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The carbon quota allocation scheme serves as the fundamental backbone for ensuring the smooth and sustainable operation of the carbon market. Despite numerous prior studies, ongoing debates persist regarding the impact of historical emissions, both positive and negative, on carbon quota allocation. Utilizing the four indicators of historical emissions (both positive and negative), egalitarianism, payment capability, and emission efficiency, this paper employs the entropy method to develop 22 distinct carbon quota allocation plans tailored for China’s provincial regions in the year 2030. Subsequently, utilizing the shadow price method, the study calculates the emission reduction costs of each province under each allocation scheme, thereby evaluating the carbon quota plans from the perspective of emission reduction costs. Finally, a comparative analysis is conducted to assess the impact of both positive and negative historical emissions on the carbon quota allocation scheme, and the paper identifies the carbon quota allocation approach that minimizes the overall emission reduction cost for China. The findings suggest that: 1) allocating more allowances to provinces with higher historical emissions can effectively reduce emission reduction costs for each province; 2) the most cost-effective option for carbon quota allocation is a scheme that takes into account both egalitarian and historical emission criteria; 3) in order to further decrease the overall cost of emissions reduction, it is crucial to achieve comprehensive coverage of the carbon market and facilitate inter-provincial carbon quota trading.
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1 INTRODUCTION
Climate change has become a pressing concern for all nations across the globe. In response to this challenge, countries are presenting their carbon neutrality plans. China, too, announced its ambition in September 2020 to reach a “carbon peak” by 2030 and achieve “carbon neutrality” by 2060, reflecting its commitment as a global leader. Carbon markets will play a pivotal role in attaining these objectives, and China has been proactive in this domain, commencing regional carbon trials in 2011. In 2021, the national carbon emission trading market was officially launched, marking steady progress in China’s carbon market development. Consequently, the influence of carbon markets must be taken into account when striving to achieve the dual carbon targets.
Currently, the allocation of carbon quotas occurs primarily in two stages: from the central government to provincial levels and subsequently from provinces to enterprises. The distribution of carbon quotas from the central government to provinces significantly impacts the cost of emission reduction in each province. The reduction costs of provinces are determined by various indicators such as GDP, energy consumption, employment, fixed capital stock, and carbon emissions. The imposition of carbon quota constraints will significantly alter these indicators in each province. Therefore, under different carbon quota allocation schemes, the reduction costs of provinces vary significantly. The reduction cost determines the financial burden each province must bear to fulfill carbon quota constraints. Consequently, a carbon quota allocation scheme that minimizes the reduction cost for provinces naturally attracts greater attention. Among the factors involved in the formulation of carbon quota allocation schemes, historical emissions are the most controversial. Some argue that historical emissions are the responsibility of emitters and thus provinces with higher historical emissions should receive fewer carbon quotas. Others, adhering to the “grandfather law” principle, maintain that provinces with greater historical emissions should be allocated more carbon quotas. It requires further investigation to determine which viewpoint is more conducive to reducing the cost of emission reduction in each province.
Based on the above analysis, this article utilizes four indicators: historical emissions (positive and negative), egalitarianism, payment ability, and emission efficiency, to develop 22 carbon quota allocation scenarios for China’s provinces in 2030 using the entropy method. Subsequently, the shadow price method is employed to calculate the reduction costs of each province under various allocation scenarios, evaluating each carbon quota plan from the perspective of reduction costs. Finally, a comparative analysis is conducted to assess the impact of both positive and negative historical emissions on the carbon quota allocation scheme, and the paper identifies the carbon quota allocation approach that minimizes the overall emission reduction cost for China.
2 LITERATURE REVIEW
During the period from the first Conference of the Parties to the United Nations Climate Change Conference to the signing of the Kyoto Protocol, various countries proposed a total of 16 carbon quota allocation schemes. Among these schemes, indicators such as historical emissions, emission intensity, population, and GDP represented fundamental principles of fairness, equality, and efficiency in CO2 emission reduction allocation from different perspectives. Consequently, they were widely used as the design basis for provincial carbon quota allocation schemes by most researchers. Among these indicators, historical emissions have garnered significant attention from scholars. There exist two contrasting views regarding historical emissions. Some scholars contend that historical carbon emissions have inflicted considerable harm on the environment, and the emitters should be accountable for their actions. Therefore, provinces with higher historical emissions should be allocated fewer carbon allowances (Pan, 2014a; Wei et al., 2014; Meng, 2018; Wang et al., 2018; Kong, 2019). However, other scholars maintain that the principle of the “grandfather law” should serve as the foundation for allocation. According to this view, provinces with larger historical emissions should be awarded a greater carbon quota (Zhou et al., 2023; Ye et al., 2019; Schmidt and Heitzig, 2014; Zhou, 2013; Shi et al., 2012; Goulder et al., 1999; Wang and Chen, 2016). Furthermore, carbon emission intensity, population, and GDP are crucial indicators in the design of carbon quota schemes. The carbon intensity indicator takes into account the cost-effectiveness of emission reduction efforts. Provinces with higher emissions per unit of GDP would be allocated a lower carbon quota, as this is considered a more efficient approach (Wang et al., 2011). Population has also been a key area of scholarly investigation, with the genesis of the scheme traced back to Britain. The right to emit encompasses both the right to survival and the right to development. It is generally acknowledged that universal access to carbon emission rights should be safeguarded, and the allocation of these rights should aim to secure equal per capita emissions across all regions in the future (Janssen, 1995; Rose, 2004; Zhou, 2013; Feng, 2015; Liu, 2016; Liu, 2016; Zhou and Wang, 2016; Zhou, 2021). The distribution of GDP serves as a reflection of regional economic disparities. Typically, regions or industries with a higher proportion of GDP tend to emit greater amounts of carbon dioxide while also benefiting more significantly from carbon emissions. Consequently, they should shoulder a heavier responsibility in reducing emissions (Janssen, 1995; Rose, 2004; Zhou, 2013; Liu, 2016; Zhou and Wang, 2016).
In the evaluation of carbon allocation methods, current research primarily focuses on assessing fairness and efficiency. The effectiveness of implementation hinges heavily on the equitable nature of the distribution scheme. The majority of existing literature pertaining to carbon quotas incorporates discussions surrounding the equity of distribution schemes (Zhou and Wang, 2016). Fairness can be categorized into two distinct types: subjective and objective. Subjective fairness concerns the evaluation of participants’ individual perceptions of whether a given situation is deemed fair or unfair. Objective fairness, on the other hand, involves the establishment of an objective criterion or methodology for assessing fairness. While the objective approach is generally considered more practical, the definition of fairness remains a subject of ongoing debate. Regarding the evaluation of subjective fairness, predecessors have primarily conducted empirical analyses, questionnaire surveys, and fairness measurements that rely on participants’ subjective consciousness to assess the fairness of carbon markets (Hammar, 2007; Liao, 2015; Howard, 2016; Soumis, 2016). And after the completion of carbon allocation, a direct comparison of results is conducted to analyze the equity of each method (Liao, 2015; Liu, 2016). Objective fairness analysis is primarily conducted through the construction of evaluation indices, such as Theil and Gini indices (Pan, 2014a; Feng, 2015). This index evaluation method involves selecting certain parameters, such as population and GDP, and comparing their shares to the carbon quota to determine the index size for each region, thereby ensuring fairness.
In summary, although numerous studies have been conducted on carbon quota allocation schemes, there remains controversy regarding the positive and negative impacts of historical emissions in such allocations. Some studies have evaluated the allocation schemes, primarily from the perspectives of fairness and efficiency. However, in reality, the emission reduction costs incurred by various provinces and regions under the carbon quota allocation scheme are their primary concern. Therefore, this article studies the positive and negative impacts of historical emissions in carbon quota allocation from the perspective of emission reduction costs.
3 METHODS AND DATA
3.1 Research methods
3.1.1 Design of carbon quota allocation scheme
Based on the principles of egalitarianism, historical emissions, ability to pay, and emission efficiency, we selected four indicators: population, carbon emissions over the past decade, per capita GDP, and carbon emission intensity. The core of egalitarianism is the equal right to carbon emission, implying that provinces with larger populations should be allotted larger carbon quotas commensurate with their size (Dong et al., 2024; Chen et al., 2022; Fang et al., 2019). Regarding historical emissions, there are two opposing viewpoints. One school of thought maintains that the higher the level of historical emissions, the greater the responsibility for carbon emission reduction, justifying the allocation of fewer carbon allowances (Wei et al., 2013; Pan, 2014b; Meng, 2018; Wang et al., 2018; Kong, 2019); while another advocates for grandfathering, whereby a larger quantity of historical emissions warrants an increase in carbon allowances (Zhou et al., 2023; Ye et al., 2019; Schmidt and Heitzig, 2014; Zhou, 2013; Shi et al., 2012; Goulder et al., 1999). The economic strength of each province is reflected in its ability to pay, which determines the extent to which emissions can be reduced. Therefore, provinces with stronger financial capabilities are entitled to smaller carbon emission quotas (Gan et al., 2022; He et al., 2021). Emission intensity denotes the amount of carbon emissions produced per unit of GDP. The higher the carbon intensity of GDP, the more emissions should be reduced and the smaller the carbon quota becomes (He and Bin, 2021; Ji et al., 2017).
These indicators are combined to design 11 different carbon quota schemes. Then, taking into account the contentiousness of prior literature regarding the positive and negative impacts of historical emissions on carbon quota allocation, this paper has developed a total of 22 schemes–11 for each category—based on the original 11 carbon quota allocation schemes. The particulars are presented in Table 1.
TABLE 1 | Carbon quota allocation scheme.
[image: Table 1]To differentiate between the positive and negative attributes of historical emissions, we have designated the 11 schemes with negative attributes as series 1, denoted by [image: image]. Similarly, the 11 schemes with positive historical emissions are classified as series 2 and labeled as [image: image].
3.1.2 Entropy method
Research has revealed that scholars utilize diverse methods for allocating carbon quotas, encompassing techniques such as the entropy method, ZSG-DEA method, scenario analysis, subjective weight + entropy weight approach, and fuzzy optimization model, among others (Mu, 2016; Wang et al., 2016; Yang, 2017; Zhao, 2017). The entropy method, among various other techniques, relies solely on objective data, thereby eliminating subjective biases in the weight assignment process. Consequently, it is frequently employed by scholars to allocate carbon emission reduction targets across diverse industries (Guo et al., 2023; Cheng et al., 2022; Tian et al., 2022). The procedures and algorithms of the entropy weight method for determining index weights are outlined below (Cui et al., 2021).
Firstly, the evaluation indicators for each province are selected based on four perspectives: egalitarianism, historical emissions, ability to pay, and emission efficiency. These indicators include population, historical emissions, per capita GDP, and emission intensity. The decision matrix X is then constructed using information entropy, as shown in Equation (1).
[image: image]
Where Xij represents the jth index value of the ith province (where [image: image] and [image: image]).
Then, each index of the same province needs to be normalized, as shown in Equations (2) and (3).
[image: image]
[image: image]
The jth characteristic ratio in the ith province is computed as Equation (4):
[image: image]
After normalizing the data, the decision matrix is transformed from X to P, as shown in Equation (5).
[image: image]
According to the entropy method, the weight entropy value of index j (ej) can be obtained through the Equation (6).
[image: image]
The weight of indicator j is then determined, as shown in Equation (7).
[image: image]
Comprehensive evaluation value of carbon emission rights of province i, as shown in Equation (8):
[image: image]
Allocation coefficient of carbon emission reduction for province i, as shown in Equation (9):
[image: image]
3.1.3 Shadow price method
The shadow price is defined as the incremental cost incurred by increasing production of a product by one unit, to achieve optimal resource allocation at a given level (Zhang et al., 2024). In recent years, the issue of carbon emissions has garnered increasing attention from experts and scholars. The shadow price method has also been invoked to the issue of CO2 emissions, to calculate the shadow price of CO2 (Boussemart et al., 2017; Wang et al., 2022). The shadow price of carbon dioxide refers to the reduction in output resulting from a one-unit decrease in carbon dioxide emissions, which is equivalent to the cost of reducing such emissions (Shen et al., 2023; Zhang et al., 2014).
The directional distance function is currently the prevailing model for computing the shadow price of CO2. The directional distance function is defined as the Equation (10):
[image: image]
Where y is the desired output and b is the undesired output, which respectively represent economic benefits and carbon dioxide emissions in the study of this paper. [image: image] denotes all production feasible sets. If the directional distance function vector [image: image], it indicates that the output combination lies on the technological production frontier, implying technical efficiency in production. If the directional distance function [image: image], it indicates that the output mix deviates from the production frontier and production is technically inefficient. The magnitude of inefficiency increases with higher values of [image: image]. [image: image] is the optimal output under a certain input.
R represents the maximum revenue when the production possibility is satisfied as Equation (11):
[image: image]
Where p is the price of desired output and q is the price of undesired output. Let [image: image], with the implication that the expansion of desirable output and the reduction of undesirable output are symmetric. Using the Lagrange multiplier method to find the maximum value, we can get the Equation (12):
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Take the ratio of the two, we can get the Equation (13):
[image: image]
The shadow price of carbon dioxide is represented by the Equation (14):
[image: image]
The directional distance function can be decomposed into three approaches: nonparametric data envelopment analysis (DEA), parametric stochastic frontier analysis (SFA), and parametric linear programming (LP). The most commonly utilized nonparametric modeling approach is the data envelopment analysis (DEA) model, which offers the advantage of not requiring a specific form of the distance function to be specified. However, the DEA model cannot ensure the “existence” of shadow prices and the computed shadow prices are not necessarily unique. The parametric SFA approach employs an econometric model to estimate the distance function, which enables the investigation of the impact of random shocks and technical inefficiency factors on the environmental output frontier while ensuring differentiability throughout. The econometric model, however, cannot predefine production technology constraints. Therefore, post-evaluation is necessary to determine whether the shadow price satisfies relevant constraints. The parametric LP model requires the construction of a second-order flexible, continuously differentiable function in advance to approximate the real but unknown production frontier. Subsequently, the parameters of the function are estimated based on data and shadow prices are obtained. The LP model is currently the most extensively employed method as it ensures the existence and uniqueness of shadow prices while also allowing for flexible constraint settings (Lee et al., 2002; Wei et al., 2014; Boussemart et al., 2017).
The parametric LP model can be classified into translog and quadratic functions based on different parameter forms. The translog function typically assumes that desirable and undesirable outputs are equivalent, meaning that output efficiency and shadow prices are determined through simultaneous expansion or contraction. As a result, it fails to meet the requirements of environmental regulation. The quadratic function not only resolves the translog function issue, but also satisfies the transfer property, quadratic differentiability, and directional distance function flexibility. Theoretical studies have demonstrated that the quadratic function outperforms the translog functional form across various conditions (Vardanyan, 2006; Fare, 2010). To conclude, the quadratic function of the parametric LP model has been selected in this paper to compute the shadow price. The specific model functions are presented as Equation (15):
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To determine the shadow price, it is necessary to estimate the parameters in Eq. 14 with precision. In this paper, linear programming is employed to determine the optimal parameters. We assume that each province as close to the production frontier as possible and minimize the sum of quadratic production functions for all provinces as our linear programming objective function, as shown in Equation (16).
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The significance of each constraint is delineated as follows: Constraint 1 ensures that each DMU is positioned on or within the production technology frontier, thereby satisfying the non-negativity constraint of the directional distance function; Constraints 2 and 3 are designed to ensure the monotonicity of desirable and undesirable outputs with respect to the distance function, guaranteeing their monotonically decreasing and increasing. That is to say, under unchanged conditions, an increase in desirable output will result in a decrease in the distance function value, while an increase in undesirable output will lead to an increase in the distance function. Similarly, Constraint 4 ensures the input is monotonically increasing; Constraints 5 and 6 represent the transformation properties and symmetry of the directional distance function, respectively.
After formulating the model, we utilize Matlab to solve the linear program and derive the parameters.
3.2 Data processing
In the calculation of the entropy method, this paper selects four indicators—population, historical emissions, per capita GDP, and emission intensity—to determine the allocation of carbon quotas among provinces. On 30 December 2016, the China State Council released the National Population Development Plan (2016–2030) (China State Council, 2016), which projected China’s total population to reach approximately 1.45 billion by 2030. This paper adopts this projected number as the estimated total population. Additionally, the research gathers data on the total population of all provinces and regions from 2011 to 2020, sourced from the National Bureau of Statistics, and subsequently calculates the average proportion of each province’s population within the national total during this timeframe. The average ratio serves as an indicator of each province’s population share in the total national population projected for 2030, enabling an estimation of each province’s population in that year. For historical emissions, the cumulative emissions from 2010 to 2019 are chosen, and the data utilized in this study are sourced from the China Carbon Accounting Database (Guan et al., 2021). The GDP growth rate for each province during the 14th Five-Year Plan period is derived from their respective 14th Five-Year Plans. The GDP growth rate of each province in the 15th Five-Year Plan has been adjusted by a downward revision of 20% based on the 14th Five-Year Plan, to estimate the GDP of each province for the year 2030. Emission intensity is calculated as the ratio of carbon emissions to the GDP of each province and region in 2019. The detailed data are shown in Table 2.
TABLE 2 | Data summary of entropy method.
[image: Table 2]In the shadow price method calculation, this paper selects fixed capital stock, energy consumption, employed population, GDP, and carbon dioxide emissions as the indicators for computation. The GDP for 2030 has been previously mentioned in the aforementioned section. Data of fixed capital stock in 2030 Based on the previous research (Shan, 2008), the fixed asset investment, price deflator, and price index of fixed asset investment from 2007 to 2019 are collected from the statistical yearbooks of all provinces and regions to calculate the fixed asset stock from 2007 to 2019. The average growth rate of fixed assets in each province and region during the aforementioned years is computed, serving as the growth rate for fixed asset stock in each province and region from 2020 to 2030. Subsequently, the fixed capital stock in 2030 can be determined. The projected energy consumption data for 2030 is based on the Energy Production and Consumption Revolution Strategy (2016–2030) (National Development and Reform Commission, 2017), which stipulates that the total energy consumption in 2030 should be limited to 6 billion tce, a value adopted in this paper as well. The proportion of energy consumption for each province is calculated as the average ratio of its energy consumption to the total energy consumption from 2011 to 2020, based on data extracted from statistical yearbooks of respective provinces. The employed population data for 2030 is derived from the population-to-employment ratio of each province and region in that year. Among them, the population data has been previously expounded upon in the preceding section. The employing-population ratio is calculated as the average of the employing-population ratios for each province and region from 2011 to 2020, using data sourced from the statistical yearbooks of said provinces and regions. The total carbon dioxide emissions are derived from the Action Plan for Carbon Peak before 2030, which proposes a 65% reduction in carbon emission intensity by 2030 compared to that of 2005. The total carbon emissions in 2030 are calculated by 2030 GDP and carbon emission intensity. The emissions proportion in each province is not determined through data collection alone, but rather from the calculation results of the previous entropy weight method. By multiplying the total national carbon emissions in 2030 by the carbon quota proportion of each province, we can estimate the carbon emissions of each province in that year. Carbon dioxide emissions, which belong to the calculation results of entropy method, are not displayed here in this article. Only the four data of GDP, fixed capital stock, energy consumption, and employment are shown. Detailed data are shown in Table 3.
TABLE 3 | Data summary of shadow pricing method.
[image: Table 3]4 RESULTS AND ANALYSIS
This paper’s calculation process comprises two principal segments. In the first segment, the entropy weight method is employed to allocate carbon quotas across various provinces and regions. Subsequently, the second segment utilizes the shadow price method to estimate the emission reduction cost of each province and region under distinct allocation scenarios, drawing upon the emissions data obtained from the first segment. Initially, the first segment is analyzed.
4.1 Allocation of carbon quotas among provinces under various allocation schemes
There are significant variations in carbon allocation among different provinces in China under diverse allocation schemes, as illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Carbon quota allocation of Series 1 and Series 2.
Within Scheme series 1, Guangdong, Henan, and Sichuan stand out as the provinces with the most significant proportion of carbon quotas, whereas Ningxia, Inner Mongolia, and Shanxi receive the least allocation. Notably, Guangdong holds the largest carbon quota in schemes A1, C1, G1, H1, I1, and J1, and also ranks prominently in other schemes. Henan and Sichuan follow close behind, occupying a relatively large proportion of carbon quotas in various schemes of Series 1. The allocation of a substantial carbon quota to Guangdong is primarily driven by its population size and emission intensity. Since both these metrics rank among the highest in China, Guangdong is able to secure a significant amount of carbon quota. While the GDP per capita and cumulative emissions of Guangdong Province also play a moderate role in the allocation of carbon quotas, their impact is relatively weaker compared to the other two factors. In Henan province, the primary factors determining carbon quota allocation are emission intensity, GDP per capita, and population. In Sichuan province, the key factors are emission intensity, cumulative emissions, and GDP per capita. On the other hand, in Ningxia province, the lower carbon quota allocation is primarily attributed to population size and emission intensity. Similarly, in Inner Mongolia and Shanxi provinces, the main influencing factors include population size, emission intensity levels, and cumulative emissions. Due to the differences in data selection and index selection, the research results cannot be completely consistent with the previous studies in terms of carbon quota allocation. However, the allocation of carbon quotas among provinces is very similar to that of the previous studies. In the previous studies, the research results with historical emissions as negative indicators are similar to the results of Series 1 in this paper. The provinces with high proportion of carbon quota allocation include Shandong, Henan, Guangdong, Sichuan and other places (Tian et al., 2022; Chen et al., 2022).
The difference between Series 2 and Series 1 lies in the treatment of historical emissions as a positive or negative indicator, resulting in disparities in carbon quota allocation outcomes within schemes that incorporate historical emissions metrics. These schemes include A, D, E, I, J, and K. Examine the variations in carbon quota allocation between Series 2 and Series 1 for these schemes. When historical emissions are treated as a positive indicator instead of a negative one, there are some changes in the carbon quota allocation among different provinces. In Series 2, the carbon quotas of provinces with higher historical emissions have increased, while those of provinces with lower historical emissions have decreased. Provinces such as Shandong, Shanxi, and Inner Mongolia have seen the largest increases in carbon quotas, while Qinghai, Hainan, and Beijing have seen the largest decreases. Therefore, in Series 2, Shandong, Guangdong, and Henan are the provinces with the largest proportion of carbon quotas, while Shanghai, Ningxia, and Beijing are the regions with the lowest carbon quotas. Similarly, the research findings are similar to those in previous studies where historical emissions were treated as a positive indicator (Liu, 2016).
4.2 Results and analysis of shadow prices
The shadow price denotes the expense of decreasing one unit of carbon dioxide, and a higher shadow price indicates a greater cost associated with reducing carbon dioxide. The shadow prices for each province and region have been computed under each allocation scheme, and the results have been thoroughly analyzed. It is evident that in the majority of schemes, the shadow price of carbon quota in certain provinces is exceedingly high. This indicates that, under these allocation schemes, the cost of emission reduction in these provinces will be significantly high. Such allocation outcomes are clearly disconnected from the actual demand and lack feasibility. Therefore, we eliminate these schemes from further consideration and focus our analysis on the remaining ones.
After rigorous screening, the outcomes of the remaining schemes are presented in Table 4; Figure 2. Firstly, a comparison between the results of Scheme A1 and A2 reveals that the shadow price of carbon quota in most provinces is lower under Scheme A2 than under Scheme A1. Similarly, the comparative results for other schemes within Series 1 and 2 yield largely consistent outcomes. This demonstrates that under the allocation criteria favoring greater historical emissions and higher carbon allowances, the cost of emission reduction is reduced. A1 and A2 are selected as representative examples for analysis. The primary difference in calculating the shadow prices of A1 and A2 lies in the allocation of carbon quotas. This difference arises from the varying approaches towards historical emissions in the two schemes. As per the previous section’s findings on carbon quota allocation, Scheme A1 adheres to the principle of assigning fewer carbon quotas to provinces with higher historical emissions. Consequently, the carbon quota disparities among provinces in Scheme A1 are narrower. The criterion of Scheme A2 is that provinces with higher historical emissions receive more carbon quotas, resulting in a carbon quota allocation that is more aligned with the actual distribution of carbon emissions. Conversely, the distribution outcomes of Scheme A1 overlook the disparities in the economic and social environments among provinces. This disconnect between the actual situation in some provinces and their emission reduction tasks leads to a sharp increase in the cost of emission reduction. Scheme A2, however, achieves a better balance between the actual situation and the emission reduction tasks of each province, resulting in a lower emission reduction cost compared to Scheme A1.
TABLE 4 | Shadow prices under the six schemes.
[image: Table 4][image: Figure 2]FIGURE 2 | Analysis of shadow prices.
The paper examines various schemes within a reasonable range of shadow prices and reveals that the average shadow price in Jiangxi, Guangdong, and Chongqing is the highest among all provinces and regions, indicating relatively high emission reduction costs. The average shadow price in each province of scheme A2 is CNY 10006/ton, which is the most cost-effective option among all schemes. Figure 3 illustrates the shadow prices for each province under A2.
[image: Figure 3]FIGURE 3 | Shadow price of each province in scheme A2.
Figure 3 reveals that the regions exhibiting higher shadow prices are predominantly concentrated in central and eastern China. Shandong, Jiangsu, and Guangdong are the three regions with the highest shadow prices, exceeding CNY 16,000. The three second-level regions, namely, Shanxi, Henan, and Zhejiang, exhibit shadow prices ranging from CNY 12,000 to 16,000. The third level area is centered around the first and second tier cities, indicating a trend of encirclement. The shadow prices of provinces in western China generally rank in the fourth and fifth level, indicating a relatively low level compared to other regions. In Scheme A2, the shadow prices of Shandong, Jiangsu, Guangdong, Shanxi, Henan, Zhejiang, and other regions exceed the average level. If the emission reduction task is completed according to the allocation of carbon quota, the emission reduction cost is huge. Therefore, these provinces can purchase carbon allowances in the carbon market, while other regions with low emission reduction costs can overachieve carbon emission reduction and sell the excess carbon allowances through the carbon market.
5 CONCLUSION AND SUGGESTIONS
5.1 Conclusion
Utilizing the four indicators of historical emissions (both positive and negative), egalitarianism, payment capability, and emission efficiency, this paper employs the entropy method to develop 22 distinct carbon quota allocation plans tailored for China’s provincial regions in the year 2030. Subsequently, utilizing the shadow price method, the study calculates the emission reduction costs of each province under each allocation scheme, thereby evaluating the carbon quota plans from the perspective of emission reduction costs. Finally, a comparative analysis is conducted to assess the impact of both positive and negative historical emissions on the carbon quota allocation scheme, and the paper identifies the carbon quota allocation approach that minimizes the overall emission reduction cost for China. The conclusions are as follows:
1. The shadow price of the schemes with negative historical emissions is significantly higher than that of the schemes with positive historical emissions. This shows that in terms of the factor of historical carbon emissions, the carbon quota allocation scheme based on the principle that the more carbon emissions are, the more carbon quotas are, can significantly reduce the shadow price of carbon emissions in each province. Therefore, from the perspective of reducing the emission cost of each province, the principle of allocating more emissions allowances to provinces with higher emissions has greater advantages.
2. After conducting an analysis and comparison of the shadow prices associated with 22 different carbon allocation schemes, it has been determined that the carbon quota allocation scheme which is based on egalitarian principles and historical emissions results in lower shadow prices for each province when compared to other schemes. The results indicate that the carbon quota allocation scheme which is based on egalitarian principles and historical emissions offers the lowest emission reduction cost for each province, making it a more favorable option for achieving the emission reduction target.
3. The carbon quota shadow price gap between provinces is significant in each scheme. To minimize the overall cost of emission reduction, it is imperative to establish a nationwide carbon market that facilitates inter-provincial trading of carbon allowances.
5.2 Suggestions
Based on the analysis of carbon emissions shadow prices in all provinces and regions under 22 different carbon quota allocation schemes for 2030, this paper proposes the following recommendations:
1. Provincial carbon quota allocation is a crucial stage in the process of carbon quota allocation, as it determines whether the carbon market can effectively fulfill its role in reducing emissions. The allocation of carbon quotas is significantly influenced by historical emissions. To minimize the cost of emission reduction, it is recommended that the government allocate more carbon quotas to provinces with higher historical emissions.
2. The cost of emissions reduction is a primary concern for provinces when implementing emission reduction measures. For those who aim to reduce emissions, the lower the cost of emission reduction, the greater their motivation for reducing emissions. Therefore, to minimize the cost of emission reduction across all provinces and regions, it is recommended that the government allocate carbon quotas based on principles of egalitarianism and historical emissions.
3. The shadow prices exhibit significant variations across different provinces. The trading of carbon quota among provinces is an effective means to balance the distribution of carbon quota and reduce the overall cost of emissions reduction. Currently, the carbon market has yet to achieve full coverage across all provinces and industries, necessitating further expansion of its scope to encompass all regions in China. Meanwhile, it is imperative to enhance the carbon quota trading mechanism within the carbon market to facilitate inter-provincial transactions.
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