2020) used the logarithmic mean Divisia index (LMDI) method to decompose the source of changes in the CO2 emission level and CO2 emission intensity of the sector for the period 2005–2017. The results showed that during this period, on average the amount of CO2 emissions and the CO2 emission intensity increased annually. The structural change effect helped reduce both the amount of CO2 emissions and the emission intensity [34]. Wang and Wang (2020) used the LMDI method to analyze the driving forces of nitrogen oxide intensity in China’s power industry [35]. The LMDI method has a series of advantages, such as data availability, no residual error in decomposition, and additivity of results, so it is widely used.



To sum up, most scholars mainly concentrated on studying carbon emissions in other areas or electricity production and consumption carbon emissions from two aspects. They tended to ignore the part of hidden carbon emissions from transformer and transmission line losses in the power supply process. However, this part of carbon is a small proportion of the overall power system. It is an indispensable part of the accounting of carbon emissions and the formulation of emission reduction measures. From the perspective of the power life cycle, this study calculated the direct carbon emissions generated in the power production stage and the hidden carbon emissions generated in the power transmission stage and power consumption stage and, through the decomposition analysis of driving factors in each step, put forward targeted policy suggestions. In this study, CEP refers to the carbon dioxide emission directly generated by the consumption of different fuels in the power production stage in Gansu Province. CET refers to the hidden carbon dioxide emission caused by part of the electricity lost by transformers and transmission lines in the regional power transmission stage. CEC is the final electricity demand of all regions and the hidden carbon dioxide emissions generated by the daily electricity consumption of residents. The calculation results of carbon emissions in each stage do not include the carbon emissions generated by the construction of power plants and power generation equipment [23], as well as the carbon emissions generated by the extraction and transportation of fuels in the production stage.




3. Methods and Data Sources


3.1. Methods


3.1.1. IPCC Carbon Inventory Method


This study used the IPCC carbon inventory method to calculate the carbon dioxide emissions generated by the power industry in Gansu Province during the power production stage. The specific calculation formula is as follows:


  C E P =   ∑   k = 1  m  e  f k  · f  m k   



(1)




where   e  f k    is the carbon emission factor of the   k t h   fuel,   f  m k    is the amount of   k t h   fuel used in the electricity generation stage, and  m  is the type of fuel in the electricity generation stage. Standard coal coefficients and carbon emission coefficients of different fuels can be queried in Table 1.




3.1.2. Grid Carbon Emission Factor Method


The Gansu Province power grid always undertakes the task of inter-provincial electric power exchange among the five provinces (regions) in northwest China. To a certain extent, it is impossible to avoid the circuitous phenomenon of different voltage levels and inter-provincial electricity flow, resulting in electricity loss caused by different voltage levels and transmission lines in the process of electricity transmission between Gansu Province and some other provinces. The amount of carbon dioxide corresponding to the electricity quantity lost in this part of the network is defined as the amount of carbon dioxide discharged in the power transmission stage, which can be calculated by the following formula:


  C E T =   ∑   n = 1  q  e  f n  · f  l n   



(2)




where   e  f n    is the carbon emission coefficient of coal-fired power plants in Gansu Province in the   n t h     year (carbon dioxide emission per kWh of power generation);   f  l n    is the electricity lost by transformers and transmission lines of different voltage levels in the power transmission process of the Gansu Province power grid in the   n t h   year, collectively referred as the network lost electricity; and  q  is the year.



The carbon emission coefficient   e  f n    is determined by the following formula and the exact meaning of each letter in the formula can be queried in Table 2:


  e  f n  =   F  C  i , y   × N C  V  i , y   × E  F  i , y     E  G y     



(3)








3.1.3. Logarithmic Mean Divisia Index (LMDI)


The logarithmic mean Divisia index (LMDI) was proposed by Ang to solve the remainder term problem existing in the decomposition of the IDA and DID method. They further studied the problems of zero value and a negative value in the decomposition process [36] so that the LMDI method could solve these two problems skillfully. The LMDI method has been cited in the analysis of influencing factors of carbon emissions [37,38,39], and the specific formula is as follows:


   C E P =   ∑   k = 1  m  e  f k  · f  m k  =   ∑   k = 1  m  C E  P k     =   ∑   k = 1  m    C E  P k    E N   ·   E N   T G   ·   T G  G  ·  G  E C   · E C   



(4)




where   E N   is the total energy consumed in the power production stage,   T G     is thermal power generation,  G  is the total amount of various forms of power generation, and   E C   is the power consumption.



Since 2000, the previous year is the base year, from the base year to T, and the change value of direct carbon dioxide emissions generated in the electricity production stage of Gansu Province can be expressed as follows:


   ∆ C E P = C E  P T  − C E  P t     = ∆  E  F 1   + ∆  E  F 2   + ∆  E  F 3   + ∆  E  F 4   + ∆  E  F 5     



(5)




where   ∆  E  F 1    ,   ∆  E  F 2    ,   ∆  E  F 3    ,   ∆  E  F 4    , and   ∆  E  F 5     represent the change of carbon dioxide emissions caused by the fuel structure, energy efficiency, power structure, power transaction, and electricity consumption, respectively, in the power production stage. The specific calculation method of each item is as follows:


  ∆  E  F n   =   ∑   k = 1  m   W  k 1   · ln  (    F  n k T    F  n k t     )   



(6)




where      W  k 1   =   C E  P T K  − C E  P t k    ln C E  P T K  − ln C E  P t k      is the logarithmic average weight of direct carbon emissions in the electricity production stage.



Same as the calculation method of direct carbon emission driving factor decomposition in the power production stage, the disintegration of implied carbon emission causing factor decomposition in the power consumption stage is calculated by the following formula:


   C E C =   ∑   k = 1  m  c  f n  · f  l n  =   ∑   k = 1  m    C E  C k    P O P   ·   P O P   E S   ·   E S   E G   ·   E G   G D P   · G D P    =   ∑   k = 1  m   Q 1  ·  Q 2  ·  Q 3  ·  Q 4  ·  Q 5     



(7)







In the formula,   P O P   represents the permanent resident population in Gansu Province,   E S   represents the power consumption,   E G   represents the industrial added value of various sectors, and   G D P   represents the gross regional production.



Starting from 2000, the previous year is the base year, from the base year to  T , and the change value of implied carbon dioxide emissions in the electricity consumption stage of Gansu Province can be expressed as follows:


   ∆ C E C = C E  C T  − C E  C t     = ∆  E  F 6   + ∆  E  F 7   + ∆  E  F 8   + ∆  E  F 9   + ∆  E  F 10       



(8)




where   ∆  E  F 6    ,   ∆  E  F 7    ,   ∆  E  F 8    ,   ∆  E  F 9    , and   ∆  E  F 10    , respectively, represent the change in carbon dioxide emissions caused by the power consumption factor, industrial technology factor, industrial structure factor, economic factor, and population factor, and the specific calculation formula can be adopted as Equation (6), where    W  k 3   =   C E  C T K  − C E  C t k    ln C E  C T K  − ln C E  C t k      is the logarithmic average weight of implied carbon emissions in the electricity consumption stage.




3.1.4. Structural Decomposition Analysis (SDA)


SDA is widely used to decompose the change of a variable into the sum of the alter of several primary driving factors, and these primary driving factors can explain the influence of the CO2 emission implied by a certain variable [40]. In recent years, SDA has been widely used to study the driving factors of greenhouse gas emissions and other related scientific research work. Other scholars have used the SDA method to study greenhouse gas emissions’ driving factors in 2015, 2017, and 2019 [33,41,42]. Many reasons influence the change in CO2 emissions, such as economic growth, infrastructure construction, and consumption structure adjustment [43]. In this study, SDA decomposes the driving force of hidden CO2 emissions affecting Gansu Province’s power system’s power transmission link and finds effective measures to effectively reduce the carbon emissions in the power transmission process by looking for specific measures.



According to the equation, the embodied carbon dioxide emissions in the power transmission stage in Gansu Province can be calculated by the following formula:


  C E T =   ∑   n = 1  t  e  f n  · f  l n  =  E S  · S ·  S ^  ·   t ^   − 1   · A  



(9)




where  t  is the year and matrix  A  is used to identify carbon dioxide emissions generated by power exchange in Gansu and other provinces.    E S   ,  S ,   S ^  , and     t ^   − 1    , respectively, indicate the comprehensive network loss rate, voltage level, transmission line, and transmission electricity.



From time  t  to  T , the change in   C E T   can be expressed as:


   ∆ C E T = C E  T T  − C E  T t     = ω  (   E S   )  · ∆  E S  + ω  ( S )  · ∆ S + ω  (  S ^  )  · ∆  S ^  + ω  (    t ^   − 1    )  · ∆   t ^   − 1     



(10)




where   ω  (   E S   )    and other similar expressions represent the weight of each driving factor.





3.2. Data Source


The fuel data used in the calculation of direct CO2 emissions in the power generation stage are derived from the energy balance sheet of Gansu Province in the Energy Yearbooks. The electricity transmission stage implicit emissions of carbon dioxide are used in the calculation of different voltage grades of wastage and involve a different voltage grade of the transmission line length, the structure of the distribution network loss power, and transmission, and other data come from the 2000–2019 annual report of the Gansu Province power network. The GDP data of Gansu Province’s industrial added value comes from the National Bureau of Statistics.





4. Results


4.1. Analysis of Carbon Emission Calculation Results


The level of clean electricity production in Gansu Province was constantly improving. The electricity production and the direct carbon emissions from thermal electricity showed a high, consistent development trend, reaching the peak in 2013 (Figure 4). As shown in Figure 4, with the gradual operation of the 10 million kilowatt wind power base in Jiuquan, Gansu Province, the wind power generation in 2013 increased by 27.19% compared to the same period in 2012. In 2000, 2005, 2010, 2015, and 2019, Gansu Province generated 28.027 billion kWh, 44.403 billion kWh, 76.505 billion kWh, 107.2 billion kWh, and 141.529 billion kWh of power, accounting for 2.08%, 1.78%, 1.82%, 1.84%, and 1.89% of the Chinese total power generation, respectively. However, the power generation in Gansu Province showed a declining trend in 2014, 2015, and 2016 due to the influence of different factors, among which the electricity generated by coal-fired power decreased gradually after reaching its peak in 2013. The direct carbon emissions in the Gansu Province power production stage decreased from 65.66 Mt in 2013 (the maximum in recent 20 years) to 58.80 Mt in 2019. The carbon emission intensity of power production in Gansu Province (carbon dioxide emissions per kilowatt-hour of electricity produced) decreased from 0.57 kg/kWh in 2013 to 0.42 kg/kWh in 2019, indicating that power production in Gansu Province has become cleaner (Figure 5).




4.2. Driving Factor Decomposition Analysis


4.2.1. Electricity Production Stage


The box chart of the annual contribution rate distribution of direct carbon emission growth in the power production stage in Gansu Province from 2000 to 2019 is shown in Figure 6a: the box plot shows the distribution of contributions of these five elements to the growth of direct carbon emissions in the power production stage of Gansu Province, including the maximum value, upper quarter value, median value, lower quarter value, and minimum value, respectively. After LMDI decomposition analysis, the results showed that the direct carbon emissions from power production in Gansu Province increased by 28.17 Mt from 2000 to 2019, equivalent to more than two times of carbon emissions in 2000. Among the five driving factors, electricity generation was the main factor that contributed to the increase of about 55.14 Mt of carbon dioxide emissions in the power generation stage. The electricity trade also promoted about 14.14 Mt of carbon dioxide emissions. On the contrary, the change in the fuel structure, electricity efficiency, and electricity structure effectively inhibited the increase in power carbon emissions, with a cumulative inhibition effect of −27.09%, −35.07%, and −83.78%, respectively. From 2000 to 2019, the change in the fuel structure, electricity efficiency, and electricity structure reduced the carbon emissions by 7.63 Mt, 9.88 Mt, and 23.6 Mt, respectively (Figure 6a). This played an irreplaceable role in Gansu Province’s carbon dioxide emission reduction target.




4.2.2. Electricity Transmission Stage


The change in embodied carbon emissions is affected by the network loss rate and voltage level, transmission line, and transmission quantity in electricity transmission. The decomposition results of SDA showed that with the decrease in the integrated network loss rate yearly, the network loss rate had an inhibitory effect on the growth of carbon emissions in the power transmission stage. According to the data availability, 220 kV, 330 kV, and 750 kV voltage had a positive contribution of 11.24%, 9.81%, and 3.23% to carbon emissions in the transmission stage, respectively, and the cumulative contribution rates of transmission lines and electricity transmission were 3.94% and 61.26% (Figure 7a). Among the above driving factors, the increase in electricity transmission was the main driving force of carbon emission growth in this stage. At the same time, the change in the integrated network loss rate accumulatively offset 1.38 Mt of carbon dioxide emissions (Figure 7b). It can also be seen from the decomposition results that with the increase in the voltage level, the promoting effect on carbon emissions in this stage gradually decreased. Especially from 2007 to 2019, the construction of a 750 kV power grid structure increased year by year, and the power grid structure was gradually optimized and improved. Some new projects were into operation, which strengthened the power transmission and distribution structure of Gansu Province to a certain extent and improved the ability to optimize the allocation of large-scale power resources. All these measures directly improved the mutual supply and transfer capacity between regional power grids so that that power grids could operate safely.




4.2.3. Electricity Consumption Stage


The box chart of the annual contribution rate distribution of the five factors mentioned above (Equation (9)) to the growth of implied carbon emissions in the power consumption stage in Gansu Province during 2000–2019 is shown in Figure 8a. From 2000 to 2019, the cumulative contribution rate of economic effect to the growth of implied carbon emissions in the power consumption stage was 40.17% and the average contribution rate was 36.3%. The driving effect of the consumption structure on the growth of carbon emissions from power consumption reflects the comprehensive results of a series of measures in Gansu Province in the past 20 years, such as the transformation of economic development in different industries, energy saving and electricity saving, and the improvement of the electrification level, so structural adjustment to a considerable extent offset the driving effect of GDP growth on carbon emissions from power consumption. From 2000 to 2019, the cumulative contribution rate of population growth to power consumption was 19.66% and the annual average contribution rate was 23.65%. In the past 20 years, the annual growth rate of the population in Gansu Province has been at a low level. The total population increased from 25.15 million in 2000 to 25.6 million at the peak of the permanent population in the past 20 years in 2010 and then decreased to 25.09 million in 2019. Under the new population policy recently issued, the average annual population growth rate of Gansu Province may increase in the future, and the driving effect of population factors on the growth of electricity consumption is expected to weaken in the future.



The cumulative contribution rate of electricity consumption is 24.63%, consistent with the continuous improvement of residents’ living standards in recent years. According to the data analysis results, the driving effect of social electricity consumption in Gansu Province on the growth of total electricity consumption was gradually enhanced, indirectly promoting the increase in carbon emissions from consumption.






5. Discussion


5.1. What Is the Root Cause of Carbon Emission Reduction in the Gansu Province Power System?


As a substantial new energy base in China, Gansu Province is also a significant ecological security barrier in western China. It has significant advantages in resources, location, and access, especially wind resources, with an excellent base, scale, and integration conditions. In recent years, the electricity generation structure of Gansu Province has been changing, with the proportion of fossil fuel energy gradually decreasing; renewable energy, such as wind and solar energy, increasing; and carbon emissions from the electricity system constantly reducing.



The results showed above can be explained from the following four aspects: First, with the cooperation of the government, environmental protection departments, and enterprises, and based on ensuring the safe and stable supply of electricity in the province, ultra-low emission transformation of coal-fired thermal power units is carried out. Second, Gansu Province has adopted a series of policies and measures to shut down coal-fired units with a capacity of less than 300,000 kW that fail to meet environmental protection, energy consumption, and safety standards and allow trades or swaps for the indicators of installed capacity of shutting down units, coal consumption, and pollutant emissions, while building low-emission coal-fired units with similar capacity. These measures are beneficial to improve the efficiency of electricity generation and reduce the carbon emission intensity of the electricity system in Gansu Province. Third, in recent years, Gansu Province has made great efforts to control air pollution in some key areas, such as replacing coal with gas, adjusting the energy structure, preventing dust, and reducing industrial emissions. Fourth, the installed capacity of new energy has continued to increase. By 2019, Gansu Province had a full-caliber installed capacity of 52.6798 million kW; the thermal electricity installed capacity was 21.04 million kW, accounting for 39.9%; hydropower was 9.43 million kW, accounting for 17.9%; and new energy was 22.21 million kW, accounting for 42.2% of the total installed capacity. The installed capacity of new energy exceeded thermal electricity by 1.17 million kW, becoming the most prominent electricity source in Gansu Province. By the end of 2021, Gansu Province’s installed capacity of new energy reached 28.97 million kW, accounting for 47.08% of the total installed capacity. In 2021, Gansu Province generated 44.6 billion kWH of new energy, equivalent to saving 17.8 Mt of standard coal and reducing carbon dioxide by 45 Mt, ranking third in China.




5.2. Future Trends in the Contribution of Major Drivers


According to the 14th Five-Year Plan of Gansu Province, electricity consumption will increase along with population growth and economic level, and electricity production will also increase to meet social needs. Electricity exchange and trade between provinces will promote the development of electricity CO2 emissions. The carbon emission plan in the electricity sector will reach a peak early by 2025. Gansu Province should focus on the decrease in a focused area and critical industries in the face of tremendous abatement pressure. The electricity sector should continue to promoting the construction of a new energy base, make good use of opportunities to optimize the distribution of national power transmission channels, exploit the market for electricity dissipation outside of the province, construct large channels for electricity delivery supported by multiple back high-voltage transmission lines, enhance the development of a new energy infrastructure, continue to improve the capacity of electricity delivery, and enhance the supply capacity and local conversion efficiency of clean energy bases; only in this way can China achieve its goal of “carbon peak and neutrality.”





6. Conclusions and Policy Implications


6.1. Conclusions


This study used the IPCC carbon inventory and the power grid carbon dioxide emission factor method to account for carbon emissions based on the electricity production, transmission, and consumption stages in 2000–2019 in Gansu Province. In addition, we analyzed the drivers of electricity-related carbon emissions in these three stages with LMDI and SDA. The main conclusions are as follows:




	
Direct carbon emissions during the stage of electricity production had the largest share of the entire electricity life cycle, and they accounted for 45.42% of total carbon emissions in Gansu Province.



	
From the perspective of the cumulative contribution rate, electricity consumption and the electricity trade promoted carbon emissions in the stage of electricity production; the power structure, electricity efficiency, and fuel structure had opposite effects.



	
In the stage of electricity transmission, the higher the voltage level, the lower the net loss rate, and high-voltage-level transmission lines effectively reduced the growth of implied carbon emissions.



	
Industrial restructuring and technological advances effectively offset the growth in carbon emissions due to population, economy, and electricity consumption.









6.2. Policy Implications


Based on the above analysis results, we proposed several policy recommendations to promote the low-carbon sustainable development of the electricity system in Gansu Province as much as possible.




	
Make full use of Gansu Province’s abundant new energy resources to promote clean, low-carbon, safe, and efficient energy. To develop and use wind, solar, and other new energy, optimize the function positioning of thermal power to gradually transform from the primary power source into the fundamental power source for power guarantee and peak regulation.



	
Combined with the national energy development plan, the strategy of electricity transmission from the west to the east, the policy of a renewable energy quota system and distribution, and the development potential of new energy resources in Gansu Province, to facilitate the early realization of the “double carbon” goal, the total installed scale of new energy in Gansu Province will achieve leapfrog development and form a large deliverable base of clean energy. Therefore, will the carbon dioxide from thermal power generation sent to other provinces be classified within Gansu or other provinces? With the development of the carbon trading market and more high-carbon emission industries entering the market, the reasonable allocation of the carbon quota will significantly impact realizing the “double carbon” goal in Gansu Province. Gansu Province should promote the upgrade of the electricity grid to the energy internet to strengthen construction, such as extensive data in electricity generation, electricity consumption, and trans-provincial electricity transmission; support policy research and quota calculation of the national carbon market; build a platform for optimal allocation of clean energy and take both supply and demand into consideration; and coordinate energy and electricity development with energy conservation and carbon reduction targets through market hands.



	
To accelerate the building of a solid and intelligent grid to ensure timely grid connection and consumption of new energy, strengthen the construction of electricity transmission channels, promote the establishment of a long-term mechanism for inter-provincial power transmission, and reduce the growth of hidden carbon emissions during large-scale and long-distance transmission of clean energy through the construction of ultrahigh transmission lines.



	
Optimize the industrial structure and strengthen the critical industries for energy saving and emission reduction. Promote intelligent green upgrading in key industries, such as smelting, cement, and petrochemical industries, and actively develop and expand strategic new sectors, such as new energy, new materials, and high-end equipment manufacturing, to accelerate the process of industrial carbon reduction. Strengthen power technology innovation; accelerate the development of large-volume, high-density, high-safety, and low-cost energy storage devices; and promote clean energy use and high efficiency.
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Figure 1. Schematic of the study area. 
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Figure 2. Electricity structures in Gansu Province from 2000 to 2019. 
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Figure 3. Total carbon emissions in Gansu Province and direct carbon emissions from the electricity sector from 2000 to 2019. 
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Figure 4. Power generation and carbon emissions from different power generation structures in Gansu Province during 2000–2019. 






Figure 4. Power generation and carbon emissions from different power generation structures in Gansu Province during 2000–2019.



[image: Energies 15 03560 g004]







[image: Energies 15 03560 g005 550] 





Figure 5. Carbon emissions from power production and carbon emission intensity in Gansu Province during 2000–2019. 
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Figure 6. Contribution rates and contribution value of driving factors for CEP. (a) Contribution rates of driving factors for CEP. (b) Contribution value of driving factors for CEP. 
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Figure 7. Contribution rates and contribution value of driving factors for CET. (a) Contribution rates of driving factors for CET. (b) Contribution value of driving factors for CET. 
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Figure 8. Contribution rates and contribution value of driving factors for CEC. (a) Contribution rates of driving factors for CEC. (b) Contribution value of driving factors for CEC. 
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Table 1. Calculation parameters of carbon emissions for different types of fossil fuel energy.
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	Types of Energy
	Raw Coal
	Coke
	Crude Oil
	Gasoline
	Kerosene
	Diesel
	Natural Gas
	Fuel Oil





	Discounted standard coal coefficient (104 tce/104 t)
	0.7143
	0.9714
	1.4286
	1.4714
	1.4714
	1.4571
	1.3300
	1.4286



	Carbon emission coefficient (104 t/104 tce)
	0.7559
	0.8550
	0.5857
	0.5538
	0.5714
	0.5921
	0.4483
	0.6185
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Table 2. Definition of various variables in Equation (3).
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	Variables
	Definition





	   E  G y    
	Total net electricity generation in Gansu Province in year   y   (MWh)



	   F  C  i , y     
	Total fuel consumption of the generator set in year   y   (The quality unit)



	   N C  V  i , y     
	Average low calorific value of fuel  i  in year   y   (GJ/The quality unit)



	   E  F  i , y     
	CO2 emission factor of fuel  i  in year   y   (t CO2/GJ)



	  i  
	Type of fossil fuels consumed by power generation in the Gansu Province power system in year  y 



	  y  
	year
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