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Abstract

:

By originally integrating the structural decomposition analysis (SDA) into a computable general equilibrium (CGE) model, this paper simulates and analyzes the impact and mechanism of energy taxes on carbon emissions. Changes in carbon dioxide emissions, energy consumption structure, and other macroeconomic variables are investigated under different pre-set scenarios. The conclusion shows that the imposition of an ad valorem energy tax will indeed impact the production and consumption of enterprises. A higher tax rate leads to more pronounced reductions in carbon dioxide emissions. The carbon intensity effect is the dominant factor driving national carbon emissions and carbon emission intensity decline. Although the production structure effect and final demand effect play a role, their influences are relatively weak. While levying energy taxes, subsidies for personal income tax or corporate production tax can achieve double dividends. The progress of energy utilization technology is capable of increasing unit energy output and easing the negative impact of energy tax collection, and the gross national product may rise rather than fall. Under this circumstance, the production structure effect will play a greater role because the total demand coefficients of various industries for energy industry products will further decline. Only by levying energy taxes on coal and oil, exempting energy taxes on natural gas, or using energy tax revenue to subsidize investment in the natural gas industry can the government optimize the energy consumption structure. Subsidies will boost final demand for the natural gas mining and processing industry and increase the consumption share of natural gas, a cleaner energy source than coal and oil, which is critical in the current energy transition process.
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1. Introduction


Living in an era of rapid technological development and international interconnection means that the general public face both opportunities and challenges. While people enjoy the material abundance brought about by the deepening of the industrial chain and productivity improvements, they face increasingly severe global warming issues. According to the prediction of the Intergovernmental Panel on Climate Change (IPCC), by 2100 the global average temperature will be 1.5 degrees to 4.8 degrees higher than the level before the industrial revolution. As is pointed out by the latest IPCC report, global greenhouse gas is increasing year by year. The data show it reached annual averages of 410 ppm for carbon dioxide (CO2), 1866 ppb for methane (CH4), and 332 ppb for nitrous oxide (N2O) in 2019. If the increase in carbon emissions cannot be effectively curbed, mankind will face various risks such as rising sea levels, extinction of species, and increased extreme weather.



Unlike regional issues, when facing issues such as global warming people worldwide have to work together and take action hand in hand. In response to climate change, the international community has successively signed international agreements such as the United Nations Framework Convention on Climate Change (UNFCCC), the Kyoto Protocol, and the Paris Agreement, which demonstrated the global determination to cope with climate change. In September 2020, as one of the first parties to sign the UNFCCC, China proposed the goal of carbon peak and neutrality, meaning that carbon dioxide emissions from China would reach a peak by 2030 and be carbon neutral by 2060. In order to implement this commitment and achieve the comprehensive green transition of economic and social development during the process of pursuing high-quality development, China must accelerate the improvement of energy efficiency, reduce the use of fossil fuels with high carbon emission coefficients, and vigorously promote the use of clean energy.



Among various instruments for reducing carbon emissions, taxation is an indispensable option. As an effective instrument of the government, energy tax is able to affect the energy consumption of economic entities, thereby playing a role in controlling the emission of carbon dioxide and other greenhouse gases. Economist Pigou was the first to analyze the mechanism of taxation for reducing environmental emissions, and many scholars have since expanded and extended the concept. In the early 20th century, some western developed countries began to levy energy taxes. Owing to the growing concern over global warming, carbon taxes have been introduced in more and more countries. Recently, the Chinese government has increasingly emphasized the importance of the construction of an ecological civilization, and has accelerated the establishment of a series of environmental taxation policies. In the “National Thirteenth Five-Year Plan for Energy Development”, it is clearly pointed out that China should improve energy taxation policies. China should advance the reform of energy taxation in an all-round way, rationally adjust the benefits from resource development, and accelerate the reform of environmental protection from fees to taxes. The “National Fourteenth Five-Year Plan” further proposes that China must implement taxation policies that are conducive to energy conservation, environmental protection, and comprehensive utilization of resources. The implementation of environmental protection-related taxes will assist China in achieving its international commitments to reduce emissions in great amounts and with high speed. In addition, the promotion of environmental protection-related taxes such as energy taxes can be helpful in improving existing taxation mechanisms and enhancing the overall efficiency of the economy. Above all, exploring the impact of taxation instruments such as energy taxes, especially their carbon emissions reduction effects, can be of great help in understanding action to reduce carbon emissions as well as in providing policy recommendations for the Chinese government.



In addition to the overall effect of levying energy taxes, it is vital to deeply explore how energy tax policies affect carbon emissions mitigation. Considering that the imposition of energy taxes will inevitably impact other variables in the economic system, it is necessary to develop a generalized system for a more comprehensive analysis. Furthermore, there are a variety of policies which exist at the same time in the actual world. Exploring the combined effects of different policies is conducive to a thorough and accurate understanding of the impact of energy taxes.



The rest of this paper is constructed as follows: Section 2 summarizes recent research on environmental taxation including energy taxes, the comparison of different environmental taxes, and the influences of various scenarios. Then, this paper briefly analyzes the impact mechanism of energy taxes from a theoretical view. Section 4 outlines the structure of the integrated analysis of CGE and SDA in detail, and explains the scenario settings. Section 5 presents interpretation analysis and discussion of the simulation results under different scenarios. The comparison of China’s environmental protection tax and the EU’s energy tax, regional equity concerning energy taxation, and managerial implications are discussed later in Section 6. In the final part, the conclusion and recommended policies are put forward.




2. Literature Review


Since the 1970s, there has been a wave of green taxation reforms in western countries. Some European countries, taking the Netherlands as an example, introduced a variety of environmental taxes in the late 1980s. Until now, scholars worldwide have carried out comprehensive explorations in this field and analyzed the carbon emission reduction effects of environmental taxes such as energy taxes and carbon taxes in detail; however, such taxes differ today in many countries.



Researchers have recently studied several aspects of the consequences of the introduction of energy taxes, especially their impact on carbon emissions. Through an econometric analysis, the effect of increasing a domestic refined oil consumption tax has been tested by Zhao et al. [1]. They point out that although gasoline demand in China is inelastic, a rise in energy taxes can still control gasoline consumption and CO2 emissions by directing consumers to conserve energy. Some researchers in China focus on the positive impact of energy tax on emission reduction by region, such as the research on Tianjin and Guangdong Province [2,3]. Research by Shmelev et al. [4] shows that energy taxes for coal and liquefied petroleum gas (LPG) have caused a significant decrease in CO2 emissions in Sweden. Further research by Nong et al. [5] includes non-CO2 emissions in the analysis. They find that taxing coal and petroleum products reduced emissions levels in Vietnam, with the former having a greater emissions mitigation effect than the latter. However, by applying the Granger causality test and panel data analysis to almost all EU countries, Liobikiene et al. [6] point out that energy taxes do not have a Granger-causality relationship with greenhouse gas emissions. From the perspective of research methods, various models have been used to study the impact of energy taxes, with CGE the most mainstream one. This paper aims to investigate the effectiveness and efficiency of energy taxation by adopting an integrated model of CGE and SDA, which helps to determine whether an energy tax is effective and how it can impact carbon emission and carbon intensity. Based on the most recent database, this paper simulates the changes in carbon emission reduction and other economic variables under different scenarios, thus providing implications for energy and environmental taxation policies.



Another group of research focuses on the comparison of various types of environmental taxation. Based on the ORANI Model of the Australian economy, McDougall [7] finds that a broad-based energy tax performs better than a carbon tax in reducing greenhouse gas emissions. Jorgenson et al. [8] compare the economic impact of three tax instruments on fossil fuels for controlling CO2 emissions, namely a carbon tax, an energy tax, and an ad valorem tax on energy. Their evaluation suggests that a carbon tax has the smallest negative effect on the economy as a whole and the most severe effect on coal mining; in contrast, either an energy tax or an ad valorem tax would cost more to the economy. Scrimgeour et al. [9] simulates the relative effects of energy taxes or carbon taxes on New Zealand’s economy with equivalent tax revenue collected. Under their set-up, although an energy tax performs less well in terms of CO2 emissions reduction than a carbon tax, it has a less adverse impact on GDP, household consumption, exports and investment. Proposing a China Energy and Environmental Policy Analysis (CEEPA) model, Liang et al. [10] draw a comparison between an energy tax and a carbon tax concerning their energy, environmental, and socio-economic influences. They indicate that, given the same extent of direct disturbance, the carbon tax performs better in restricting energy consumption and CO2 emissions. Othman [11] compares the carbon and energy taxes in Malaysia in terms of their economy-wide and welfare impacts. The results show that a carbon tax can reduce more emissions relative to an energy tax. Further research by Zou et al. [12] considers a carbon–energy tax scenario and shows a larger carbon emission reduction effect with relatively smaller economic costs. A dynamic recursive CGE model is conducted by Lin et al. [13], through which researchers study the impact of the energy tax in terms of a specific tax and an ad valorem tax. The results indicate the increase of energy efficiency driven by the fact that an increasing tax on the energy demand is more significant than one on sectoral output. In a Cournot oligopoly framework, Aoyama et al. [14] make a comparison between energy and emission taxes. The results indicate that the performance of energy and emission taxes are different in terms of economies of scope. In addition, the energy tax performs better in terms of innovation incentives. Therefore, the choice of policy instruments is essential for the achievement of government goals. Instead of zeroing in on the comparison of the environmental and economic impacts of a variety of environmental taxation methods, this paper offers a comprehensive analysis of the impact of an ad valorem energy tax under various types of scenarios.



Under specific scenarios, the extant literature has investigated the influence of various scenarios concerning energy taxation such as the recycling of energy tax revenue, taking technology advances into consideration, and the imposition of non-uniform tax rates on different energy sources.



The double dividend obtained by a tax and subsidy reform is widely discussed, forming another important category concerning the influence of energy taxes. Several studies have found that a proper reorientation of tax revenue may, in addition to helping to achieve environmental goals, play a role in raising output and improving social welfare. Recent scholarship in this area includes Oueslati et al. [15], who concentrate on the relationship between taxes on energy products and income inequality. Using a multiple panel regression analysis of OECD countries, it is indicated that implementing a tax revenue recycling scheme could alleviate inequality as measured by the Gini coefficient. He et al. [16] describe the existence of green dividends and blue dividends. Karimu et al. [17] adopt a panel vector autoregressive estimation approach to analyze electricity taxes in EU countries and find a double dividend of both reducing carbon emissions and unemployment. Furthermore, research by Maxim et al. [18] reveals a triple dividend of lower emissions, higher economic levels, and higher employment.



Although many scholars have discussed the influence of energy taxes from the environmental and economic perspectives extensively, few of them consider the energy tax along with other related shocks. Li et al. [19] investigate the synergy degrees of coal capacity cuts and carbon taxes using a dynamic CGE model. Their findings show that a mixed policy can have better performance than a single policy in terms of carbon emission reductions and energy savings.



In addition, the impact of energy taxation differs when different tax rates are considered [20]. For example, Casler et al. [21] find that the direct and indirect distributional effects depend on which energy is taxed and how taxes are imposed. The overall equity concerns and the potential public reaction to a tax on gasoline are far less than those on other specific products such as coal, electricity and natural gas. Specialized tax rates provide the incentive for industries to adjust their demand, thus propelling fuel switching from fossil fuels to cleaner energy. Wissema et al. [22] adopt a CGE model with specific details in taxation and energy use, and their study shows that fuel switching is the key to achieving emission reduction goals. They find that a specific energy tax, in which the tax rate depends on its carbon content, has an advantage over an equivalent uniform energy tax on all energy sources. Arimura et al. [23] provide evidence for fuel switching from coal to natural gas in Asia. Ganda et al. [24] highlight the significance of a disaggregated environmental tax policy. Based on previous literature related to the energy taxation policy, their paper considers three other scenarios, excluding the basic scenario. Under these specifications, it is able to evaluate whether a double dividend and synergy effect of energy tax and technological progress exist, and whether in this context it is better to adopt a more focused energy tax.



Many scholars have studied the driving factors of carbon emissions and carbon intensity using structural decomposition analysis (SDA), and this analytical approach has become one of the most mainstream. The early literature before 2012 mostly uses additive SDA to analyze the driving factors of carbon emissions, and there are few studies which use multiplicative SDA [25]. For instance, based on the input–output model and SDA, Peters et al. [26] investigate the driving factors of China’s carbon dioxide emissions from 1992 to 2002. Their findings show that efficiency improvements and technological advancements only partially offset the increase in carbon emissions caused by the increase in final demand. Zhang [27] use the Ghosh input–output model and SDA to analyze the changes in China’s carbon emissions from 1992 to 2005, finding that the supply-side structure measured by value-added sectoral shares led to the increase in China’s carbon emissions from 1992 to 2002 as well as the decrease in carbon emissions from 2002 to 2005. Baiocchi et al. [28] analyze the driving factors of British carbon dioxide emissions from 1992 to 2004 by adopting the multiregional input–output model (MRIO) and SDA. The results show that domestic carbon emission efficiency and changes in production structure reduced carbon dioxide emissions by 148Mt. After 2012, the study of the driving factors of carbon emission intensity using multiplicative SDA analysis gradually appears in the literature. For example, Su et al. [29] use multiplicative SDA to analyze the driving factors of China’s carbon emission intensity from 2007 to 2010 and find that carbon intensity change has contributed the most to reducing China’s carbon emission intensity. A large body of literature finds that the improvement of industry carbon emission efficiency and production structure has significantly reduced China’s carbon emission intensity, while changes in the demand structure partially offset this impact [30,31,32]. Despite this, almost no literature uses SDA for policy research, especially in combination with the energy tax CGE model.



Above all, the existing literature mainly has the following shortcomings. First, although the impact of energy taxes on carbon emissions and intensity has been studied, few have quantitatively analyzed the reasons and mechanisms for changes in carbon emissions and intensity across countries and in various industries. Second, some researchers set different scenarios to study the impact of energy taxation policies, such as changing the way energy tax revenue is used or differentiating energy tax rates. However, they do not analyze how energy taxes affect carbon emissions and intensity in different scenarios. Third, little research considers the above-mentioned scenarios based on a unified framework. If these factors in the scenarios are considered separately, it can easily to lead to inconsistent conclusions, policy recommendations, or even conflicts.



In sum, there are generally three driving factors for changes in carbon emissions and intensity: carbon emission intensity effects, production structure effects, and final demand effects [33]. Correspondingly, levying energy taxes will change the carbon emission intensity and production structure of various industries as well as affect the final demand of various industries through variables such as relative commodity prices and residential income and, for example, consumer demand, investment demand, and net export demand. Therefore, compared with the existing literature, the contributions of this paper are mainly reflected in two aspects. On the one hand, we groundbreakingly combine SDA with the CGE model, and use additive SDA and multiplicative SDA methods to decompose the changes in carbon emissions and carbon intensity across both the country and various industries into three effects: carbon emission intensity effects, production structure effects, and final demand effects. Based on the decomposition, we quantitatively analyze the specific mechanisms through which energy tax can influence national and specific industrial carbon emissions and carbon intensities, thus exploring the impact of energy tax policies on reducing emissions and increasing efficiency. On the other hand, we adopt a unified framework to study how energy taxation, changes in energy tax revenues, energy utilization technological progress, and differentiated energy tax rates affect carbon emissions and other related variables. Horizontal comparison of emission reduction and efficiency enhancement effects under different scenarios is helpful in reaching more targeted, more coordinated, and more unified conclusions and policy recommendations.




3. Theoretical Analysis


The externality problem arising from economic activities is one of the essential topics in environmental economics, namely, that economic individuals do not bear the pollution costs related to their economic activities. In the burning of traditional fossil fuels such as coal and oil a large amount of carbon dioxide is produced, and excessive carbon dioxide emissions are expected to cause global climate change issues such as rising average temperatures and rising sea levels. According to Pigou’s theory of externality, this negative externality problem can be corrected by levying taxes or subsidies on the parties involved in the economic activities in question.



This paper denotes the private marginal cost and private marginal revenue of energy consumption as   P M C   and   P M R   and the social marginal cost and social marginal revenue as   S M C   and   S M R  , respectively, as shown in Figure 1. If presuming that economic individuals choose energy consumption according to the principle of   P M C = P M R  , then the optimal energy consumption for private enterprises or individuals is    Q P   , and for society, the optimal consumption is    Q S   . When    Q P  >  Q S   , the optimal private energy consumption will exceed the optimal social energy consumption, and will cause excessive carbon dioxide emissions. Suppose the carbon emission coefficients of various fossil fuels remain unchanged. In that case, the carbon dioxide emissions and the consumption of fossil fuels are directly proportional, and the decline in the consumption of fossil fuels will result in the reduction of carbon dioxide emissions. The collection of energy taxes can reduce excessive carbon emissions to a certain extent. When the government imposes a certain amount of energy taxes on fossil energy companies, energy prices ascend with the increase in the marginal consumption costs of private companies. Meanwhile, the marginal consumption costs of secondary energy companies and end consumers rise as well. The figure below is reflected as the   P M C   curve moves to the upper left (  P M C   to   P M C ′  ). The consumption of economic individuals will decrease (   Q P    to    Q P ′   ), and the carbon dioxide emissions will decline. Setting an accurate energy tax rate can make the subsequent marginal consumption cost move closer to the social marginal consumption cost curve, and is effective in reducing as much as possible the negative externalities to the environment of burning fossil fuels. The above simplified reasoning shows the theoretical basis for reducing carbon dioxide emissions by levying energy taxes.




4. Methodology


In keeping with the analysis of Han et al. [34], this paper defines an energy tax as a green tax levied ad valorem on fossil energy such as coal, oil and natural gas. Taxpayers are units of individuals that consume and use taxable energy, and collection of the tax is levied at the link between energy consumption and usage. Although the burning of fossil fuels such as coal, oil and natural gas produces different greenhouse gases, “carbon emissions” in this paper refers to carbon dioxide emissions specifically. The core model used here was a static computable general equilibrium model containing energy production and consumption. In order to obtain the carbon emission effects of different settings, energy taxes under different scenarios were simulated through this model. Carbon emissions were directly linked with energy consumption according to the IPCC calculation method. The basic structure of the model and the source and processing of the data are described below.



4.1. Basic Model


4.1.1. The Computable General Equilibrium Model of Energy Economy


Computable general equilibrium model is an economic model based on Walras general equilibrium theory, which covers multiple departments and accounts. It is divided into a static general equilibrium model and a dynamic general equilibrium model. The energy CGE model in this paper refines the setting of the energy sector on the basis of the standard CGE model, and focuses on the static CGE model of the impact of energy taxes on energy consumption and carbon emissions. The model is divided into four parts, namely, production, trade, economic entities (including residents, enterprises, government and foreign countries), and macro closure.



Production


This paper assumes that all production functions except intermediate inputs are in the form of constant elasticity of substitution (CES), and that all firms pursue cost minimization at a given output. As the main research object of this paper is the production and consumption of energy, the energy sector (including the coal, oil, natural gas and electricity sectors) is separated from commodities and activities and combined with capital elements into “capital–energy” elements as the added-value components of the total output. The production part is specifically divided into four tiers, and the nested structure is shown in Figure 2.



According to the above nested structure, the production function relation, their corresponding optimal conditions, and the price relation equation can be obtained.



	(1)

	
Tier 1: CES function of total output









  Q  A a  =  α a a    [   δ a a  · Q V  A a   ρ a a    +     1 −  δ a a      ·   Q I N T  A a   ρ a a     ]    1   ρ a a       



(1)






    Q V  A a    Q I N T  A a    =   [    P I N T  A a    P V  A a    ·    δ a a    1 −  δ a a     ]    1  1 −  ρ a a       



(2)






  P  A a  · Q  A a  = P V  A a  · Q V  A a  + P I N T  A a  · Q I N T  A a   



(3)




where  a  is the activity account in accounting and    α A a     ,    δ A a    and    ρ A a    are the scale parameter, share parameter and substitution parameter of the CES function, respectively.   Q  A a    and   P  A a    respectively represent the output and price of production activities, while   Q V  A a    and     P V  A a    respectively describe the input quantity of added value and the sum price of added value. Moreover,   Q I N T  A a    and   P I N T  A a    respectively represent the quantity and sum price of intermediate inputs of activities.



	(2)

	
Tier 2: Leontief production function of intermediate inputs and CES function of value added







For Intermediate input,


  Q I N  T  c a   = i c  a  c a   · Q I N T  A a   



(4)






  P I N T  A a  =   ∑   c ∈ C   i c  a  c a   · P  Q c   



(5)







For value added function,


  Q V  A a  =  α a v    [   δ a v  · Q K  E a   ρ a v    +     1 −  δ a v      · Q  L a   ρ a v     ]    1   ρ a v       



(6)






    Q K  E a    Q  L a    =   [    W L   1 + t v  a a      P K  E a    ·    δ a v    1 −  δ a v     ]    1  1 −  ρ a v       



(7)






  P V  A a  · Q V  A a  = P K  E a  · Q K  E a  + W L ·     1 + t v  a a      ·   Q  L a   



(8)







In the Leontief production function,  c  is the commodity account in accounting.   Q I N  T  c a     refers to the intermediate input quantity of commodity c produced by activity  a ,   i c  a  c a     is the corresponding intermediate input proportion, and   P  Q c    is the market price of commodity  c . In the CES function of added value,   Q K  E a    and   P K  E a    refer to the input quantity and price of “capital–energy” compound factors, respectively, and   Q  L a    and WL represent the respective input quantity and price of labor factors (i.e., wages of laborers);    T V  A a    represents the rate of value added tax (VAT).



	(3)

	
Tier 3: CES production function of the “capital–energy” complex factor









  Q K  E a  =  α a  k e     [   δ a  k e   · Q E  N a   ρ a  k e     +     1 −  δ a  k e       ·   Q  K a   ρ a  k e      ]    1   ρ a  k e        



(9)






    Q E  N a    Q  K a    =   [    W K   1 + t v  a a      P E  N a    ·    δ a  k e     1 −  δ a  k e      ]    1  1 −  ρ a  k e        



(10)






  P K  E a  · Q K  E a  = P E  N a  · Q E  N a  + W K ·     1 + t v  a a      ·   Q  K a   



(11)




where   Q  K a    and WK refer to the input quantity and price of capital factors, respectively (i.e., the return of capital), and   Q E  N a    and   P E  N a    respectively represent the input quantity and price of energy factors.



	(4)

	
Tier 4: CES production function of energy factor









  Q E  N a  =  α a e    [   δ a  c o a l   · Q C O A  L a   ρ a e    +  δ a  o i l   · Q O I  L a   ρ a e    +  δ a  g a s   · Q G A  S a   ρ a e    +     1 −  δ a  c o a l   −  δ a  o i l   −  δ a  g a s       ·   Q E L E  C a   ρ a e     ]    1   ρ a e       



(12)






    Q C O A  L a    Q E  N a    =   [     α a e      ρ a e     δ a  c o a l   · P E  N a    P  Q  C O A L   ·     1 + t c o a l      ]    1  1 −  ρ a e       



(13)






    Q O I  L a    Q E  N a    =   [     α a e      ρ a e     δ a  o i l   · P E  N a    P  Q  O I L   ·     1 + t o i l      ]    1  1 −  ρ a e       



(14)






    Q G A  S a    Q E  N a    =   [     α a e      ρ a e     δ a  g a s   · P E  N a    P  Q  G A S   ·     1 + t g a s      ]    1  1 −  ρ a e       



(15)






    Q E L E  C a    Q E  N a    =   [     α a e      ρ a e      1 −  δ a  c o a l   −  δ a  o i l   −  δ a  g a s     · P E  N a    P  Q  E L E C      ]    1  1 −  ρ a e       



(16)






  P E  N a  · Q E  N a  =   1 + t c o a l   P  Q  C O A L   · Q C O A  L a  +     1 + t o i l   P  Q  O I L   · Q O I  L a  +     1 + t g a s   P  Q  G A S   · Q G A  S a  + P  Q  E L E C   · Q E L E  C a   



(17)




where   Q C O A  L a  ,   Q O I  L a  ,   Q G A  S a      and   Q E L E  C a    represent the inputs of coal, oil, natural gas and electricity, respectively, and   P C O A  L a  ,   P O I  L a  ,   P G A  S a      and   P E L E  C a    refer to the respective prices of coal, oil, natural gas and electricity.   t c o a l  ,    t o i l     and   t g a s   represent the respective ad valorem energy tax rates applied to coal, oil and gas.



It is worth noting that energy input is divided separately as an added value, and there is no double calculation in the intermediate input.




Trade


	(1)

	
Via trade in goods, some of the goods produced at home are used for domestic consumption and some are exported. Assuming that the amount of domestic self-produced and self-sold goods meets the invariable elastic transformation form with the amounts of exported goods, the CET function of domestically produced goods is








   Q  A a  =  α a t    [   δ a t  · Q D  A a   ρ a t    +     1 −  δ a t      · Q  E a   ρ a t     ]    1   ρ a t        



(18)





The corresponding optimization condition and price relation are


    P D  A a    P  E a    =    δ a t    1 −  δ a t    ·       Q  E a    Q D  A a        1 −  ρ a t     



(19)






  P  A a  · Q  A a  = P D  A a  · Q D  A a  + P  E a  · Q  E a   



(20)







Among them,    α a t  ,    δ a t    and    ρ a t    are the scale parameter, the share parameter, and the substitution parameter of CET function, respectively.   Q D  A a    and   P D  A a    represent the respective output and price of domestically produced and sold goods, while   Q  E a    and   P  E a    describe the respective quantity and price of exported goods.



	(2)

	
Part of the domestic supply of goods is made in China and the other is imported from abroad. Assuming that the relationship between domestic self-produced and self-used good quantity and imported good quantity satisfies Armington’s hypothesis, that is, products produced in different countries are not completely substitutable, the Armington function of goods supplied in the domestic market is








   Q  Q c  =  α c q    [   δ c q  · Q D  C c   ρ c q    +     1 −  δ c q      · Q  M c   ρ c q     ]    1   ρ c q        



(21)





The corresponding optimization condition and price relation are


    P D  C c    P  M c    =    δ c q    1 −  δ c q    ·   (    Q  M c    Q D  C c     )   1 −  ρ c q     



(22)






  P  Q c  · Q  Q c  = P D  C c  · Q D  C c  + P  M c  · Q  M c   



(23)




where    α a q  ,    δ a q    and    ρ a q    are the scale parameter, the share parameter, and the substitution parameter of the Armington function, respectively.   Q  Q c    represents the goods supplied in the domestic market,   Q D  C c    and   P D  C c    represent the respective output and price of domestic self-produced and self-used goods, and   Q  M c    and   P  M c    represent the respective quantity and price of export goods.



Assuming that the foreign currency price of export goods is   p w  e a   , then the price of export goods sold in the country can be expressed as


  P  E a  = p w  e a  · E X R  



(24)







Assuming that the foreign currency price of imported goods is   p w  m c  ,   then the price of imported goods purchased by the country can be expressed as


  P  M c  = p w  m c  ·     1 + t  m c      · E X R  



(25)




where   E X R   is the indirect exchange rate and   t  m c    represents the import tariff rate.



According to the input–output equation, the quantity relation of domestic production is


  Q D  C c  =   ∑  a  I D E N  T  a c   · Q D  A a   



(26)







The price relation is


  P D  C c  =   ∑  a  I D E N  T  a c   · P D  A a   



(27)




where   I D E N  T  a c     is an element of the identity matrix.




Economic Entities


The first two parts are concerned with the production of goods and international trade relations, respectively, while this part is about the consumption activities of economic agents. The economic subjects referred to in this paper are residents (families), enterprises, governments and foreign countries.



	(1)

	
Residents earn income through their own labor or capital investment, and receive transfer payments from the government, enterprises and foreign departments. Residents use their income for their daily consumption and savings. Therefore, the income and consumption demand of residents are respectively









  Y H = W L · Q L S + W K · s h i  f  h k   · Q K S + t r a n s f  r  h e n t   · Y E N T + t r a n s f  r  h g   · Y G + t r a n s f  r  h f   · Y F  



(28)






  P  Q c  · Q  H c  = s h r  h c  · m p c ·     1 − t  i h      · Y H  



(29)






  H S A V E =   1 − m p c     ·     1 − t  i h      · Y H  



(30)




where   Q L S   and   Q K S   are the total supply of labor and capital, respectively;   Y H  ,   Y E N T  ,   Y G   and   Y F   are the income of residents, enterprises, governments and foreign countries, respectively;   s h i  f  h k     represents the proportion of capital income distributed to residents; and   t r a n s  f  h e n t   ,   t r a n s f  r  h g       and   t r a n s f  r  h f     refer to the transfer payment rates of enterprises, governments and foreign countries to residents, respectively.   s h r  h c    is expenditure on goods as a proportion of residents’ income, and   m p c   is marginal propensity to consume.   t  i h    stands for individual income tax rate.



	(2)

	
Assuming that an enterprise obtains a part of capital factor income and utilizes all income after deducting enterprise income taxes and transfer payment to residents for enterprise savings, then the enterprise’s income, savings and investment are respectively









  Y E N T = s h i  f    e n t k   · W K · Q K S  



(31)






  E N T S A V E =     1 − t r a n s f  r  h e n t   − t  i  e n t       · Y E N T  



(32)






  P  Q c  · Q I N  V c  = s h r i n  v c  · E I N V  



(33)




where   Q I N  V c    represents enterprise investment.   s h i  f  e n t k     represents the share of capital income allocated to the enterprise, and   s h r i n  v c    represents the proportion of good investment in the total investment of the enterprise.   t  i  e n t     stands for the corporate income tax rate.



	(3)

	
The government receives government revenue from tax activities and foreign transfer payments, and uses its expenditure for government consumption, transfer payments to residents and foreign countries. Then








      Y G =     ∑  a  ( W L · t v  a a  · Q  L a  + W K · t v  a a  · Q  K a  + t c o a l · P  Q  C O A L   · Q C O A  L a  + t o i l · P  Q  O I L   · Q O I  L a  + t g a s ·      P  Q  G A S   · Q G A  S a  ) + t  i h  · Y H + t  i  e n t   · Y E N T +   ∑  c  ( t  m c  · p w  m c  · Q  M c  · E X R ) + t r a n s f  r  g f   · Y F      



(34)





Its expenditure and net saving equations are respectively


  P  Q a  · Q  G a  = s h r  g c  ·     1 − s g − t r a n s f  r  h g   − t r a n s f  r  f g       · Y G  



(35)






  G S A V E = s g · Y G  



(36)




where   s g   represents the government’s savings rate.



	(4)

	
The income of the foreign sector comes from import, a part of capital factor income, and government transfer payments. Expenditures includes exports and transfer payments to households and governments. The difference between income and expenditure is foreign savings, thus








   Y F =   ∑  c  p w  m c  · E X R · Q  M c  + s h i  f    f k   · W K · Q K S + s h i  f    f g   · Y G   



(37)






   E F =   ∑  a  p w  e a  · E X R · Q  E c  +     t r a n s f  r  h f   + t r a n s f  r  g f       · Y F   



(38)






   F S A V E = Y F − E F   



(39)






Closure


In order to realize the closure of the model, the balance of savings and investment along with the balance of government income and expenditure are required, as are the clearing of commodity markets, factor markets, and the balance of international payments. The corresponding equations are as follows:


  Q  Q c  =   ∑  a  Q I N  T  c a   + Q  H c  + Q I N  V c  + Q  G c   



(40)






    ∑  a  Q L  D a  = Q L S  



(41)






    ∑  a  Q K  D a  = Q K S  



(42)







Taking macro indicators into consideration, then


  E I N V = H S A V E + E N T S A V E + G S A V E + F S A V E + W A R L A S  



(43)






  G D P =   ∑  c  ( Q  H c  + Q I N  V c  + Q  G c  − Q  M c  ) +   ∑  a  Q  E a   



(44)






  P G D P · G D P =   ∑  a    1 + t v  a a      W L · Q  L a  + W K · Q  K a    +   ∑  a  ( t c o a l · P  Q  C O A L   · Q C O A  L a  + t o i l · P  Q  O I L   · Q O I  L a  + t g a s · P  Q  G A S   · Q G A  S a  )  



(45)






  E V =   ∑  c    P  Q c 0  · Q  H c 1      −   ∑  c    P  Q c 0  · Q  H c 0     



(46)







This paper chooses neoclassical closure, that is, both labor and capital are fully employed; therefore,   Q L S   and   Q K S   are exogenous. Under the assumption of small countries, the international price of goods is fixed and a fixed exchange rate regime is adopted; thus   p w  m c   ,   p w  e a    and   E X R   are exogenous. In addition, the fixed labor price is the benchmark price, that is,   W L   exogenous is set as 1.





4.1.2. How to Evaluate CO2 Emissions


The carbon emissions calculated in this paper refer exclusively to the carbon dioxide emissions generated by the combustion of fossil fuels, and are estimated by adopting the internationally used IPCC calculation method. The calculation formula for carbon dioxide emissions is as follows:


  C  O 2  =  H  C O A L   ×   ∑  a  Q C O A  L a  +  H  O I L   ×   ∑  a  Q O I  L a  +  H  G A S   ×   ∑  a  Q G A  S a   



(47)




where   C  O 2    represents the total carbon dioxide emission calculated based on energy consumption and    H  C O A L    ,    H  O I L       and    H  G A S     represent the carbon dioxide emission coefficients of coal, oil and natural gas, respectively.



Based on the CGE model and the direct relationship between carbon dioxide emissions and energy consumption, the change rate of carbon dioxide emissions under different energy tax scenarios can be simulated to study the carbon emission reduction effect of energy taxes. At the same time, the CGE model can observe the changes of important macroeconomic variables such as gross national product, enterprise output value, and labor remuneration.




4.1.3. Factors Driving CO2 Emissions and Intensity


Under the input–output framework, national carbon dioxide emissions can be formulated as:


  C  O 2  =  f ′      I − A     − 1   y =  f ′  L y  



(48)




where  f  is the vector of carbon emission intensity,   f ′   is the transpose of the vector, and its element    f a  =   C  O  2 , a     P  A a  · Q  A a    =    H  C O A L   × Q C O A  L a  +  H  O I L   × Q O I  L a  +  H  G A S   × Q G A  S a    P  A a  · Q  A a      is the carbon emission intensity of industry  a .   L =     I − A     − 1     represents the Leontief inverse matrix or the matrix of total demand coefficients, which can measure the production structure of various industries;  A  is the matrix of direct consumption coefficients,    L  a c     is the element of  L  which measures the total demand of the product   a     for one unit of final demand of commodity  c ,  y  is the vector of final demand, and    y c  = P  Q c    Q  H c  + Q I N  V c  + Q  G c    + P E  X c  · Q E  X c  − P  M c  · Q  M c    denotes its element (where   P E  X c    and   Q E  X c    are export price and quantity of commodity  c , respectively, satisfying the following conditions:   P E  X c  =   ∑  a  I D E N  T  a c   ⋅ P  E a    and   Q E  X c  =   ∑  a  I D E N  T  a c   ⋅ Q  E a   ).



According to additive SDA, we denote the national carbon dioxide emissions at   t 0   and   t 1   by   C  O 2  t 0     and   C  O 2  t 1    , respectively; then, the difference in the national carbon dioxide emissions at   t 0   and   t 1   can be additively decomposed into three sub-effects, i.e.,


  ∆ C  O 2  = C  O 2  t 1   − C  O 2  t 0   =  f  t 1     ′   L  t 1    y  t 1   −  f  t 0     ′   L  t 0    y  t 0   = ∆ C  O  2 , f   + ∆ C  O  2 , L   + ∆ C  O  2 , y    



(49)




where   ∆ C  O  2 , f   , ∆ C  O  2 , L   , ∆ C  O  2 , y     is the carbon emission intensity effect, the production structure effect, and the final demand effect, respectively. Correspondingly, these effects measure changes in the total national carbon dioxide emissions driven by changes in the carbon emission intensity of various industries, production structure changes, and final demand changes.



According to multiplicative SDA, let    I  t 0     and    I  t 1     be the national carbon dioxide intensity at   t 0   and   t 1  ; then, the ratio of    I  t 0     and can be written as


  D =    I  t 1      I  t 0     =    f  t 1     ′   L  t 1    y  t 1   /  1 ′   L  t 1    y  t 1      f  t 0     ′   L  t 0    y  t 0   /  1 ′   L  t 0    y  t 0     =  D f  ×  D L  ×  D y   



(50)




where    D f  ,    D L  ,    D y    represents the carbon emission intensity effect, the production structure effect and the final demand effect in multiplicative decomposition, respectively, which can measure changes in national carbon dioxide intensity resulting from changes in the carbon emission intensity of different industries, overall production structure, and final demand.



Regarding the selection of structural decomposition analysis methods, we refer to Dietzenbacher et al. [35] and use polar decomposition to calculate the decomposition effects.





4.2. Data


The data that required as input in the CGE model include endogenous variable benchmark values and exogenous parameters. The endogenous variable benchmark values were all determined from the social accounting matrix (SAM), while the exogenous parameters included two methods, calibration and exogenous setting. These data are explained in detail in the section below.



4.2.1. Compilation the of Social Accounting Matrix (SAM)


A Social Accounting Matrix, by definition, is a two-dimensional matrix that can describe the supply and use flow as well as the balance relationship of all accounts in the system of national accounts. Each row and column represent an independent accounting account. The row of the account refers to the income of the account, and the column relates to the expenditure of the account. In theory, the total number of rows in a complete SAM table should be equal to the total number of corresponding columns. Moreover, the total number of rows should be equal to the total number of columns [36]. Compiling a SAM table for the research problem is a significant prerequisite for the analysis of a computable general equilibrium model. The key data of a SAM table comes from the IO Table, which is released once every five years. In this paper, the input–output table for 2018, which is newly released in China, was used. Other macro data were taken from the relevant Statistical Yearbooks. For example, government revenue and expenditure data were taken from the China Fiscal Yearbook (2019), and foreign transfer payments and foreign capital income data were taken from the China Statistical Yearbook (2019). Some data were obtained by row or column margin, and the SAM table was adjusted and balanced.



The Division of Activity and Commodity


In 2018, there were 149 departments in China’s input–output table. We split and merged the input–output table departments, referring to the practices of Guo [37] and Zhou et al. [30].



	(1)

	
The 2018 National input–output table does not distinguish oil extraction and natural gas extraction. Based on the energy production of oil and natural gas in the energy balance table, oil and natural gas extraction was divided into oil extraction and natural gas extraction in proportion.




	(2)

	
In the 2018 national IO table, it can be seen that there is no separate power production and supply industry; instead, there are merely the electricity, heat production and supply industries. Nonetheless, according to energy balance, the heat terminal proportion was less than 8% of the total consumption; thus, the electricity, heat production and supply industries can be approximately seen as the electric power production and supply industries. In order to ensure the robustness of the simulation results, this paper simulated the separation of the power and heat production and supply industries into the power production and supply industry and the heat production and supply industry according to the ratio of the end consumption of power and heat, finding little difference with the current results in which the end consumption of power was calculated by the coal consumption method. Detailed division results are shown in Table 1.








The Division of Other Accounts


Other accounts involved in SAM were compiled in this paper as well, including accounts of residents, enterprises, governments and foreign countries, labor and capital accounts of production factors, savings and investment accounts, and labor added value and capital added value accounts. While the energy element is in the activity/commodity account in the SAM table, it was programmed as part of the added value alongside capital.





4.2.2. Elasticity Parameters


The share parameters and scale parameters of the CGE model can be adjusted by the social accounting matrix, while the elastic parameters were taken mostly from relatively authoritative literature. Regarding elastic parameters, this paper refers to the research results of Zheng et al. [38], He et al. [39] and Lin et al. [40], and sets the elasticity of substitution of non-energy intermediate input composite products and capital–energy–labor composite products as 0.3. Furthermore, the elasticity of substitution of labor and capital–energy composite, substitution of capital and energy products, substitution among different energy sources equals to 0.8, 0.6, and1.25. respectively. Moreover, in export CET function the substitution elasticity of S1–S8 and S11 is 4, S9 is 0.5, S10 and S12 are 3. The elasticity of substitution in the Armington function of S1–S8 is 3, S9 is 1.1 and S10–S12 is 2.




4.2.3. Carbon Dioxide Emissions Factors


With respect to the carbon dioxide emissions coefficient of coal, oil and natural gas, the practice of Wang [41] and other scholars is to calculate the ratio of carbon dioxide fossil energy to the value of intermediate inputs, as referenced in this paper. The data on carbon dioxide emissions in China by energy were obtained from IEA, and the detailed data are shown in Table 2.





4.3. Scenarios


In order to comprehensively analyze the impact of energy tax policies on China’s economy, energy consumption, and carbon emissions, this research investigated multiple scenarios for simulation and analysis, as shown in Table 3.



Different scenarios correspond to different realistic considerations. The “Energy tax” scenario means that an exogenous ad valorem energy tax is directly imposed on energy consumption. The “Energy tax with tax reduction” scenario further uses energy tax revenue to reduce other taxes. The “Energy tax with technological progress in energy use” scenario considers the progress of energy utilization technology. Under the “Differential energy tax” scenario, different energy tax rates are levied based on types of fossil energy. The data used in these four scenarios were the same, whereas the model settings were different.



In addition to the Base scenario, we examined the following scenario types according to the research needs:



4.3.1. Energy Tax


In this scenario, the government levies taxes on energy consumption and usage in all industries, and imposes a uniform ad valorem energy tax on coal, oil and natural gas with the tax rates set at 5%, 10%, 15%, 20%, and 25%, respectively, corresponding to the scenarios uniEtax5, uniEtax10, uniEtax15, uniEtax20 and uniEtax25.




4.3.2. Energy Tax with Tax Reduction


In this scenario, the government levies a flat rate energy tax on all types of fossil fuels and uses the energy tax revenue to reduce income taxes or indirect taxes, keeping revenue unchanged. Green and sustainable economic development requires a change from the past “extensive” mode of economic development which greatly depends on excessive energy consumption. It requires the improvement of human capital, investment efficiency, and energy efficiency. Hence, shifting the tax burden on labor and capital factors to energy inputs is necessary. From this perspective, the collection of an energy tax will increase the price of energy and the production cost of related industries, thus having a negative impact on economic growth. Nevertheless, if the income from energy tax is utilized to reduce the tax burden of labor and capital factors, that is, the personal and corporate income tax, it can stabilize the macro tax burden and may produce double dividends of energy conservation and emission reduction, employment expansion, and social welfare improvement [42]. Therefore, this paper sets up the scenarios uniEtax_th, uniEtax_tent and uniEtax_tva to investigate the situation in which an energy tax is levied at a uniform rate of 15% and the corresponding revenue applied to reduce personal income tax, corporate income tax, and indirect production tax.




4.3.3. Energy Tax with Technological Progress in Energy Use


In this case, after a flat-rate energy tax is imposed on various energy sources, the cost of energy inputs will rise. On the one hand, enterprises can use the energy intermediate input, capital, and labor for alternative energy input, such as using energy with a lower ad valorem tax rate to replace energy with a higher rate. On the other hand, enterprises will actively improve energy utilization technology through innovation to reduce unnecessary energy loss and waste. The output per unit of energy input will be improved, and both energy recycling and efficient utilization will be promoted. In this regard, this paper sets up the scenarios uniEtax_tech1, uniEtax_tech2 and uniEtax_tech3 to study the impact of imposing a uniform energy tax of 15% and advancing energy utilization technology by 1%, 2%, and 3% in various industries on various energy, carbon dioxide and macroeconomic variables. In the CGE model setting, it is necessary to add an exogenous parameter of energy utilization technological progress prior to energy input into the CES production function of capital–energy composite products for each industry; meanwhile, the first-order condition of cost minimization of capital–energy composite products in each industry will change accordingly.




4.3.4. Differential Energy Tax


Under such circumstances, the purpose of energy tax policy is on the one hand to reduce China’s energy consumption and achieve energy conservation and emission reduction, while on the other promoting the aim of achieving clean energy consumption by changing all kinds of energy consumption and adjusting the energy consumption structure. Although the consumption of natural gas during this process must produce a small amount of carbon dioxide, in doing so it prevents the emission of a large amounts of pollutants, and is thus a relatively clean and low-carbon energy source. According to the world’s energy development future trends and China’s energy development future planning, natural gas and other renewable energy sources will become the main direction of energy development. Among these, natural gas is expected to become the most highly consumed energy variety by 2030. Therefore, this paper sets the diffEtax1, diffEtax2 and diffEtax3 scenarios in order to investigate how energy consumption structure and carbon dioxide emissions are affected when a 15% energy tax is levied on coal and oil. Moreover, energy taxes of 10% and 5% are levied on natural gas and exempted from energy tax, respectively. In addition, this paper sets up the diffEtax4 scenario in order to examine the impact of imposing a 15% energy tax on coal and oil and using the energy tax revenue to subsidize investment in the natural gas industry.






5. Simulation


Inputting any of the above scenarios as the initial setting in the CGE model can simulate the impact of an energy tax on many variables. Due to space limitations, this paper only selects certain key variables for presentation. The key variables can be summarized into five categories: energy consumption (coal consumption, oil consumption, natural gas consumption, electricity consumption, total energy consumption, energy consumption intensity); carbon emissions (total CO2 emissions, CO2 emission intensity); macroeconomic variables (real GDP, GDP price index, capital prices, total investment, social welfare); macroeconomic subject-related variables (resident income, resident consumption, resident savings, corporate income, corporate savings, government income, government consumption, government savings, exports, imports); and energy taxes (energy tax revenue).



By exporting other results of the CGE model such as intermediate inputs, the input–output model and structural decomposition analysis can be used to explore the impact mechanisms of energy taxes.



5.1. The Effects of an Energy Tax


Table 4 shows the impact of the uniform energy tax on carbon emissions and other macroeconomic variables. It can be seen that the tax on traditional fossil energy is able to reduce carbon dioxide emissions by reducing fossil energy consumption. With an energy tax rate of 5%, 10%, 15%, 20% and 25%, total energy consumption decreases by 4.93%, 9.15%, 12.82%, 16.03% and 18.88%, respectively, and carbon dioxide emissions decrease by 6.32%, 11.88%, 16.82%, 21.24% and 25.23%, respectively. Meanwhile, energy consumption intensity and carbon dioxide emission intensity also decrease to varying degrees The energy consumption and carbon emissions studied in this paper are both related to industrial sectors, excluding consumption by residents and governments and investment by enterprises, mainly because the latter consume less.



From the perspective of energy consumption structure, the imposition of an energy tax reduces the consumption of fossil energy. The degree of impact, in descending order, is on natural gas, oil, and coal. The main reason for this is that the imposition of an energy tax increases the price of fossil energy faced by enterprises and reduces their demand for fossil energy, as shown in Figure 3. At the same time, energy taxes increase power consumption. According to the 2019 China Energy Statistical Yearbook, more than 70% of China’s electricity generation comes from thermal power generation, which is fueled by fossil energy such as coal. Therefore, energy taxes push up the price of electricity by increasing the cost of power generation. However, the increase in the electricity price is less than the fossil energy price, and thus a substitution effect of electricity on fossil energy is generated. Furthermore, it exceeds the income effect of electricity demand reduction caused by the increase of electricity price, and finally leads to an increase in electricity consumption.



As for other macroeconomic variables, when the government begins to impose energy taxes on the fossil energy sector the price of fossil fuels such as coal, oil and gas increases, which raises the cost of production for firms and in turn leads to lower output and higher output prices. Lower output reduces the demand for capital, and as a result capital prices, firm income, and firm savings all fall, while higher output prices lead to lower net exports. In addition, capital prices, business income, and business savings decline, while higher output prices lead to a decline in net exports. Energy taxes are a part of government revenue, and the collection of energy taxes increases government income, consumption and savings. Government transfer payments increase resident earnings and savings. However, the consumption of residents decreases due to the increase in the consumer price index, which results in a negative social welfare effect as measured by the change in Hicks equivalence.



From the above analysis, energy taxes mainly affect the choice of energy consumption by influencing the production and operating decisions of enterprises, thus achieving the effect of carbon emissions reduction.



In order to investigate the impact of energy tax on various industries, this paper takes a 15% energy tax as an example for illustration. Figure 4 shows the impact of a 15% tax on energy consumption on carbon emissions, their intensity and output and the price of energy in various industries. For energy consumption, carbon emissions and output, it can be seen that three industries have larger decreases, namely the coal mining and processing industry (S2), oil mining and processing industry (S3), and natural gas mining and processing industry (S4). This paper infers that the significant decrease in these industries results from their proportion of fossil energy intermediate inputs to total inputs. The larger the proportion, the more obvious the effect of the levying of an energy tax is on their production costs. In terms of energy and carbon intensity, the energy intensity of the above-mentioned industries declines more than in other industries, while the intensity of carbon emissions decreases less than in other industries. To investigate the reason for this, energy taxes have a more negative impact on these industries, which results in a sharp decrease in electricity consumption as well. The decrease in electricity consumption in other industries is smaller, and some industries even rise instead of declining due to the substitution effect. This results in a small difference between the decline in energy consumption and the decline in carbon emissions for coal extraction, oil extraction and natural gas extraction, along with their respective processing industries. Meanwhile, the decline in energy consumption of other industries is smaller than the decline in carbon emissions. Compared with the non-fossil energy industry, the energy intensity of the fossil energy industry declines more significantly. However, the carbon intensity of the fossil energy sector declines even more.



Taking a 15% energy tax as an example, we obtain changes in national carbon dioxide emissions and intensity before and after the energy tax is imposed based on the SDA analysis, as shown in Figure 5. It can be seen that after the levying of an energy tax, the main factor driving the decline in national carbon emissions and carbon emission intensity is the carbon emission intensity effect. Although the production structure effect and the final demand effect play a role, their effects are relatively weak. After imposing the 15% energy tax, the changes in the carbon emission intensity of each industry alone drive the decline of China’s total carbon emission reduction by about 14%, and drive the decline of China’s carbon emission intensity by more than 15%, whereas changes in production structure and final demand drive the country’s carbon dioxide emissions and intensity to decline only 1% to 2%.



See Figure 6 for the SDA results of changes in carbon dioxide emissions in various industries. It can be seen that after the imposition of an energy tax, the leading factor in the decline of carbon emissions in most industries is the carbon emission intensity effect, although there are diversities in some industries. For example, in the three fossil energy industries, namely, the coal mining and processing industry (S2), the oil mining and processing industry (S3), and the natural gas mining and processing industry (S4), production structure effects have a more outstanding contribution to the reduction of carbon emissions. These rates even exceed the carbon intensity effect. The reason for this is that when an energy tax is imposed, the demand for coal, oil, and natural gas in various industries declines, which is directly reflected in a decline in the total demand coefficients of the products in the S2~S4 industries of −0.13, −0.28, and −0.16, respectively. On the contrary, due to the substitution effect between energy sources, the total demand coefficient of power production and supply (S9) products in various industries increases by 0.08. Therefore, changes in the production structure of various industries have a significant impact on the carbon emissions of the energy industry. As for the final demand effect, ceteris paribus the levying of an energy tax can reduce the final demand for the oil extraction and processing industry (S3), other mining industries (S5), capital-intensive manufacturing (S7) and technology-intensive manufacturing (S8) while raising the demand for the final products of the construction industry (S11) and the service industry (S12), leading to corresponding changes in the carbon emissions of these industries.



In addition, it should be noted that changes in carbon intensity in various industries are solely related to the carbon emission intensity effect, and have nothing to do with the production structure effect and final demand effect. Thus, this paper does not show the relevant results involving these effects.




5.2. The Effects of an Energy Tax with Other Tax Deductions


According to the analysis in the existing literature [43,44,45], tax subsidies to economic individuals along with environmental taxes can produce a positive redistribution effect, which is the policy choice with the lowest economic cost for environmental protection. In addition, it may realize double dividends in energy conservation, emission reduction and social welfare improvement. Therefore, while considering different energy taxes this paper assumes a policy scenario combining private income tax, a corporate income tax, and an indirect tax on production subsidies of equal.



Table 5 shows the influence of a 15% energy tax with use tax revenue used for tax reduction on carbon emissions and other macroeconomic variables. It can be seen that when compared to the uniEtax15 scenario with a 15% energy tax, this scenario (uniEtax_th) using the energy tax to reduce personal income taxes achieves the double dividend by significantly increasing residential consumption and residential savings, ultimately leading to a rise in social welfare equivalent to CNY 288.302billion. The scenario uniEtax_tent uses an energy tax to reduce corporate income tax, greatly increasing enterprise savings along with total investment and reducing the negative impact of the energy tax on enterprise production and operation as well as on real GDP. However, resident income, consumption and savings decline to varying degrees due to the inability of government to obtain energy tax revenue. Social welfare decreases by CNY 327.716 billion, which fails to realize the double dividend. The scenario uniEtax_tva applies the energy tax to reduce indirect taxes on production, relieving the pressure caused by the energy tax on the cost of production and operation of enterprises as well as on the price level. Although the GDP price index increases by only 0.08%, the income of the residents declines as well on account of the reduction of income. This decline in price levels increases consumption and social welfare, successfully realizing the double dividend.



When energy tax revenue is used to reduce personal income tax the best double dividend effect is achieved, as shown by a detailed analysis carried out in the uniEtax_th scenario. The SDA results for national carbon dioxide emissions and intensity changes in this scenario are very similar to those in uniEtax15, and are therefore not be displayed due to limited space. The difference between these two scenarios lies in the final demand effect, which is smaller in the uniEtax_th scenario. The reason for this is that the two scenarios have different final demand structures. The energy tax revenue under the uniEtax15 scenario is given to the government, and the primary industry for government consumption is the service industry (S12), one of the industries with the lowest carbon emission intensity. However, in the uniEtax_th scenario, the energy tax revenue is given to residents. In addition to the service industry (S12), residential consumption involves other industries with higher carbon emission intensity such as the oil extraction and processing industry (S3), capital-intensive manufacturing (S7), and electricity production and supply industry (S9).



Additional implications of the SDA results on changes in carbon dioxide emissions in various industries can be seen in Figure 7. Under the scenario uniEtax_th, the impact of carbon emission intensity and production structure effects on carbon emissions are not significantly different from scenario uniEtax15. At the same time, the final demand effect of most industries is higher than that in the scenario uniEtax15. For instance, agriculture, forestry, animal husbandry and fishery (S1), labor-intensive manufacturing (S6), and technology-intensive manufacturing (S8) are the primary industries for household consumption (as opposed to the service industry (S12) for government consumption), and their final demand effects are higher than in the scenario uniEtax 15, which saw increases of 0.64%, 0.64%, and 0.54%, respectively.




5.3. The Effects of an Energy Tax with Technological Progress


Table 6 shows the impact of a 15% energy tax and technological progress in energy utilization on carbon emissions and other macroeconomic variables. It can be seen that when compared with uniEtax15, technological progress in energy utilization further reduces the consumption of coal and natural gas. Therefore, both the total carbon emission and the carbon emission intensity see a greater decline. More importantly, technological progress in energy utilization can increase output per unit of energy consumption and alleviate the negative impact of energy tax collection on real GDP. In the scenario involving 3% technological progress in energy utilization, real GDP rises. Therefore, the progress of energy utilization technology is a critical means of promoting emissions reduction and efficiency and of achieving high-quality economic development.



Taking the scenario uniEtax_tech3 as an example, Figure 8 shows the results based on the SDA analysis of the factors driving national carbon dioxide emissions and intensity changes before and after the imposition of an energy tax. It can be seen that when the energy tax is imposed and energy utilization technology improves by 3%, the carbon emission intensity effect remains the leading factor driving the decline in national carbon emissions and carbon emission intensity. In contrast, the production structure effect plays a more significant role than in the scenario uniEtax15. The change in production structure drives the national carbon dioxide emissions and intensity to decline by 2% and 3%, respectively. The reason for this is that the total demand coefficients of coal mining and processing industry (S2), oil mining and processing industry (S3), natural gas mining and processing industry (S4), power production and supply industry (S9) products further decline in various industries, meaning that changes in the production structure further reduce national carbon emissions and intensity.



Figure 9 shows the SDA results for changes in carbon dioxide emissions in various industries. It can be seen that when compared with the uniEtax15 scenario, the carbon emission intensity effect in the scenario uniEtax_tech3 is not very different, although the production structure effect drives the carbon emissions of the energy industry (S2–S4, S9) to decrease further. The final demand effect reduces the carbon emissions of the energy industry the least amount, and even leads to an increase in carbon emissions. The reason for this is that the final demand of the oil extraction and processing industry (S3) under the scenario uniEtax_tech3 is CNY 114.133 billion higher than in the scenario uniEtax15. The production of the final product of this industry requires a large number of intermediate products of the natural gas extraction and processing industry (S4), which has a total demand coefficient of 0.43; thus, changes in final demand lead to an increase in carbon emissions from the natural gas extraction and processing industry (S4).




5.4. The Effects of Imposing a Differential Energy Tax


Table 7 shows the impact of differential energy taxes on carbon emissions and other macroeconomic variables. Compared with uniEtax15, which imposes a 15% energy tax on coal, oil and natural gas, reducing the energy tax on natural gas can alleviate the negative impact of energy tax policy on natural gas consumption. At the same time, it increases the proportion of natural gas consumption in total energy consumption and leads to a cleaner energy consumption structure. Under the diffEtax3 scenario, taxes on coal and oil significantly reduce the consumption of coal and oil, with gas consumption falling 9.48 percent due to higher gas prices, while electricity consumption increases by 2.09 percent. Under the diffEtax4 scenario where gas investment is subsidized, gas consumption drops only 1.36 percent while electricity consumption rises 2.81 percent. As shown in Figure 10, when compared with no energy tax the energy consumption structure changes greatly in the scenarios diffEtax3 and diffEtax4, with the proportion of coal and oil consumption in total energy consumption decreases while the proportion of natural gas and electricity consumption in total energy consumption increases. Here, energy tax policy achieves the goal of energy saving and emission reduction while simultaneously leading to a cleaner energy consumption structure.



Under the scenario diffEtax4 SDA is used to analyze the factors driving changes in national carbon emissions and emission intensity, with the results shown in Figure 11. The most important thing to note is that the final demand effect changes from a negative number in scenario uniEtax15 to a positive number here, indicating that changes in final demand lead to an increase in the total amount and intensity of national carbon emissions. The core reason for this may be that investment subsidies to the natural gas industry drive additional carbon emissions.



Figure 12 shows the SDA results for changes in the carbon emissions of various industries. It can be seen that after the collection of energy taxes and the use of energy tax revenue to subsidize the investment in the natural gas industry, the final demand of the natural gas extraction and processing industry (S4) increase by CNY 561.341 billion. Furthermore, the final demand changes increase the carbon emissions of the natural gas extraction and processing industry (S4) by 54.84%, which becomes the dominant factor driving changes in this industry’s carbon emissions.





6. Discussion


6.1. China’s Environmental Protection Tax and EU Energy Tax


Although China has not levied an independent energy tax recently, it does levy an environmental protection tax. This sub-section will introduce China’s environmental protection tax in detail and compare it with the EU’s energy tax.



During reform and opening up, the Chinese economy has improved by leaps and bounds. Although China’s extensive economic growth model with its high investment, high energy consumption, and high pollution has promoted rapid economic development, it has caused a series of energy-related and environmental problems as well, including severely low energy efficiency, an unreasonable energy consumption structure, apparent contradictions between energy supply and demand, and high levels of pollution. In recent years, China has continuously studied ways to solve energy and environmental problems through taxation tools. “The Comprehensive Work Plan for Energy Conservation and Emission Reduction” issued by the State Council in 2007 proposed for the first time the formulation and improvement of taxation policies that encourage energy conservation and emission reduction, including promptly introducing resource tax reform plans, improving taxation methods, and increasing the level of the tax burden. Other details include the timely introduction of fuel taxes and research on levying environmental taxes and tax policies that promote the development of new energy. In the “National Thirteenth Five-Year Plan”, active promotion of reform of environmental taxes and fees, selection of tax items with heavy prevention and control tasks, and maturation of technical standards in order to levy environmental protection taxes were proposed, along with a gradual expansion of the scope of tax collection. In 2016 China’s first environmental tax law, the “Environmental Protection Tax Law of the People’s Republic of China”, was passed, with official implementation taking place on 1 January 2018. However, the original concept of the environmental protection tax eventually evolved from a discharge pollution fee to a tax. For pollutants discharged by enterprises, the original pollution discharge fee to was changed to an environmental protection tax. Although the problems of inconsistent pollution discharge fee standards and insufficient compulsory standards in various regions have been improved, the legislative framework and system design of the “Environmental Protection Tax Law" are subject to many restrictions. According to this law, the taxable pollutants under the environmental protection tax are air pollutants, water pollutants, solid waste, and noise. However, the international definition of an environmental protection tax generally refers to environment-related taxes. For example, in the OECD statistical database the environmental protection tax base is divided into four categories: energy taxes, transport taxes, taxes on pollution and taxes on resources. Therefore, the broad definition of an environmental protection tax is supposed to include energy, transport, pollution, and resource taxes. In addition, according to Eurostat data the EU energy tax accounted for 77.9% of the EU’s total environmental protection tax revenue in 2019, far exceeding the transportation tax (18.9%) and the sum of the pollution tax and resource tax (3.2%). Therefore, the tax revenue of the EU countries derived specifically from pollutants accounts for a small proportion of environmental protection tax revenue, while energy tax revenues account for the largest proportion. This condition may result from the situation in the EU where the tax target is often pollution-related inputs or outputs. Moreover, many EU countries have not levied taxes specifically on pollutants [46].



Until now, international agencies such as Eurostat have clearly defined energy taxes. According to “Environmental Taxes: A Statistical Guide (2013)”, jointly promulgated by Eurostat, the European Commission’s Directorate-General for the Environment, the European Commission’s Directorate-General of Taxation and the General Administration of Customs, the Organization for Economic Cooperation and Development, and the International Energy Agency, environmental taxes are a type of tax the base of which is on substances that have a clear negative impact on the environment. Energy taxes are such a type of environmental tax. Their tax base includes energy products used for transportation such as gasoline and diesel as well as energy products used for stationary purposes such as fuel oil, natural gas, coal, electricity, biofuels, and renewable energy. Carbon dioxide and sulfur dioxide taxes are thus energy taxes. The IPCC pointed out in its fourth assessment report that an energy tax, that is, a tax on the energy content of fuel, can reduce energy demand, thereby reducing carbon dioxide emissions from the use of fossil fuels, whereas a carbon tax is a tax on the carbon content of fossil fuels.



China has had no plans to impose an energy tax or carbon tax until recently. At present, Chinese scholars are still at the stage of theoretical discussion about energy taxes and have different opinions on the definition of an energy tax. These can generally be divided into a broad and a narrow definition. A broad energy tax definition includes all taxes seeking to save energy and improve energy efficiency, such as energy production taxes (i.e., value-added taxes), energy consumption taxes (i.e., fuel taxes), energy environmental taxes (i.e., carbon taxes), and energy special taxes (i.e., vehicle purchase taxes). Narrowly speaking, energy tax generally refers to energy consumption taxes on the consumption and use of energy. The difference between a broadly-defined and a narrowly-defined energy tax is essentially between energy-related taxes and energy taxes specifically. The former includes all energy-related taxes and is a comprehensive concept, while the latter refers to an independent tax belonging to the energy taxation part of the system. The energy taxes studied in this paper use the narrow definition of energy tax, namely, that energy tax refers to taxes levied on the use and consumption of fossil energy sources such as coal, oil, and natural gas in order to save energy and improve energy efficiency. Although there is no independent energy tax in China, the resource tax in the energy mining link and the fuel tax in the consumption link can be regarded as energy-related taxes to a certain extent. Above all, this paper believes that energy taxes should be placed in the category of consumption taxes, the theoretical basis of which is to internalize the negative externalities in the environment caused by energy consumption, to reflect external costs by increasing energy prices, and ultimately to achieve the goals of energy conservation and emission reduction.




6.2. Energy Taxes and Regional Equity


Environmental policies often face a trade-off between emissions reduction efficiency and development equity [47,48,49]. Although this contradiction will eventually be resolved with the decoupling of carbon emissions and economic growth brought about by technological progress, it will exist for a long time in the course of moving towards carbon neutrality.



As far as China is concerned, the introduction of an energy tax and the reduction in carbon emissions caused by this policy instrument may further aggravate the imbalance in development among various regions. A typical example is that energy taxes mainly make enterprises which consuming high amounts of energy bear the additional costs of energy use, leading to a decline in the output of such enterprises. However, most of these enterprises are located in underdeveloped regions. Therefore, the levying of an energy tax may have a greater negative impact on economic growth and resident welfare in these regions, further deteriorating regional development equity.



Therefore, transfer payments should be used to deal with regional equity issues that the introduction of energy taxes may cause, as the products produced by energy-consuming provinces (i.e., often underdeveloped provinces) are ultimately used in provinces with large final demand (i.e., often developed provinces). The industries that consume high amounts of energy tend to have lower value-added rates, and do not bring very much economic growth to underdeveloped provinces. Therefore, while the demand of the developed provinces drives the production of the underdeveloped provinces, it is the underdeveloped provinces that bear a greater share of energy tax costs compared to the developed provinces. Based on the principles of consumer responsibility and fairness, the introduction of fiscal transfer payments from developed provinces to underdeveloped provinces may be considered in order to make up for the energy conservation and emissions reduction costs borne by underdeveloped regions in the context of emissions reduction efficiency and development equity.




6.3. Managerial Implications


China has proposed achieving a carbon peak by 2030 and achieving carbon neutrality by 2060. Environmental taxation via such means as energy taxes is an important fiscal policy lever for regulating energy consumption and mitigating carbon emissions, and is bound to play an essential role in energy conservation and emissions reduction in the future. This paper demonstrates the necessity and significance for China of levying an energy tax in order to achieve energy conservation and emissions mitigation, and explores the mechanisms by which energy taxes affect carbon emissions and carbon intensity. This paper suggests that when levying an energy tax, all regions and energy industries cannot be treated equally. Specific energy tax rates and related supporting policies should be formulated taking into account all regions and the characteristics of the different energy industries. Although energy taxes represent a market-incentive environmental policy, the government plays the most important role in ensuring the achievement of better effects on energy conservation and emissions mitigation without causing severe negative macroeconomic impacts. Regarding the setting of energy tax rates as well as collecting links, collecting methods, and revenue recycling methods, the government should carry out full demonstration and research in order to ultimately achieve energy tax policies that help China move towards carbon neutrality.





7. Conclusions and Limitation


7.1. Main Results


Beginning in the 1990s, climate change has been greatly concerned all countries in the world. Many climate-change related conferences have been held around the world in order to clarify the responsibilities of each country in facing this global environmental problem. China has taken the initiative to sign agreements on reducing greenhouse gas emissions, and issued a decree to put this commitment into action.



Focusing on an ad valorem energy tax on fossil fuels and adopting the computable general equilibrium model commonly used in energy and environmental economy, this paper analyzes the carbon reduction effects of an energy tax in China in detail and under different pre-set scenarios. This paper further observes the changes in major macroeconomic variables such as government net income. The results show that energy taxes have a positive effect on reducing carbon dioxide emissions. Subsidization of either private income tax or of indirect taxes on production with energy tax revenue can realize a double dividend effect. Technological progress in energy utilization can improve the output of unit energy consumption, alleviate the negative impact of energy taxes on real GDP, and even cause real GDP to increase rather than decrease. Therefore, technological progress in energy use is an essential way to promote emissions reduction and efficiency while achieving high-quality economic development. Imposing energy taxes only on coal and oil and exempting natural gas from energy tax or using energy tax revenues from the coal and oil industry to subsidize investment in the natural gas industry can optimize the energy consumption structure and promote the transformation to cleaner energy consumption.



This paper innovatively combines CGE and SDA, using SDA to analyze the mechanism of energy tax policies affecting carbon emissions and intensity and explore the factors driving change in carbon dioxide emissions and intensity across the country and in various industries before and after an energy tax is imposed, which has yet to be discussed in the existing literature. This paper reaches the following new conclusions. After an energy tax is imposed, the main factor driving the decline in national carbon emissions and carbon emission intensity is the carbon emission intensity effect. Although the production structure effect and the final demand effect play a role, their effects are relatively weak. When levying energy taxes, the carbon emission intensity effect is the leading factor in the decline of carbon emissions in most industries. However, the production structure effect of the energy industry (S2–S4, S9) has a relatively large contribution to the reduction of its carbon emissions, even more than the effect of carbon intensity. Using energy tax revenues to reduce personal income tax affects national carbon emissions and intensity by affecting the final demand structure. The progress of energy utilization technology will make the production structure effect play a more significant role as the total demand coefficient of energy industry products in various industries further decreases. The collection of energy taxes and the use of energy tax revenues to subsidize investment in the natural gas industry greatly increases final demand in the natural gas extraction and processing industry (S4), increasing its carbon emissions.




7.2. Policy Recommendations


First, the results show that the introduction of an energy tax can effectively reduce carbon emissions and carbon emission intensity, with the primary impact mechanism to reduce carbon emission intensity and improve carbon emission efficiency. Therefore, energy taxes are an effective fiscal policy instrument for achieving emissions mitigation and efficiency improvement. In order to achieve China’s goals of carbon peaking and carbon neutrality, the introduction of energy taxation is assumed to be necessary in the future. However, it is necessary to gradually increase the energy tax rate in order to avoid serious negative impacts on the real economy and social welfare in implementing the energy tax.



Second, this paper shows the different impacts on carbon emissions and the macroeconomics of revenue recycling methods. We should learn from the experience of European countries and explore ways to implement appropriate tax revenue recycling. For example, energy tax revenues could be transferred to reduce personal income taxes or corporate production taxes in order to alleviate the negative impact of the energy tax burden on the national economy and social welfare. Among these scenarios, if tax revenues are used to reduce personal income tax both a “green dividend” in emissions reduction and efficiency improvement and a “blue dividend” of promoting green and high-quality economic development and improving resident welfare can be realized.



In addition, this paper also proposes the following three recommendations that are less involved in the extant literature.



First, this paper finds a heterogeneous impact on the energy consumption structure when energy taxes are imposed on various energy sources with different tax rates. It is suggested that the collection of energy taxes should comprehensively consider the policy orientation of developing clean energy in order to guide enterprises and individuals to increase clean energy consumption by reducing or exempting the energy tax and thereby promoting the consumption structure of these energy sources. In particular, the world is currently transitioning from fossil energy to clean and renewable energy, and there may be an insufficient supply of renewable energy when fossil energy production declines. Natural gas is a cleaner fuel than coal and oil, and it is the energy of choice to make up for electricity shortages during this transition process.



Second, the results show that improving production-side carbon emissions efficiency and reducing carbon emissions per unit of output (which means promoting technology in energy utilization) is one of the most effective ways to reduce carbon emissions. Therefore, the government should vigorously develop energy-saving technology, promote the rapid development of energy utilization technology, and significantly improve enterprise energy utilization efficiency in order to achieve better energy-saving emissions reductions along with high-quality economic development.



Third, although changes in the production structure and final demand of various industries have an effect on reducing emissions and increasing efficiency, the effects need to be improved, which means that improving production structure and optimizing final demand has tremendous potential to help China reduce emissions and increase efficiency. On the one hand, optimizing the energy consumption structure represented by the electrification rate is a meaningful way to optimize the production structure. Improving the electrification rate, which refers to the ratio of electricity to total final energy consumption, is an important symbol of the progress of modern civilization and is the inevitable choice in the realization of carbon neutrality. Therefore, it is necessary further to promote the replacement of traditional fossil energy by electricity and increase the electrification rate, which will effectively promote emissions reduction and efficiency. On the other hand, optimizing the final demand structure and avoiding unnecessary demand will help to reduce carbon emissions and intensity from the demand side. Examples include controlling unreasonable demand and avoiding blind investment in industries with high embodied carbon such as the construction industry, advancing changes in the energy-saving and green consumption of residents, improving China’s position in the global value and industry chains, optimizing the structure of export products, and reducing embodied energy consumption for export demand. In the future, integrating energy tax policy with demand management will have significant potential for emissions reduction and energy conservation.




7.3. Limitation


However, this paper has one notable limitation. The latest input–output table data are from 2018, leading to time-dependent deviations in the research results. Thus, in order to quantitatively analyze the impact of energy taxes on different regions of China multi-regional input–output tables are needed for further research. In light of this important limitation, we hope to continue to improve our research work in the future.
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Figure 1. Simple Model for the Impact of Levying Energy Taxes. 
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Figure 2. Nested structure diagram of production section. 
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Figure 3. Energy tax rates and changes in consumption of each energy source. 
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Figure 4. Impact of energy taxation on various industries. 
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Figure 5. Results of SDA of national carbon dioxide emission and carbon intensity change (uniEtax15). 
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Figure 6. Results of additive SDA of carbon dioxide emissions changes in various industries (uniEtax15). 
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Figure 7. Results of additive SDA of carbon dioxide emission changes in various industries (uniEtax_th). 






Figure 7. Results of additive SDA of carbon dioxide emission changes in various industries (uniEtax_th).



[image: Sustainability 14 01087 g007]







[image: Sustainability 14 01087 g008 550] 





Figure 8. Results of SDA of national carbon dioxide emissions and carbon intensity change (uniEtax_tech3). 
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Figure 9. Results of additive SDA of carbon dioxide emission changes in various industries (uniEtax_tech3). 
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Figure 10. Impact of a differential energy tax on the structure of energy consumption. 
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Figure 11. Results of SDA of national carbon dioxide emissions and carbon intensity change (diffEtax4). 
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Figure 12. Results of additive SDA of carbon dioxide emission changes in various industries (diffEtax4). 
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Table 1. The results of the sector division.






Table 1. The results of the sector division.





	Industry
	2018 IO Table Code





	S1 Agriculture, forestry, animal husbandry and fishery
	1–5



	S2 Coal mining and processing industry
	6, 42



	S3 Oil mining and processing industry
	7 *, 41



	S4 Natural gas mining and processing industry
	7 *, 99



	S5 Other mining industry
	8–11



	S6 Labor-intensive manufacturing
	12–40, 95–97



	S7 Capital-intensive manufacturing
	43–66



	S8 Technology-intensive manufacturing
	67–94



	S9 Electricity production and supply industry
	98



	S10 Water production and supply industry
	100



	S11 Construction industry
	101–104



	S12 Service industry
	105–149







Note: * indicates that the IO table sectors have been split.
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Table 2. The CO2 emissions factors of fossil energy sources.






Table 2. The CO2 emissions factors of fossil energy sources.





	Energy
	Carbon Dioxide Emissions (Million Tons)
	Amount of Intermediate Input Value (Billion RMB)
	Carbon Dioxide Emission Factor (Ton/Million RMB)





	Coal
	7637.00
	3145.26
	0.2428



	Oil
	1375.00
	5201.60
	0.0264



	Natural Gas
	526.00
	1670.28
	0.0315
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Table 3. Energy Tax Scenarios.






Table 3. Energy Tax Scenarios.





	
Scenario

	
Label

	
Specific Setting






	
without Energy tax

	
Base

	
without Energy tax




	
Energy tax

	
uniEtax5

	
5% energy tax on fossil energy




	
uniEtax10

	
10% energy tax on fossil energy




	
uniEtax15

	
15% energy tax on fossil energy




	
uniEtax20

	
20% energy tax on fossil energy




	
uniEtax25

	
25% energy tax on fossil energy




	
Energy tax with tax reduction

	
uniEtax_th

	
15% energy tax on fossil energy, with energy tax revenues used to reduce personal income tax




	
uniEtax_tent

	
15% energy tax on fossil energy, with energy tax revenues used to reduce corporate income tax




	
uniEtax_tva

	
15% energy tax on fossil energy, with energy tax revenues used to reduce indirect tax on production




	
Energy tax with technological progress of energy use

	
uniEtax_tech1

	
15% energy tax on fossil energy and 1% of technological progress in energy use




	
uniEtax_tech2

	
15% energy tax on fossil energy and 2% of technological progress in energy use




	
uniEtax_tech3

	
15% energy tax on fossil energy and 3% of technological progress in energy use




	
Differential energy tax

	
diffEtax1

	
15% energy tax on coal and oil, 10% energy tax on natural gas




	
diffEtax2

	
15% energy tax on coal and oil, 5% energy tax on natural gas




	
diffEtax3

	
15% energy tax on coal and oil and tax exemption on natural gas




	
diffEtax4

	
15% energy tax on coal and oil, with energy tax revenues used to subsidize investment in the natural gas sector
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Table 4. Impact of energy tax on carbon emissions and other macroeconomic variables.






Table 4. Impact of energy tax on carbon emissions and other macroeconomic variables.





	Scenario
	uniEtax5
	uniEtax10
	uniEtax15
	uniEtax20
	uniEtax25





	Coal consumption
	−5.48%
	−10.41%
	−14.87%
	−18.93%
	−22.63%



	Oil consumption
	−9.41%
	−17.29%
	−24.00%
	−29.77%
	−34.78%



	Natural gas consumption
	−10.43%
	−19.08%
	−26.37%
	−32.59%
	−37.95%



	Electricity consumption
	1.00%
	1.96%
	2.88%
	3.76%
	4.60%



	Total Energy Consumption
	−4.93%
	−9.15%
	−12.82%
	−16.03%
	−18.88%



	Energy consumption intensity
	−4.80%
	−8.93%
	−12.53%
	−15.71%
	−18.53%



	Total CO2 emissions
	−6.32%
	−11.88%
	−16.82%
	−21.24%
	−25.23%



	CO2 emission intensity
	−6.19%
	−11.66%
	−16.55%
	−20.94%
	−24.90%



	Real GDP
	−0.14%
	−0.29%
	−0.46%
	−0.65%
	−0.84%



	GDP price index
	0.35%
	0.69%
	1.04%
	1.38%
	1.72%



	Capital Prices
	−0.43%
	−0.82%
	−1.17%
	−1.49%
	−1.79%



	Resident income
	0.06%
	0.12%
	0.18%
	0.23%
	0.27%



	Resident consumption
	−0.22%
	−0.45%
	−0.67%
	−0.89%
	−1.11%



	Resident savings
	0.06%
	0.12%
	0.18%
	0.23%
	0.27%



	Corporate income
	−0.43%
	−0.82%
	−1.17%
	−1.49%
	−1.79%



	Corporate savings
	−0.43%
	−0.82%
	−1.17%
	−1.49%
	−1.79%



	Government income
	2.06%
	3.93%
	5.64%
	7.20%
	8.65%



	Government consumption
	1.88%
	3.56%
	5.06%
	6.42%
	7.65%



	Government savings
	2.06%
	3.93%
	5.64%
	7.20%
	8.65%



	Exports
	−2.50%
	−4.81%
	−6.96%
	−8.97%
	−10.85%



	Imports
	0.55%
	1.14%
	1.77%
	2.43%
	3.09%



	Total Investment
	0.94%
	1.85%
	2.74%
	3.59%
	4.41%



	Energy tax revenue
	4700.29
	8867.94
	12,602.43
	15,977.89
	19,051.21



	Social welfare
	−769.67
	−1549.21
	−2329.74
	−3105.37
	−3872.18
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Table 5. Impact of using energy tax revenues for tax deductions on carbon emissions and on other macroeconomic variables.






Table 5. Impact of using energy tax revenues for tax deductions on carbon emissions and on other macroeconomic variables.





	Scenario
	uniEtax15
	uniEtax_th
	uniEtax_tent
	uniEtax_tva





	Coal consumption
	−14.87%
	−14.39%
	−14.07%
	−14.30%



	Oil consumption
	−24.00%
	−23.87%
	−23.69%
	−24.33%



	Natural gas consumption
	−26.37%
	−26.20%
	−26.14%
	−26.47%



	Electricity consumption
	2.88%
	3.34%
	3.63%
	3.48%



	Total Energy Consumption
	−12.82%
	−12.49%
	−12.26%
	−12.62%



	Energy consumption intensity
	−12.53%
	−12.36%
	−12.31%
	−11.73%



	Total CO2 emissions
	−16.82%
	−16.41%
	−16.12%
	−16.42%



	CO2 emission intensity
	−16.55%
	−16.28%
	−16.17%
	−15.56%



	Real GDP
	−0.46%
	−0.45%
	−0.42%
	−0.44%



	GDP price index
	1.04%
	1.01%
	1.04%
	0.08%



	Capital Prices
	−1.17%
	−1.24%
	−1.17%
	−1.09%



	Resident income
	0.18%
	−0.11%
	−0.10%
	−0.09%



	Resident consumption
	−0.67%
	0.83%
	−0.94%
	0.03%



	Resident savings
	0.18%
	1.66%
	−0.10%
	−0.09%



	Corporate income
	−1.17%
	−1.24%
	−1.17%
	−1.09%



	Corporate savings
	−1.17%
	−1.24%
	2.59%
	−1.09%



	Government income
	5.64%
	0.00%
	0.00%
	0.00%



	Government consumption
	5.06%
	−0.52%
	−0.55%
	0.42%



	Government savings
	5.64%
	0.00%
	0.00%
	0.00%



	Exports
	−6.96%
	−6.46%
	−6.41%
	−2.56%



	Imports
	1.77%
	2.10%
	2.47%
	−0.42%



	Total Investment
	2.74%
	3.41%
	5.12%
	0.19%



	Energy tax revenue
	12,602.43
	12,638.53
	12,674.39
	12,540.58



	Social welfare
	−2329.74
	2883.02
	−3277.16
	87.11
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Table 6. Impact of energy taxation along with technological progress in energy use on carbon emissions and other macroeconomic variables.
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	Scenario
	uniEtax15
	uniEtax_tech1
	uniEtax_tech2
	uniEtax_tech3





	Coal consumption
	−14.87%
	−15.27%
	−15.67%
	−16.06%



	Oil consumption
	−24.00%
	−23.84%
	−23.67%
	−23.50%



	Natural gas consumption
	−26.37%
	−26.39%
	−26.40%
	−26.42%



	Electricity consumption
	2.88%
	2.98%
	3.08%
	3.17%



	Total Energy Consumption
	−12.82%
	−12.82%
	−12.81%
	−12.81%



	Energy consumption intensity
	−12.53%
	−12.50%
	−12.47%
	−12.44%



	Total CO2 emissions
	−16.82%
	−17.12%
	−17.41%
	−17.71%



	CO2 emission intensity
	−16.55%
	−16.82%
	−17.09%
	−17.36%



	Real GDP
	−0.46%
	−0.29%
	−0.12%
	0.05%



	GDP price index
	1.04%
	0.89%
	0.76%
	0.62%



	Capital Prices
	−1.17%
	−1.08%
	−0.99%
	−0.90%



	Resident income
	0.18%
	0.18%
	0.19%
	0.19%



	Resident consumption
	−0.67%
	−0.55%
	−0.43%
	−0.31%



	Resident savings
	0.18%
	0.18%
	0.19%
	0.19%



	Corporate income
	−1.17%
	−1.08%
	−0.99%
	−0.90%



	Corporate savings
	−1.17%
	−1.08%
	−0.99%
	−0.90%



	Government income
	5.64%
	5.58%
	5.53%
	5.47%



	Government consumption
	5.06%
	5.08%
	5.11%
	5.13%



	Government savings
	5.64%
	5.58%
	5.53%
	5.47%



	Exports
	−6.96%
	−6.10%
	−5.24%
	−4.38%



	Imports
	1.77%
	1.23%
	0.69%
	0.17%



	Total Investment
	2.74%
	2.25%
	1.76%
	1.27%



	Energy tax revenue
	12,602.43
	12,530.89
	12,460.61
	12,391.56



	Social welfare
	−2329.74
	−1912.07
	−1499.33
	−1091.43
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Table 7. Impact of a differential energy tax on carbon emissions and other macroeconomic variables.
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	Scenario
	uniEtax15
	diffEtax1
	diffEtax2
	diffEtax3
	diffEtax4





	Coal consumption
	−14.87%
	−15.11%
	−15.37%
	−15.64%
	−14.69%



	Oil consumption
	−24.00%
	−23.08%
	−22.09%
	−21.01%
	−18.86%



	Natural gas consumption
	−26.37%
	−21.40%
	−15.80%
	−9.48%
	−1.36%



	Electricity consumption
	2.88%
	2.63%
	2.37%
	2.09%
	2.81%



	Total Energy Consumption
	−12.82%
	−12.12%
	−11.36%
	−10.51%
	−8.51%



	Energy consumption intensity
	−12.53%
	−11.85%
	−11.10%
	−10.28%
	−8.71%



	Total CO2 emissions
	−16.82%
	−16.61%
	−16.36%
	−16.07%
	−14.56%



	CO2 emission intensity
	−16.55%
	−16.35%
	−16.12%
	−15.85%
	−14.75%



	Real GDP
	−0.46%
	−0.43%
	−0.39%
	−0.36%
	−0.22%



	GDP price index
	1.04%
	0.99%
	0.94%
	0.88%
	1.06%



	Capital Prices
	−1.17%
	−1.10%
	−1.02%
	−0.93%
	−0.59%



	Resident income
	0.18%
	0.17%
	0.17%
	0.16%
	−0.05%



	Resident consumption
	−0.67%
	−0.63%
	−0.59%
	−0.54%
	−0.90%



	Resident savings
	0.18%
	0.17%
	0.17%
	0.16%
	−0.05%



	Corporate income
	−1.17%
	−1.10%
	−1.02%
	−0.93%
	−0.59%



	Corporate savings
	−1.17%
	−1.10%
	−1.02%
	−0.93%
	−0.59%



	Government income
	5.64%
	5.41%
	5.16%
	4.86%
	−0.14%



	Government consumption
	5.06%
	4.87%
	4.65%
	4.40%
	−0.73%



	Government savings
	5.64%
	5.41%
	5.16%
	4.86%
	−0.14%



	Exports
	−6.96%
	−6.68%
	−6.39%
	−6.08%
	−6.57%



	Imports
	1.77%
	1.67%
	1.58%
	1.50%
	5.56%



	Total Investment
	2.74%
	2.64%
	2.54%
	2.44%
	4.33%



	Energy tax revenue
	12,602.43
	12,032.14
	11,387.94
	10,656.18
	10,893.79



	Social welfare
	−2329.74
	−2184.73
	−2036.08
	−1884.13
	−3113.80
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