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In response to China’s goal of “carbon peak and carbon neutrality”, a large number of new energy sources are connected to the power grid, and Chinese cities are also accelerating the construction of new power systems led by new energy. Taking Lishui City as an example, this paper constructs a low-carbon emission reduction evaluation system to evaluate the carbon reduction effectiveness of the new power system. This paper first introduces the basic technical characteristics of the new power system, and introduces in detail the key technologies involved in the construction of the new power system in Lishui. Then, the projects implemented by Lishui City in promoting the new power system and the current achievements were briefly summarized. After that, a new electric carbon traceability model of Lishui power system was constructed to carry out carbon traceability and carbon tracking for the municipal power grid. Finally, a low-carbon emission reduction evaluation system was constructed, and a number of evaluation indicators were proposed to evaluate the carbon reduction effectiveness of Lishui’s new power system, and the zero-carbon evaluation index was calculated through the historical data of Lishui, and the results showed that the new power system in Lishui City achieved remarkable results in carbon reduction and emission reduction.
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1 INTRODUCTION
As problems such as extreme weather, environmental pollution and energy consumption intensify around the world, carbon emissions have increasingly become the key to restricting the development of countries. The Paris Agreement adopted at the Paris Climate Change Conference in December 2015, setting a long-term goal of limiting the rise in global average temperature to 2°C in the 21st century (Xiao et al., 2021). In recent years, many countries in the world have gradually adopted carbon emission control as a national strategy.
At present, China is promoting the development of clean and low-carbonisation in many aspects such as source network, load and storage. On the power generation side, the new power system needs to have the characteristics of low-carbon and clean energy production technology (Lin and Yang, 2022). Literature (Yan et al., 2024) investigates the optimal allocation of renewable energy microgrids such as wind, light and hydrogen, which can increase the share of clean energy. Literature (Li P. et al, 2022) investigates a continuous time distribution algorithm for solving the grid economic dispatch problem for planning hydroelectric networks. Literature (Duan et al., 2023) proposes a distributed optimisation algorithm for hybrid microgrids that takes into account the environmental impact of pollutant emissions from conventional generators. Literature (Shirkhani et al., 2023) reviews different decentralised control methods for microgrids and looks at the future of renewable energy development in the grid.
On the grid side, the new power system needs to have the technical characteristics of safe and efficient energy network (Zhong et al., 2021). Literature (Li S. et al, 2022) proposes a fast and accurate method of calculating the breaking voltage based on Taylor’s technique of unfolding, which can get the value of the system node voltage in a short period of time. Literature (Wang et al., 2023) proposes a new SSCI (subsynchronous control interaction) identification method, which can monitor the SSCI of new energy systems in real time and improve the safety and stability of renewable energy systems. (Cao et al., 2022). proposes a watershed-electricity nexus model to unlock the flexibility of watershed networks (WSNs) for supporting the operation of power distribution networks (PDNs) under rainy climates. (Li et al., 2023). proposes a coordinated restoration method is presented for the renewable energy-integrated multi-energy distribution system (MDS) with several coupling points to coordinate the preparation and load recovery stages after the extreme event.
On the user side, the new power system needs to have flexible and efficient energy utilization technology characteristics, (Zhong et al., 2022). Literature (Lyu et al., 2024) analyses vehicle data from three cities in China and the results of the study showed that electric vehicles can significantly reduce carbon emissions. Literature (Xu et al., 2021) proposes a closed model for oil and gas recovery that can significantly reduce oil and gas leakage and environmental pollution. Literature (Hou et al., 2017) proposes a grid-based framework for regulating the operation of plug-in electric vehicle (PEV) aggregators to increase the revenue of the aggregator and reduce the charging cost for PEV users. Literature (Lei et al., 2023) proposes an end-to-end adaptive lightweight defect detection model for the model detection of defects in collectors of new energy trams, which contributes to the safe development of new energy trams. Aiming at multi-energy hybrid microgrids for ships, literature (Li et al., 2020) proposes an optimal coordination method for energy scheduling and voyage scheduling. Using social network analysis (SNA), literature (Hu et al., 2024) analyses the structural characteristics of China’s new energy charging station innovation association network of patent data since 2007 from the perspectives of provinces, municipalities, and patent applicants, and discusses policy recommendations for further expanding technological innovation in charging stations to promote the development of the new energy vehicle industry.
On the energy storage side, the new power system needs to have cost-effective energy storage technology characteristics (Liu, 2022); Literature (Fan and Zhou, 2023) investigates the optimal configuration of home wind energy storage systems. In addition, digital technology is a key technology to support the construction of new power systems (Xie et al., 2023). Digital technology includes modern information technology, advanced sensing technology, artificial intelligence and big data technology, supporting the construction of a new power system with intelligent operation control and operation management, digital twin panoramic display and intelligent interaction (Gao et al., 2023). Literature (Liu et al., 2021) proposes a Magnetic Induction (MI)-assisted Wireless Power Underground Sensor Network (MI-WPUSN) for real-time monitoring of the underground environment. However, the traceability of carbon emissions from new power systems and the evaluation of their contribution to the environmental aspects are currently under-researched.
Currently, research on low-carbon evaluation systems in China is still in its early stages. Literature (Liu, 2021) emphasizes that when considering the zero-carbonization of urban clusters, the development of new energy systems with zero-carbon characteristics should be prioritized. Literature (Lei et al., 2022) establishes a carbon-neutral evaluation framework for assessing carbon emissions levels in rural energy systems. Furthermore, literature (Pei, 2021) identifies five typical types of nearly zero-carbon demonstration areas and proposes six principles for constructing an evaluation system for zero-carbon demonstration zones. Literature (Luo et al., 2024) proposes a composite model of Multi-Universe Quantum Harmony Search-Dynamic Fuzzy System Ensemble (MUQHS-DMFSE)" for carbon emission prediction and applies the Data Envelopment Analysis (DEA) method to study the development of low carbon economy. Literature (Shang and Luo, 2021) adopts the Tapio decoupling model to explore the decoupling relationship between carbon dioxide and drivers, divides the drivers of carbon footprint into four main indicators, namely, city scale, economic development, social system, and technological advancement, from a system perspective, and analyses the linkage between the carbon footprint and these four indicators by taking Xi’an City as an example. Most of these studies focus on conducting low-carbon evaluations for specific areas or zones, and many of them are still in the conceptual and planning stages. In contrast, this paper aims to develop a comprehensive evaluation system for the entire new power system construction in Lishui City, focusing on its low-carbonization efforts.
The remaining structure of the paper is as follows: in the second part, an overview is provided of the techniques and project implementations used in the development of a new power system in Lishui City. Next, the third part conducts a carbon emission analysis using an electric-carbon perception tracing model for the transformed power system in Lishui City. Subsequently, the fourth part introduces multiple carbon reduction evaluation indicators and establishes a low-carbon emission reduction evaluation system. This system is then applied with the carbon emission data obtained from the electric-carbon tracing model to analyze and assess the effectiveness of carbon reduction measures implemented in the projects and the new power system in Lishui City. Finally, the fifth part concludes the paper.
2 TECHNICAL ANALYSIS OF LISHUI ENGINEERING AND CARBON REDUCTION EFFECTIVENESS
Lishui City has carried out many projects to build a new power system, and these projects have generally followed the following four technical approaches: releasing the potential of clean energy development and promoting the clean energy production; building a diversified and integrated high-resilience power grid and promoting efficient energy allocation; tapping into the low-carbon energy potential of society to promote end-consumer electrification; improving load scale response capability and promoting flexible network-load interaction.
2.1 The release of clean energy development vitality and promotion of clean energy production
Expand clean energy production, increase the clean substitution of coal and oil such as renewable electricity and biomass natural gas, and achieve 100% local consumption of clean energy. In view of the randomness, volatility and low inertia characteristics of new energy power generation such as wind and solar and the consequent challenges of system peak shaving and anti-disturbance ability, research on the prediction and aggregation regulation of clean energy such as wind, light and water, and the adaptability of high-proportion clean energy access are carried out, so as to provide a data basis for low-carbon optimal dispatching, solve problems such as random fluctuations in wind and solar output, and uncontrollable reactive power output of small hydropower, and pilot the construction of a new power system power grid dispatching optimization project to ensure that clean energy is “visible”. Promote the safe, clean and efficient development of regional energy.
For clean energy production, the main consideration is to add clean energy to the source side of Lishui City to meet load demand. In this regard, Lishui has carried out two major projects: large-scale green power resource development and clean energy collection station.
According to the data provided by Lishui City, as of December 2022, a total of 2,064 new grid-connected users have been added to the large-scale green power development project, 475.21 MW has been added, the cumulative power generation of new green power resources has been 1.42 billion kWh, 193 green power trading users have been aggregated, the cumulative transaction electricity has been 15.158 million kWh, the cumulative revenue for users has increased by 988,900 RMB, and the cumulative carbon reduction and emission reduction has been 1.0689 million tons.
The total scale of access resources of the clean energy collection station project is 137MW, the annual power generation of clean energy is 210 million kWh, the electrochemical energy storage capacity is 6.9MW, saving 50 million RMB of investment in the power grid and reducing carbon emissions by 159,200 tons.
2.2 The construction of a diversified and integrated high-elasticity power grid and the promotion of efficient energy utilization configuration
Adhere to the “strong-intelligent-highly flexible” construction path, build distributed pumping and storage, virtual pumping and storage, and add energy storage forms with cross-temporal and spatial flexibility such as electrochemical energy storage, hydrogen energy storage, and air energy storage, and form a one million kilowatt-level generalized energy storage resource pool. Carry out research on generalized cloud energy storage under various forms of energy storage, pilot the construction of clean energy collection station projects, near-zero carbon demonstration projects of water-hydrogen biomass, and multi-time scale generalized energy storage resource pool projects, to solve the problems of power supply guarantee caused by extreme heat and no wind, late peak without light, and dry water in winter, as well as the problem of small hydropower, wind power, and photovoltaic rushing out of the channel. Carry out research on the friendly interactive multi-level collaborative dispatch mode of source-grid-load-storage, pilot the construction of 100% pan-micro-grid demonstration projects for green electricity, and “worry-free” resilient power grid projects with mountainous characteristics, ensure that clean energy is “delivered”, realize the coordinated optimization of source-grid-load carbon storage and electricity, and ensure the safe, economical and low-carbon operation of the power grid.
For the efficient allocation of energy use, it is mainly considered to add flexible resources in Lishui City to improve Lishui’s ability to solve the inequality between power supply and demand. In this regard, Lishui mainly carried out projects such as generalized energy storage resource pool and user-side flexibility resource aggregation and regulation.
According to the data provided by Lishui City, in the multi-time scale generalized energy storage resource pool project, the adjustable capacity of generalized energy storage resources is 1729MW, which increases the new energy consumption space by 218 million kWh/year, increases the new energy transmission capacity by 400 MW during the noon period, and saves 500 million RMB in power grid investment. The average annual carbon reduction and emission reduction is 165,100 tons; 967 users of demand response agreements in the large-scale flexible resource aggregation and control project on the user side, the cumulative amount of demand response electricity subsidies is 21.83 million RMB, the number of air conditioning flexible sensing households is 258, the maximum adjustable load of air conditioning load is 45,000 kW, and 13,045 users participating in load management are 13,045 households/time.
2.3 The exploration of social low-carbon energy potential and the promotion of end-use consumption electrification
Promote the transformation of traditional energy-consuming enterprises into “one low and three high” enterprises, and expand large-scale electric energy substitution in industrial production, transportation, residential energy consumption and other fields. Increase the application of electric heating, electric pressurization and auxiliary electric power in the industrial field. Accelerate the promotion of electric vehicles, electric heavy trucks, etc. in the transportation field. Accelerate the electrification of residential energy use, build zero-carbon buildings, and create zero-carbon communities and all-electric villages. Carry out research and promotion and application of emerging key technologies for electric energy substitution, pilot the construction of large-scale green power resource development projects, ensure that clean energy is “well used”, lead the transformation and upgrading of energy consumption, build a green and low-carbon energy consumption system, and achieve 100% zero carbon emissions in new energy consumption.
For the electrification of end-consumption consumption, the main consideration is to reduce inefficient and high-carbon primary energy use on the user side as much as possible, so as to help reduce the overall carbon emissions of Lishui City. In this regard, Lishui has mainly carried out the near-zero carbon demonstration project of hydrocarbon biomass and other projects to promote electrification.
According to the data provided by Lishui City, the cumulative hydrogen production capacity of the near-zero carbon demonstration project of water-hydrogen biomass is 484.75 kg, the cumulative hydrogen consumption is 449.08 kg, the cumulative natural gas output is 1119.5 Nm3, the cumulative hydrogenation capacity is 92.1 kg, the electrification of transportation is 1809.77 kWh, and the electrification of domestic consumption is 3189.93 kWh.
2.4 The enhancement of load scale response capacity and the promotion of flexible interaction of grid load
Build an operation model of prefecture-level load aggregators, awaken the sleepy adjustable load resources on the customer side, focus on full load aggregation and demand response, connect the smart power platform and demand response platform, focus on industry, hotel, and commercial Universe, establish load aggregation groups such as air conditioning, electric vehicles, and industry, and build a one million kilowatt-level load-side demand response resource pool. Carry out technical research on large-scale resource aggregation and interactive regulation, pilot the construction of user-side large-scale flexible resource aggregation and regulation projects, energy big data centers, solve problems such as wide distribution of flexible resources, difficulty in output regulation, and disorderly energy use, ensure the “supply and live” of clean energy, realize load participation in network-wide interaction, alleviate problems such as insufficient system capacity during peak hours, and improve the resilience and stability of the power grid.
For the flexibility of grid-load interaction, the allocation of source-load flexible resources by the dispatching department is mainly considered, so that the local power generation curve and the power consumption curve are more matched. In this regard, Lishui has carried out projects such as the optimization of grid dispatching of new power systems and 100% pan-micro-grid green power.
According to the data provided by Lishui City, the total regulated resources of the green power 100% pan-microgrid demonstration project are 52.35MW, the annual average green power supply rate is 68.27%, the flexible resource allocation is 0.50MW, the annual average carbon dioxide emission reduction is 106,400 tons, and the new energy support capacity is increased by 58.36MW; the new power system power grid dispatching optimization project has built a wind, solar and water carbon storage intelligent dispatching platform, which is connected to 899 hydrological stations in the whole region. It has established a global zero-carbon virtual power plant, carried out 6.00 zero-carbon peak shaving on holidays, and participated in the normalization of peak shaving in summer in 2022, with a maximum regulation capacity of 760,000 kW.
In addition, Lishui has also carried out the “rain or shine” resilient power grid project with mountain characteristics. The number of monitoring devices increased to 1057, the operation rate reached 98.14%, the online rate reached 98.48%, the cumulative capacity increased by 10 lines, the average load rate increased by 4.75%, the maximum load ratio increased by 25.90%, and the capacity increased by 15.00%. In December 2022, the power supply of Lishui City can be considered to reach 99.9824%, and the average power outage time of households is 1.54 h, with a year-on-year voltage drop of 35.83%.
3 ELECTRIC CARBON SENSING TRACEABILITY MODEL
This chapter begins by introducing the theory of carbon flow, followed by the construction of an electric-carbon tracing model. Finally, this model is applied to conduct carbon tracing and carbon emission analysis of the transformed new power system in Lishui City.
3.1 An overview of the electric carbon sensing traceability model
Literature (Zhou et al., 2012) introduced the initial framework of carbon flow theory, defining and describing several key concepts in the methodology. Literature (Zhou et al., 2012b) established a comprehensive theory and calculation method for carbon flow analysis in power systems, quantitatively analyzing the distribution characteristics and mechanisms of carbon flow within the power grid. Additionally, literature (Cheng et al., 2018) extended the carbon emission flow theory to the integrated energy system, establishing a carbon emission analysis model for the integrated energy system, revealing the fundamental characteristics and patterns of carbon emission flow within the energy network. The electric carbon sensing traceability model in Figure 1 is a carbon emission traceability model based on the carbon emission flow of the power system.
[image: Figure 1]FIGURE 1 | Electricity carbon traceability.
The carbon emission stream of the power system is a virtual network flow that is dependent on the presence of power flows and is used to characterize the carbon emissions that maintain the current flow of any one of the roads in the power system (Wang et al., 2022). It can be considered that the carbon emission flow starts from the power plant, enters the power system as the power grid power of the power plant is on-grid, follows the current flow in the system, flows in the power grid, and finally flows into the consumer terminal on the user side. On the surface, carbon emissions enter the atmosphere through power plants, but in reality, carbon emissions are consumed by electricity users through carbon streams.
3.2 Electricity carbon traceability calculation
The construction process of the electric carbon traceability model: First, the power flow analysis is carried out, and the active power, reactive power, voltage and phase angle of all nodes are calculated by calculation. Then, the carbon potential of each node of the system is calculated, and according to the nature of the carbon emission stream, when the carbon potential of a node is known, for all branches that flow from the node active current, the carbon flow density of these branches is equal to the carbon potential of the node. The nodal carbon potential and branch carbon flow density change with the flow in the system. Think of it as the real-time carbon emission factor of a line at a certain moment (Zhang, 2022).
3.2.1 Branch power flow distribution matrix
Assuming the system has N nodes, among which K nodes have generator injection, and M nodes have loads, the following new concepts will be introduced to facilitate the illustration and calculation of the electric carbon tracing model. First clarify several concepts.
It is a square matrix of order N, denoted by [image: image] . The purpose of defining this matrix is to describe the active power flow distribution of the power system, from the power network level to the boundary conditions of the distribution of carbon emission streams. The matrix contains both the topology information of the power network and the distribution information of the steady-state active power flow of the system. The elements in the tributary power distribution matrix are defined as follows:
If there is a branch between node i and node j (i, j = 1, 2, … , N), and the positive active current flow from node i to node j through this branch is p, then [image: image]; If the active current p flowing through this branch is the opposite current, then [image: image]; In other cases [image: image]. In particular, for all diagonal elements, there is [image: image].
3.2.2 Power injection distribution matrix
It is a matrix of order K×N and is denoted by [image: image]. The purpose of defining this matrix is to describe the connection of all generator sets to the power system and the active power injected into the system by the units, and to facilitate the description of the boundary conditions for the carbon emission flow generated by the generator sets in the system. The elements in the matrix are defined as follows:
If the k-th (k = 1,2, … ,K) generator set is connected to node j, and the active current flow injected into node j from the k-th node containing generators is p, then [image: image], otherwise [image: image].
3.2.3 Load distribution matrix
It is a matrix of order M×N and is denoted by [image: image]. The purpose of defining this matrix is to describe the connection of all electricity loads to the power system and the active load to describe the boundary conditions of the carbon emission stream consumed by electricity users in the system. The elements in the matrix are defined as follows:
If node j is the m (m = 1, 2, … , M) node with a load and the active load is p, then [image: image], otherwise [image: image].
3.2.4 Nodal active power flux matrix
It is an N-order diagonal matrix, denoted by [image: image] . According to Kirchhoff’s current law, the absolute value of all branch currents flowing into and out of the node at any node at any time is equal, and the algebraic sum is equal to 0. Thus, in the power flow analysis, the net injection power at any node is 0. However, in the calculation of carbon flow, the node carbon potential is only affected by the injection power flow, and the power flow from the node has no effect on the node carbon potential. Therefore, compared with the algebraic sum of the current and power flow through the node, the carbon flow calculation pays more attention to considering the “absolute quantity” of the active power flow flowing into the node in the direction of the power flow, which is called the node active flux. In current flow analysis, the concept is not used and defined. In carbon flow calculations, this concept is used to describe the contribution of generator sets to nodes and node-to-node carbon potential in a system. The elements of the node active flux matrix are defined as follows:
For node i, let [image: image] indicate that there is a collection of branches of the current flowing into node i, [image: image] is the active power of the branch s, then there is
[image: image]
where [image: image] is the output of the generator set that is connected to node i, if there is no generator set at the node or the generator set output is 0, then [image: image]. All non-diagonal elements in the matrix is [image: image]. According to the definition of the above three matrices, the diagonal element of the i-th row of the matrix is equal to the sum of the elements of the matrix [image: image] and the i-th column of the matrix [image: image] .
If [image: image], it is not difficult to find:
[image: image]
where [image: image] is a row vector of order N + K, and all elements in the vector are 1 (the same below).
Eq. 2 shows that when the matrix [image: image] and matrix [image: image] of the power system is known, it can be directly generated by the matrix [image: image] and matrix [image: image].
3.2.5 Carbon emission intensity vector
Different generator sets have different carbon emission characteristics, which are known conditions in carbon flow calculation, and can form the carbon emission intensity vector of the generator set of the system. If the carbon emission intensity of the k-th (k = 1, 2, … , K) generator set is [image: image], then the carbon emission intensity vector of the generator set can be expressed as:
[image: image]
3.2.6 Nodal carbon intensity vector
The primary calculation target of the carbon emission stream of the power system is the carbon potential of all nodes. If the carbon potential of the i-th (i = 1,2, … ,N) node is [image: image], then the node carbon potential vector can be expressed as:
[image: image]
Combined with the above, from the definition of node carbon potential, the carbon potential [image: image] of node i in the system can be obtained:
[image: image]
where [image: image] is the carbon flow density of the branch s.
As shown in Eq 5, the carbon potential of node i is determined by the carbon emission flow generated by the generator set connected to the node and the carbon emission flow from other nodes into the node. The meaning of the right numerator and denominator of the equal sign is node i, respectively, and is contributed by the carbon emission flow and flow of the above two types of nodes. Depending on the nature of the carbon stream, the density of the branch carbon flow [image: image] can be replaced by the carbon potential of the node at the beginning and end of the branch, and Eq 5 can be rewritten as the following matrix:
[image: image]
where [image: image] is an N-dimensional unit row vector, where the i-th element is 1.
According to the definition of the nodal active flux matrix, we get:
[image: image]
It can be obtained from Eqs 6, 7:
[image: image]
Since the matrix [image: image] is diagonal, extending Eq 8 to the whole system dimension yields:
[image: image]
After sorting, the carbon potential calculation formula for all nodes of the system is:
[image: image]
After calculating the node carbon potential vector, the carbon flow rate of each branch of the system can be further obtained. Thus, the branch carbon emission flow rate distribution matrix is defined as an N-th order square matrix, which is denoted by [image: image].
The element definition of the tributary carbon flow rate distribution matrix is similar to the tributary power flow distribution matrix. If there is a branch between node i and node j (i, j = 1,2, … , N), and the positive carbon flow rate from node i to node j through this branch is R, then [image: image]; If the carbon flow rate R through the branch is reversed, then [image: image]; In other cases [image: image]. In particular, for all diagonal elements, there is [image: image].
From above:
[image: image]
In addition, after calculating the node carbon potential vector, the carbon emission intensity of electricity consumption of the node load is equal to the carbon potential of the node. Combined with the load distribution matrix, the carbon flow rate corresponding to all loads can be obtained, and the physical meaning is the carbon emission generated by the power generation side per unit time of the load of the supply node. For the m-th (m = 1, 2, … , M) node with load, the carbon flow rate corresponding to the load is [image: image], then the load carbon emission rate vector can be expressed as:
[image: image]
As can be seen from the above:
[image: image]
The overall calculation flow chart is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Electricity Carbon Traceability Model Calculation Process.
3.3 Electricity carbon traceability analysis of Lishui
Figure 3 is the node diagram of the Lishui power system. Table 1 presents partial carbon flow data of the power grid in Lishui City. According to the all carbon flow data from Lishui City, it is evident that the city’s power system gathers data at 5-min intervals, the real-time carbon emission factor of each line in Lishui City can be obtained every 5 minutes. The results of the statistical analysis by row are shown in Figure 4. From the perspective of each route, there are always 1273 lines with a typical intraday carbon emission factor of zero. The real-time carbon emission factor for the 207 lines fluctuates between zero and other values. The carbon emission factor of the 60 lines is not zero at any time. The average typical intraday real-time carbon emission factor in row 210001093 and column 240000874 is the largest, which is 0.7093.
[image: Figure 3]FIGURE 3 | Node diagram of the Lishui power system.
TABLE 1 | Carbon flow density of branches.
[image: Table 1][image: Figure 4]FIGURE 4 | Real-time carbon emission factors for line-based analysis.
The results of the statistical analysis by column are shown in Figure 5. For all routes, the period with the largest average carbon emission factor is from 22:30 p.m. to 23:00 p.m., with the maximum value occurring at 22:55 p.m. on the fourth day of a typical day. The periods with the highest average carbon emission factor were around 22:55, around 20:10, and around 17:50.
[image: Figure 5]FIGURE 5 | Real-time carbon emission factors for time-based analysis.
4 EVALUATION SYSTEM OF LOW-CARBON EMISSION REDUCTION EFFECTIVENESS IN LISHUI CITY
In order to reasonably evaluate the carbon reduction effectiveness of Lishui power system, the carbon reduction effect of electricity is set up as the main indicator to evaluate the overall carbon reduction and emission reduction effect of the power system. Since the carbon reduction effect of electricity is jointly completed by all links of the power system, but the power system is an organic whole, the links of generation, transmission and distribution are coupled with each other and affect each other, and the carbon emission reduction results of each link cannot be simply and linearly added to obtain the overall carbon emission reduction results of the power system (Zhang et al., 2023). However, by separately calculating the contribution of each link to emission reduction, the development of low-carbon power system can be further refined, and the theoretical basis and data support for the advanced plan for low-carbon transformation of power system can be provided. Therefore, four secondary indicators are proposed for the three links of generation, transmission and use in the power system, and the carbon reduction effect of the power system is evaluated in a multi-dimensional and all-round way.
4.1 Primary indicator: the effectiveness of electricity carbon reduction
According to the source of electric energy, the carbon emissions of the power system can be divided into two parts, the carbon emissions generated by the power generation in the city and the carbon emissions from the electricity outside the city. Since Lishui’s local power emissions only come from two self-consumption thermal power plants, the power consumption of the plant is fixed, the power generation is almost unchanged, and the power generation is small, so the carbon emissions of Lishui’s local power supply can be improved relatively little. Therefore, in order to further reduce the carbon emissions of the Lishui power system, we mainly consider from the direction of reducing the dependence on external electricity in the city. The evaluation of the carbon reduction and emission reduction effectiveness of Lishui power system can be summarized as follows: It refers to the difference between the carbon emissions generated by the purchase of electricity from the city before the improvement of the power system, minus the carbon emissions generated by the purchase of electricity after the improvement of the power system.
Among them, due to the interconnection of the national power grid, the physical characteristics of real-time balance of electricity, and the calculation results should have economic and statistical significance, the calculation of the city’s external electricity should be from the perspective of electricity, rather than using electricity for calculation, so the total amount of the city’s external electricity adopts the electricity data of the city’s external gateway. Logically, the electricity from outside the city can be obtained by the following: Municipal external electricity refers to the total electricity consumption of the whole society minus the amount of local power generation and consumption within the city; Local power generation and consumption refers to the amount of power generated locally in Lishui minus the amount of electricity that Lishui purchases from external grid sources outside the city.
Calculation method:
[image: image]
where GPI is the Green power index; FN is the National average carbon emission factor; FL is the Local carbon emission factor.
The official website of each provincial development and reform commission can obtain the carbon emission factor data and green power index of the power industry of each province in Supplementary Table SA1. Among them, the national average electricity carbon emission factor is 5.703 kg CO2/MWh (General Office of the Ministry of Ecology and Environment, 2023).
Evaluation methodology: According to the provincial carbon emission factors of 31 provinces in the country, the green power index of the eighth place (top 25%) reached 26.42%, the 16th place (top 50%) was −5.8%, and the twenty-fourth place (top 75%) was −27.35%, according to which the grade was divided: the green power index reached −27.35% as qualified, −5.8% as good, and 26.42% as excellent (Jiang, 2018).
Indicator calculation results: In 2021 and 2022, the green power index of Lishui City was 52.64% and 60.11%, respectively.
Future indicator forecasting methodology: Using the predicted values of thermal power, clean energy power generation and electricity consumption, combined with the predicted utility carbon emission factor (the change of thermal power factor with time can be ignored in the short term) is used to approximate the calculation.
4.2 Secondary indicator: Permeability of clean power generation
Calculation method: Since almost all of the carbon emissions of the power system come from the thermal power generation units on the power generation side, reducing the carbon emissions on the power generation side is to reduce the thermal power generation and increase the clean energy power generation. Therefore, the higher the proportion of clean energy on the power generation side, the lower the carbon emission level of the power system, it can be summarized as follows:
[image: image]
where RC is the Clean power generation penetration rate; GLc is the local clean power generation; GLt is the local total power generation.
Evaluation basis: In 2021, the cumulative power generation of clean energy accounted for 32.5% of the total power generation in China, and the cumulative power generation of clean energy in Zhejiang Province accounted for 27.8% of the total power generation (China Electricity Council, 2022).
Evaluation methodology: referring to the cumulative power generation of clean energy in China in 2021, 28% of the local clean energy power generation accounted for the total local power generation as qualified, 33% as good, and 38% as excellent.
Indicator calculation result: 95.5% in 2022.
Future indicator forecasting methodology: Calculations are made using clean energy generation and electricity consumption forecasts.
4.3 Secondary index: Flexible resource allocation rate
Calculation method: On the transmission side, the way to reduce carbon emissions is to actively adapt to the characteristics of clean energy power generation on the power generation side, store clean electricity in a timely manner, transfer electricity demand, and use flexible resources of the power grid to adjust the power supply and demand curve to maximize the effect of clean energy output. To this end, it is necessary to examine whether the power system has sufficient flexible resource allocation to meet the needs of flexible dispatch of the power grid. Due to the relative controllability of the power generation side of the power grid, the main goal of flexible resources is to adjust the relatively uncontrollable load demand, so the maximum power load is selected for comparison, and the specific calculation formula is as follows:
[image: image]
where RF is the flexible resource allocation rate; CESS is the adjustable capacity of generalized energy storage resources; CFL is the adjustable capacity of flexible load resources; LMAX is the Maximum power load.
Evaluation basis: Load monitoring capacity reaches more than 70% of the maximum electricity load in the operation area, and load control capacity reaches more than 10% of the maximum electricity load in the operation area (Li, 2017).
Standby is divided into load backup and accident backup, with load standby taking 5% of the maximum power generation load of the system, accident standby taking 10% of the maximum power generation load of the system or the maximum single unit capacity in the system (Cai et al., 2023).
Evaluation methodology: referring to the standards of flexible load and system standby (usually borne by high-flexibility units, such as generalized energy storage resources), if the flexible resource allocation rate reaches 10%, it is qualified, 15% is good, and 20% is excellent.
Indicator calculation result:45.6% in 2022.
Future indicator forecasting methodology: The planned values of generalized energy storage resources and flexible load resources are compared with the predicted values of electricity consumption.
4.4 Secondary index: Global clean source-load matching
Calculation method: With the development of electrical intelligence, the power grid’s ability to predict and perceive load is enhanced, the load can actively support the power grid, and the grid-load interaction is more frequent and efficient. Content three corresponds to the index - flexible resource allocation rate gives the ability of the power grid to regulate supply and demand, in this content, the actual effect of the power grid in regulating supply and demand is mainly considered. In order to achieve the purpose of carbon reduction, the demand for electricity should be met by clean energy, and it is best to realize that the demand for electricity should be fully met by clean energy, without the support of external electricity and local thermal power units. This indicator can be expressed by the matching degree of real-time clean energy generation power and electricity consumption, and the specific calculation formula is as follows:
[image: image]
where Mc is the Clean generation capacity matching; Plc is the local clean power generation; Pn is the national power consumption; Sp is the sampling points.
Evaluation basis: In 2021, the country’s clean energy power generation will be 2,730.4 billion kWh, and the electricity consumption of the whole society will be 8,331.3 billion kWh. Zhejiang Province has a clean energy power generation capacity of 117.4 billion kWh, and the electricity consumption of the whole society is 551.4 billion kWh (China Electricity Council, 2022).
According to the rough calculation of the data, the matching degree of clean source load in China is about 33%, and the matching degree of clean source load in Zhejiang is about 21%.
Evaluation methodology: The closer the value is to 1, the higher the source-load matching. The annual increase in source-load matching degree reaches 5% as qualified, 10% as good, and 15% as excellent. (Or the source-load matching degree of 35% is qualified, 40% is good, and 45% is excellent.)
Indicator calculation result: 61.75% in 2022.
Future indicator forecasting methodology: Since there is no real-time power data, the power generation prediction approximation is used instead:
The clean source-load matching prediction is equal to the local clean power generation forecast divided by the whole society electricity consumption forecast.
[image: image]
where [image: image] is the prediction of clean source-load matching; [image: image] is the forecast of local clean power generation; [image: image] is the forecast of whole society electricity consumption.
4.5 Secondary indicators: The proportion of terminal consumption of electric energy
Calculation method: Electricity is the most efficient energy source compared to all energy sources, so while electrification will increase the carbon emissions of the power system, it will reduce the carbon emissions of the entire energy system. Therefore, on the electricity consumption side, we take into account the proportion of final consumption of electric energy, and explain the contribution of the power system to the emission reduction of the entire energy system:
[image: image]
where Rec is the end consumer electricity ratio; En is the national power consumption equivalent energy; Et is the total energy consumption.
Evaluation basis: The national electrification rate is 26.5%, and the proportion of electricity in Zhejiang, Guangdong and Qinghai in final energy consumption exceeds 30% (China Electricity Council, 2021).
Evaluation methodology: referring to the national electrification rate in 2021, an electrification rate of 26.5% is qualified, a 30% is good, and a 33.5% is excellent.
Indicator calculation result: 65.2% in 2022.
Future indicator forecasting methodology: Predict the total electricity consumption and energy consumption of the whole society separately, and then calculate.
Table 2 presents the evaluation findings of Lishui’s electric power transmission network’s zero-carbon indicator system. Our assessment indicates a significant overall reduction in carbon emissions following the implementation of the new electricity system. Notably, improvements made across all three phases of the power cycle (generation, transmission, and consumption) have substantially contributed to this outcome.
TABLE 2 | Evaluation results for zero-carbon metrics.
[image: Table 2]5 CONCLUSION
This article takes Lishui City as an example to explore the carbon reduction practices of the new power system at the municipal level. Firstly, to promote the construction of the new power system, Lishui City has implemented a series of projects, including ten key projects. These projects mainly involve the development of new energy, grid transformation, energy storage technology application, and intelligent distribution network construction. Through the implementation of these projects, Lishui City has accelerated the low-carbon transformation of the power system, improved the efficiency of grid operation, met the diversified electricity demands of users, and optimized the allocation of energy resources. In order to better track and manage carbon emissions, Lishui City has launched an electric carbon traceability model. This model focuses on the power industry and comprehensively monitors and analyzes carbon emissions at various stages of power production, transmission, and consumption, achieving the visualization and quantification of carbon footprints.
To evaluate the carbon reduction effectiveness of the newly constructed power system projects in Lishui City, this article establishes a low-carbon emission evaluation system. With zero carbon as the goal, multiple evaluation indicators are proposed, and the carbon reduction effectiveness of the new power system is evaluated and analyzed based on historical data from Lishui City. The results show that the new power system in Lishui City has achieved significant carbon reduction effectiveness.
The electric carbon traceability model can help monitor and quantify carbon emissions. Based on this, the low-carbon emission reduction evaluation system can assess the effectiveness of carbon reduction policies and measures, providing scientific basis for setting and adjusting low-carbon development goals. Through the low-carbon emission reduction evaluation system, more cities and companies can be motivated to adopt carbon reduction measures, promote technological innovation and energy transition, and contribute to sustainable development and climate change mitigation. The low-carbon emission evaluation system can drive joint efforts from all sectors of society to reduce carbon emissions and achieve sustainable development.
Furthermore, the proposed low-carbon emission reduction evaluation system can assess and evaluate the carbon emissions of various provinces and cities in China to promote carbon reduction and low-carbon development. In the future, we will continue to improve the evaluation system for carbon reduction effectiveness and promote its application in other provinces and cities, expanding its scope of use.
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