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Editorial on the Research Topic 
Sustainable Energy Systems with Policies in China

The earth has undergone tremendous changes since industrial civilization, and among these, climate change is one of the most obvious phenomena (IPCC, 2022). The average temperature of the earth has raised for nearly 1.5°C since 1900, which results in many catastrophes such as floods and droughts (Latif et al., 2022). Climate change caused by greenhouse gas emissions (GHGs) is a key issue for sustainable development all over the world (Mooney and Sjogersten, 2022). Globally, most countries are working hard to reduce carbon emissions by energy policies reform (Meys et al., 2021).
As the largest developing country, China is facing the dual constraints of economic development and environmental protection (Chen et al., 2017; Chen et al., 2020). On the one hand, China needs continuous development to improve the welfare of its residents. On the other hand, its ecology and environment have been severely damaged. A more efficient energy system is needed for China to alleviate this conflict (Rikap, 2022). So, the concern is how to maintain green and sustainable development through low-carbon energy systems. Based on the above, the journal Frontiers in Energy Research agreed to host a Research Topic about Sustainable Energy Systems with Policies in China. Nearly 50 papers have been submitted to this Research Topic and 22 of them are finally accepted, including 18 original research, 1 perspective, 1 policy and practice reviews and 2 policy briefs. The 22 published papers can be classified to 4 topics: industry, emission, energy and policy (See the following Table 1).
TABLE 1 | summary of the published papers
[image: Table 1]ECONOMICS EFFICIENCY AND INDUSTRIAL DEVELOPMENT
Totally five papers involve the topic of economics efficiency and industrial development. Zheng et al. surveyed the linkage development of the logistics and manufacturing industry by evaluating ecological efficiency evaluation and spatiotemporal characteristics. After classifying the carbon emissions from the logistics industry and pollution emissions from the manufacturing industry, the authors declared that the linkage ecological efficiency of the two industries will tend to be stable in the future. Jiang et al. studied the effect of market power and intertemporal permits trading (IPE) on economic efficiency. They showed that the producing and discharging behaviors of firms depend on the permits price elasticity of output price without the banking and borrowing (BB) system. The conclusions are helpful for the development of BB system. Pingkuo et al. investigated how to promote energy transition with market design by using an institution-economics-technology-behavior (IETB) analysis framework in China’s electric power industry. They issued that market design should be pertinent and objective. Zhang et al. concerned on the economic impacts and challenges of Chinese mining industry (MI) by employing the input-output model. Their results shown that the policy-makers should combine the MI within national economic system reform and planning. Qiu et al. prospected the development of China’s renewable automotive industry (RAI) after subsidies shrinking and declared that the decrease of subsidies will have a critical impact on the development of RAI.
CARBON EMISSION AND ECONOMIC GROWTH
For the technology constraints, there is a conflict between carbon emission and economic growth. Li et al. shown compared to 2012, several provinces and cities increase their direct CO2 emissions for the development of economy. But interestingly, several papers found that carbon emissions reducing and economic growth can be compatible. For example, using provincial panel data of China from 2000 to 2017, Zhang et al. shown that the increase of low-emission electricity increases GDP but reduces CO2 emissions. Another study from Wang also shown that it is possible to achieve the green and sustainable economic development by stimulating green energy use. Besides, Li et al. concerned the effects of carbon emission trading market on carbon emissions of public buildings. They issued that reducing the cost of energy-conservation and emission-reduction technologies and appropriately subsidizing were effective methods to motivate public building owners to participate in carbon emission trading. Besides, Sun et al. investigated the relationships of carbon emissions and endogenous between two economic system. The marginal contribution for this study is that they consider two competitive economic system.
ENERGY STRATEGY AND ENERGY EFFICIENCY
Energy efficiency is a major topic in energy economics. Six papers published are focused on this field. Pan et al. evaluated the national new energy strategy (NNES) from the political economics perspective and, declared to design the NNES based on core technology research, innovative industry financing, cultivating professional talents, and continuous expansion of opening up. Different from Pan et al., Li et al. investigated the supply sustainability of the traditional energy, coal in China by employing a new comprehensive evaluation methodology. Two papers concerned on energy poverty. Wu et al. shown that energy poverty reduces the rural labor wages of China and so the government should to enhance the accessibility of energy consumption in rural areas to reduce energy poverty. Che et al. evaluated global energy poverty aligned with UN ADG 7 with a multidimensional assessment model. Chen et al. research the effect of urban spatial from on energy efficiency by a cross-sectional study in China and issued optimizing the urban spatial form is an important way to improve the energy efficiency. The study from Wang et al. surveyed the water-energy-food-ecology (WEFE) nexus in northwest China and their results shown the WEFE nexus in the investigated areas present a spatial convergence tread.
ENERGY POLICY
Fu et al. surveyed the support policy, such as feed-in tariff and subsidy of photovoltaic (PV) power generation in China. And they declared that the development of PV in China is aggressive, which is harmful for PV innovation. Hu examined the Coal to Clean Heating Project (CCHP) implemented in northern rural China from a policy process perspective. They claimed that beside the positive effect of CCHP, it also created mounting socio-economic and political challenges. Ma et al. investigated the effect of fiscal decentralization policy on the garbage classifications, while Chen et al. analyzed the fee-to tax reform on water resources. Li and Xiong examined the phased energy -saving and emission-reducing effects of dual-credit policy on the auto industry in China. Wu et al. assessed China’s power system reform (PSR) by a comparative study on the transmission management between China and the United States. They concluded PSR ensure the timely and effective allocation of national power energy and is helpful to concentrate all kinds of resources to develop large-scale power projects.
As the largest developing country, China has carried out many beneficial reforms to its energy and development policies. The main purpose of the Research Topic was to assess the effects of China’s energy policy reforms. Fortunately, it has received extensive attention and active contributions from scholars. Published articles are of high quality and cover numerous subjects in the energy economics, such as Economics efficiency and industrial development, Carbon emission and economic growth, Energy strategy and energy efficiency and, Energy policy in China. These research papers not only help people understand China’s energy policy reform performance, but also help the Chinese government to further promote reform.
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With the technological progress of photovoltaic (PV) enterprises, the subsidy standard of PV power generation in China is declining. However, the conservative adjustment of feed-in tariff (FIT) policy is considered to increase the financial burden of the government, while the aggressive adjustment will have a serious impact on the PV enterprises and may reduce the research and development (R&D) investment of them. By constructing a game model between the government and PV enterprises, this article analyzes the relationship between the adjustment of government subsidy policy and R&D investment of PV enterprises. The evolution path and strategic stability of the system have been studied through evolutionary analysis and numerical simulation. Results show that three strategies may become the evolutionary stability strategy (ESS) of the system under certain conditions. Firstly, the investigation of these conditions reveals the strategy that the government chooses conservative adjustment and enterprises choose to increase R&D investment is more likely to be an ESS. Secondly, the initial preference of the government and enterprises cannot change the final result of system evolution, but only changes the speed of reaching it. Finally, the research on the interaction between government and enterprises illustrates that when the degree of influence is small, the ESS is that the government chooses aggressive adjustment and enterprises choose to increase R&D investment. But when the degree of influence is large enough, the government is more inclined to choose conservative adjustment and enterprises choose to increase R&D investment. The decision-making of the government should be focused on the interaction between the government and enterprises. The encouraging cooperation among PV enterprises, universities, and research institutions can promote the technological progress of the PV industry, so as to achieve the purpose of subsidy policies more effectively.

Keywords: dynamic adjustment, evolutionary game, PV power generation, R&D, fit-in tariff


INTRODUCTION

The shortage of fossil energy and greenhouse gas emissions caused by fossil energy combustion are increasingly a concern for people all over the world (Wei et al., 2019). Hence, renewable energy (RE) resources, such as wind, solar, biomass, and geothermal, have been developed vigorously under the promotion of technology and government support in recent decades (Chen et al., 2018). China has already been strengthening the development and utilization of RE, which can reduce the level of carbon emissions effectively (Ming et al., 2013). Through the efforts made during the past decade, solar energy development, and its utilization in China have been in the forefront of the world, with the cumulative installed capacity of photovoltaic (PV) enterprises and annual newly installed capacity ranking first in the world. The successful development of the PV industry has greatly improved. The energy structure in China has reduced an enormous number of greenhouse gas emissions. At the same time, the implementation of subsidy policies such as feed-in tariff (FIT) has achieved good economic benefits (Ling-zhi et al., 2018). Therefore, the Chinese government has set the sustainable development goal of achieving peak of carbon emissions by 2030 and carbon emissions neutrality by 2060 (NDRC, 2017).

It is undeniable that the government's support and promotion has played an important role in the development of the PV industry (Lo, 2014; Yang D. et al., 2019). To promote the healthy development of the PV industry, the United States, Japan, Germany, China, and many other countries have formulated policies, such as FIT and renewable portfolio standard (RPS), and have adopted government subsidies, tax relief, policy support, and other methods (Chen et al., 2017). However, as the scale of the PV industry continues to expand, technology continues to improve, unit power generation cost (UPGC) continues to decline, and government subsidies need to decline. Thus, some countries implement a subsidy scheme that decreases year by year for PV projects, while some countries offer different subsidy standards for new projects in different years. In China, long-term constant FIT has not been able to adapt to the decline in the cost of PV equipment, and very broad regional pricing will hinder the development of PV generation to some extent (Yang and Ge, 2018). In 2013, the State Council of China promulgated Several opinions on promoting the healthy development of photovoltaic industry (NDRC, 2013a), which clearly proposed that “the policy of subsidizing distributed PV power generation according to electricity quantity” and “the implementation period of on grid electricity price and subsidy is 20 years in principle” (MF, 2013; NDRC, 2013b). In fact, the Chinese government plans to adopt a low or no subsidy policy mechanism on the RE power development in the future (Zhang et al., 2020). One of the purposes of government subsidies is to push the connection to the grid at an equal price to be achieved sooner. At present, the main PV subsidy policy in China is the regionally differentiated FIT policy. Specifically, the government divides PV projects into distributed PV (DPV) projects and concentrated PV projects and divides the country into three zones (Zone I, Zone II, and Zone III, see Figure 1) according to solar resources.


[image: Figure 1]
FIGURE 1. The Chinese zonal feed-in tariff policy. Tibet was not included in the FIT policy of China (Dong et al., 2021).


For each zone, the government promises to provide a certain amount of subsidy for the future electricity generated by PV projects, and the subsidy standard is usually different in different zones. Moreover, the subsidy standard is designed to be lowered once a year to adapt to the decline of PV power generation cost and the development of the PV industry (NDRC, 2016). In January 2019, the National Development and Reform Committee (NDRC) released The Notice on Work Related to Wind Power and Photovoltaic Power Generation Connected to Grid without Subsidy (NDRC, 2019). This Notice expresses the intention of the government to promote a low or no subsidy policy mechanism on the RE power development in the future. To achieve this goal, the current FIT price should be readjusted and redistributed (Zhang et al., 2020). Figure 2 shows the adjustment of the PV power subsidy of China since 2013. In the past 8 years, it has been reduced eight times, with an average decrease of 60%.


[image: Figure 2]
FIGURE 2. Overview of photovoltaic subsidy (FIT) adjustment of China.


Although the adjustment of government subsidy refers to the decrease of PV power generation cost and newly installed capacity, the enterprises and society have different opinions on the adjustment (Zhang and He, 2013). The actual situation shows that if the frequency and timing of subsidy decrease are unreasonable, it may have a serious impact on the profit and research and development (R&D) investment of an enterprise. For example, The notice on matters related to photovoltaic power generation in 2018 (531 policy) (NEA, 2018) issued by NEA in May 2018 is considered by many PV enterprise operators that the adjustment of subsidies is too radical and will have a serious impact on the development of the enterprises. Many PV enterprises require the government to give a buffer period for policy implementation and suggest that the subsidy should not be reduced too much. This phenomenon shows that it is often difficult for the government to effectively regulate the subsidy standard. The government is not clear about the impact of the policy, resulting in the deviation between the expected goal of the government and the actual implementation effect of the policy.

Therefore, the relationship between the adjustment of government subsidies and the development of PV enterprises has become an important issue for the government to consider. How to adjust the subsidy policy to promote enterprises to increase investment in technological innovation, improve operating efficiency, and ultimately achieve the stable and healthy development of the PV industry? What factors need to be considered in the adjustment of subsidy policy? This article constructs an evolutionary game model between the Chinese government and PV companies, and investigates the evolutionary stability strategy (ESS) of the system through numerical simulation, so as to provide a certain reference for answering the above questions. The following section discusses the literature review, introducing the relevant research on the FIT policy and PV subsidy policy of China. The “Assumptions” section consists of the hypothesis of the game model. The “Evolutionary game model” section constructs an evolutionary game model between the government and PV companies. The evolution analysis of the game model is discussed in the “Evolutionary analysis of game model” section. The “Numerical analysis” section is a numerical simulation, focusing on the influence of some important parameters on ESSs. The “Conclusion” section concludes.



LITERATURE REVIEW

Using various government subsidies to support the development of the PV industry is a common practice among countries. The FIT policies are implemented in more than 40 countries around the world. The successful development of the RE market in Germany, the United States, China, and other countries shows that the FIT policy is the most effective policy to encourage the rapid and sustainable deployment of RE (Couture and Gagnon, 2010). Therefore, a large number of studies have analyzed government subsidy policies for RE and evaluated the actual effects of them, mainly FIT and RPS (Hitaj and Löschel, 2019).

Some studies have shown that government subsidies have an important impact on the development of RE and renewable electricity generation. When the cost of RE production or the energy-negative coefficient is low, the subsidy policy generates a high electricity price (Yang and Nie, 2016). The Chinese FIT policy has played an important role in promoting the development of the PV industry. Some scholars studied the impact of the Chinese 531 policy on the PV industry through the empirical method and estimated the effect of the Chinese FIT policy on PV-installed PV capacity. Results reveal that an increase of ¥0.1 per kWh (~US$0.014 per kWh) in PV subsidies adds about 18 GW/year of installed capacity to the national PV market. The impact of PV subsidies on the development of PV deployment market is so great that some researchers even pointed out that if there are no subsidies, the PV industry of China would almost disappear (Dong et al., 2021). Similarly, Du and Takeuchi (2020) investigated the effectiveness of regionally differentiated FITs for the development of RE in China. A small difference in the tariff rate leads to statistically significant differences in outcome indicators among regions. Smith and Urpelainen (2014) studied the FIT policy of the United States, demonstrating that the FIT is an effective way to increase renewable electricity generation. The study finds that increasing the FIT by US$0.01 (2,000 constant prices) per kWh increases the percentage change in the share of renewable electricity of the total by 0.11% points. In the study of Italian FIT policy on the PV market, Antonelli and Desideri (2014b) also pointed out that the PV industry of Italy has developed rapidly due to adequate FIT subsidies. The overall cost of PV station construction is on the decline, which is more determined by the tariffs than by the market development and structure. But the research provided an interesting conclusion that the distribution of PV installations on the territory is not a function of solar radiation (Antonelli and Desideri, 2014a).

The influence of government subsidies on R&D input and cost reduction has also been studied by a large number of scholars. The government support policies such as subsidies and tariffs can effectively expand the market share of domestic new energy vehicles with less technology (Yang D.-X. et al., 2019). Moreover, FIT is more efficient than RPS to increase the quantity of RE (installed capacity) and to stimulate the R&D input to reduce costs (Sun and Nie, 2015). Böhringer et al. (2017) also found that the innovation impact of the German FIT scheme over the last two decades supports the positive innovation hypothesis. Zhang Y. et al. (2020) analyzed the development of dispersed wind power (DWP) and DPV in China from the perspective of technology and institutional economy. The authors believed that the subsidy policy has effectively promoted the innovation and development of new energy companies. In addition, some scholars have attempted to optimize the FIT policy. To simulate the performance of the FIT program in different situations, Kim and Lee (2012) combined cost modeling, option valuation, and consumer choice. The study tried to make recommendations for policymakers who want to expand the RE market and control the total burden of ratepayers.

However, the government subsidy standard often needs to be adjusted according to the actual situation, and the reduction of power generation cost is one of the factors that the government needs to consider. For instance, Yang et al. (2016) found that the optimal subsidy for RE enterprises positively correlates with its cost under complete information. From the perspective of the development of the PV industry in various countries, it is true that both government subsidies and enterprise costs have declined. Xu and Ma (2021) studied FIT and tax-rebate regulation from the perspective of the members in the whole solar PV supply chain. The authors also investigated a non-linear dynamic system to study the long-term operation strategies, the stability of the equilibrium, and how the conservative and aggressive strategies impact the system. Selinger-Lutz et al. (2020) introduced a two-step tariff for the feed-in electricity with dynamic tariff switching times. From the perspective of RE enterprises, how much revenue can be obtained per kWh is one of the most important issues.

Research on FIT policy mainly includes policy effect evaluation, the relationship between the government subsidies and power generation costs, and the relationship between government subsidies and enterprise innovation input. However, there are few studies on optimizing subsidy policies from the perspective of dynamic adjustment. To provide more references for the Chinese government to rationally adjust FIT policies, this study constructs an evolutionary game model between the government and PV companies. By numerical simulation to investagate the evolution and stability strategy of the model, we obtain the conditions that should be met. The main innovation of this study is to examine the relationship between FIT policy adjustment and enterprise R&D investment from the perspective of the game between the government and PV enterprises and analyze the main factors that should be considered in policy adjustment. This research makes a certain marginal contribution to existing research.



ASSUMPTIONS

In China, the main PV subsidy policy is the regionally differentiated FIT policy. With the continuous advancement of PV technology and the decline of UPGC, subsidy standards are bound to be adjusted accordingly. At the same time, the decline in government subsidies also promotes enterprises to reduce the cost of PV power generation through technological innovation to a certain extent. Therefore, there exists an interaction mechanism between the decline of government subsidies and enterprise technological innovation (Requate, 2014). The government hopes to subsidize within a certain amount to improve the industrial technology level and PV-installed capacity, while the main goal of the company is to make a profit, and upgrading its technology will help companies reduce power generation costs and gain greater market share. Therefore, the following assumptions of the evolutionary game model are proposed:

(1) The government decides the adjustment of the subsidy policy. The decrease of the subsidy may lead to the acceleration of investment and construction of PV projects, and also the reduction of enterprise profits, thus reducing the investment of the PV projects. The interest goals of the government and enterprises are not completely consistent.

(2) The adjustment intensity of FIT policy has a direct impact on the future revenue expectation of enterprises, while the power generation cost of enterprises has a direct impact on the adjustment of the government subsidies for the next period and the overall expenditure level of the government.

(3) The game is a complete information game; the decision-making behavior of both sides is knowable; and the future income of a single participant can be predicted according to the behavior of the other one.

(4) The two strategies of enterprises are increasing innovation investment and reducing innovation investment. The two strategies of the government are to reduce the subsidies conservatively and aggressively.

(5) Increasing investment in innovation will reduce construction costs, assuming that the annual average reduction rate of generation cost per kWh is g, and the average annual decline rate of the government subsidies per kWh is h. When h ∈ [0, δ▪g], the adjustment of the government is called conservative, otherwise the government subsidy adjustment is called aggressive. The value of δ needs to be further determined by empirical research but estimated according to the actual situation, and this study assumes that δ = 150%.



EVOLUTIONARY GAME MODEL

Under the influence of the continuous reduction of the government subsidies, the technological innovation of PV enterprises may not increase the profits of enterprises, and radical policy adjustment is more likely to affect the innovation enthusiasm of enterprises. Conservative adjustment has less impact on the overall income of enterprises, but it also increases the financial burden of the government to a certain extent. There are four circumstances of the game between government and enterprise are as follows:

(1) The government chooses conservative adjustment and enterprises increase R&D investment. At this time, the government gains economic benefits R1 from promoting the development of the PV industry. Technological innovation of enterprises makes the government gain political achievements E1. The cost of power generation of enterprises is reduced, which in turn reduces the government expenditure αS1(α is the extent of the impact of PV generation costs on the government expenditures,0 ≤ α ≤ 1). The cost of the government when the government adjusts conservatively is CG1. For enterprises, the subsidy they receive from the government is R2, and the innovation incentive for enterprises is CE1. The enterprises pay the innovation cost S2, but obtain the economic benefit E2 through technological innovation. Therefore, the revenue of the government and PV enterprises are (R1 + E1 + αS1 – CG1, R2 + E2 – S2 + CE1).

(2) The government chooses conservative adjustment, and enterprises decrease R&D investment. At this time, due to the reduction of enterprise R&D investment, the government revenue also changes. The cost of technological innovation is reduced to βE2 (β represents the intensity of investment in technological innovation,0 ≤ β ≤ 1). W2 is the market disadvantage caused by insufficient technological innovation. Therefore, the revenues of the government and PV enterprises are (βR1 + α S1 – CG1, R2 – βS2 + E2 – W2).

(3) The government chooses aggressive adjustment and enterprises increase R&D investment. Under this circumstance, the government cost is CG2 (CG2 > CG1) and the innovation incentive for enterprises is CE2 (CE2 < CE1). Since the subsidy has fallen sharply, which has an impact on PV companies and incurs additional costs, the company subsidy is reduced to γR2 (γ represents the extent of the impact of reduction of the subsidies on enterprises,0 ≤ γ ≤ 1). Hence, the revenues of the government and PV enterprises are (R1 + α S1 + αE1-CG2, γR2-S2 + CE2).

(4) The government chooses aggressive adjustment and enterprises decrease R&D investment. The economic benefits of the government from promoting the development of the PV industry are reduced to βR1. Not only the subsidies received by enterprises are reduced to γR2, but also the cost of technological innovation and market disadvantages are declined. Hence, the revenues of the government and PV enterprises are (βR1 – CG2, γR2 – βS2 – γW2).

Suppose that the preferences of the government for choosing conservative adjustment and aggressive adjustment are xand 1−x, respectively, and the preferences of the enterprise for increasing R&D investment and reducing R&D investment are yand 1−y, which 0 ≤ x, y ≤ 1. The payment matrix of the two participants is shown in Table 1, and notations and interpretations are shown in Table 2.


Table 1. Game payment matrix.

[image: Table 1]


Table 2. Notations and interpretations.

[image: Table 2]

Therefore, the benefits (m1, m2) of conservative and aggressive strategies adopted by the government can be calculated. [image: image] is the average benefit.

[image: image]

For PV enterprises, the benefits (n1, n2) of increasing and decreasing R&D investment can also be calculated. [image: image] is the average benefit.

[image: image]

If [image: image], the probability that the government chooses a conservative adjustment strategy can bring above-average benefits, and thus the probabilityx = x(t)that the government chooses conservative adjustment will increase over time; on the contrary, if [image: image], the probability that the government chooses aggressive adjustment will increase over time. x = x(t) will evolve according to the trend determined by Equation (1).

[image: image]

If [image: image], the probability that enterprises increase R&D investment can bring above-average benefits, and the probability of increasing the level of technological innovation will increase with time, and anti y = y(t) will evolve according to the trend determined by Equation (2).

[image: image]



EVOLUTIONARY ANALYSIS OF THE GAME MODEL


Evolutionary Analysis of the Government Strategy

The above analysis illustrates that the probability of the government policy choice will evolve according to the path described by the dynamic differential Equation (1). Next, we will further examine the conditions for the government to achieve different ESSs.

According to F(x) = 0, we have [image: image]. In the light of the stability principle of dynamic differential equation and the properties of ESS, when[image: image] andF′(x) < 0, the value of x is ESS.

1. When [image: image], [image: image]will be equal to 0. In addition, x will always be stable, which means the preference of enterprises to increase technological innovation reaches, and the government strategy is stable.

2. When [image: image], x* = 0 and x* = 1are stable state of x. Further suppose that if [image: image],so F′(0) < 0, x* = 0 will be ESS, which means the preference of enterprises to increase technological innovation less than y*, the government will choose aggressive adjustment strategy.

3. When [image: image],x* = 0 and x* = 1 are stable state of x. Further suppose that if [image: image], so, x* = 1 will be ESS, which means the preference of enterprises to increase technological innovation more than y*, the government will choose conservative adjustment strategy. The replication dynamic phase diagram of the above three cases is shown in Figure 3.


[image: Figure 3]
FIGURE 3. Replication dynamic phase diagram of the government strategy. (A) [image: image], (B) [image: image], and (C) [image: image].




Evolutionary Analysis of PV Enterprise Strategy

Similarly, the evolution path of PV enterprises is described by dynamic differential Equation (2). When G(y) = 0, we have[image: image]. When[image: image]and G′(x) < 0, the value of y is ESS.

1. When [image: image], [image: image] will be equal to 0,And y will always be stable, which means the preference of the government chooses conservative adjustment strategy reaches x*, the enterprise strategy is stable.

2. When [image: image], y* = 0 and y* = 1 are stable state of y. Further suppose that if [image: image], so G′(1) < 0, y* = 1 will be ESS, which means the preference of the government chooses conservative adjustment strategy less than x*, the PV enterprise will increase R&D investment.

3. When [image: image] and [image: image],so G′(0) < 0, y* = 0will be ESS, which means the preference of the government chooses conservative adjustment strategy more than x*, the PV enterprise will decrease R&D investment.

Figure 4 is the replication dynamic phase diagram of PV enterprise strategy.


[image: Figure 4]
FIGURE 4. Replication dynamic phase diagram of enterprise strategy. (A) [image: image], (B) [image: image], and (C) [image: image].




Evolutionary Analysis of System Stability

When the system is in a stable state, the proportion of the government and the enterprise to choose their own strategies remain unchanged, and their stable values are. x* y*. The five possible equilibrium points in the system are. (x,y):(0,0),(0,1),(1,0),(1,1), [image: image] Different from the analysis from the perspective of a single participant, the ESS of the system may have different results. The evolutionary strategy analysis of a single participant is based on the initial preference of another participant, while the ESS of the whole system considers the interaction between the government and enterprises. By analyzing the local stability of the Jacobian matrix of the equilibrium point (x, y), the stability of the system at the equilibrium point can be judged. The Jacobian matrix of the system is:

[image: image]

According to Lyapunov's first method, if a point is ESS, then this point corresponds to the optimal strategy of each participant under certain initial conditions. The local stability of five equilibrium points can be judged by analyzing the Jacobian matrix, as shown in Table 3.

(1) (1,0)


Table 3. Local stability of five points.

[image: Table 3]

According to the assumptions, we can obtain (−1)[αS1−CG1+CG2] < 0 and W2+(β − 1)S2+CE1 > 0, so Det(J) < 0. If [image: image](Condition 1), then we can obtain Tr(J) > 0 and point (1,0) is an ESS.

(2) (0,1)

According to the assumptions, we can obtain (1−α)(S1+E1)−CG1+CG2 > 0 and (−1)[γW2+(β−1)S2+CE2] < 0, so Det(J) < 0. If [image: image](Condition 2), then we have Tr(J) > 0 and point (0,1) is an ESS.

(3) (1,1)

Similarly, we can obtain (−1)[(1 − α)(E1 + S1) − CG1 + CG2 < 0 and (−1)[γW2 + (β − 1)S2 + CE2] < 0, so Det(J) > 0. If [image: image](Condition 3), then we have Tr(J) < 0 and point (1,1) is an ESS. Moreover, if the condition W2 − (1 − β)S2 + CG2 − CG1 + CE1 > 0 is satisfied, Condition 3 will be satisfied as well. In this case, (1,1) is always an ESS.

In conclusion, the three equilibrium points (0,1), (1,0), (0,1) of the system have local stability under certain conditions, and (x*, y*) is a saddle point. Figure 5 shows the evolution of the system stable strategy.


[image: Figure 5]
FIGURE 5. System replication dynamic phase diagram.


The above analysis shows that the equilibrium points (1,0), (0,1) and (1,1) may become the ESS of the system under general circumstances. However, by comparing each condition, it can be seen that Condition 3 is easier to meet, which means that point (1,1) is more likely to become an ESS point. The point (1,1) indicates that the government chooses a conservative adjustment strategy while the enterprise chooses to increase investment in technological innovation. In this case, the government strategy allows companies to have more time to innovate; a conservative adjustment policy also means that the government subsidizes more companies; and therefore companies may invest more in innovation. Although the choice of a conservative adjustment strategy of the government often means more expenditure than an aggressive strategy, the more adequate technological research and development of enterprises also bring relatively more economic benefits and performance benefits to the government, so the system shows a stable situation at point (1,1).




NUMERICAL ANALYSIS

The dynamic evolution process of the game under different initial states is simulated by numerical simulation for further analysis. First of all, it is necessary to discuss the values of parameters in the model. The cost of PV power generation is an important reference for the government to adjust the subsidy standard, so the impact of the decline of power generation cost on government expenditure (S1, α) should be greater. The technological innovation of enterprises mainly improves the profit of enterprises (so E2 is comparatively larger) while the government may get less benefit from the improvement of technological level (E1 is comparatively smaller). When the government chooses aggressive adjustment, it will have a greater impact on enterprises, resulting in more unexpected losses, so γaggressive > γconservative. In addition, the R&D investment of enterprises is often small, assuming that the innovation incentive of the government to the enterprises is greater than the cost of technological innovation, so CE2 > S2. The PV industry has relatively higher technical requirements, and the technological level of an enterprise largely determines the income of PV projects. The market disadvantage caused by the insufficient innovation makes the relative loss of the enterprise greater, so the impact of W2 cannot be ignored. Based on the above analysis and using numerical simulation, it is possible to more intuitively analyze the evolution trajectory of the strategies of the two participants in the game model under different assumptions.

The horizontal axis represents the evolution time t, the simulation period is set as 2 or 3, and the time step is set as 0.01 to reflect the evolution trajectory of the system more accurately. The vertical axis indicates the probability that the government chooses conservative adjustment strategy or the enterprise increases the investment of technological innovation, and the range is [0,1]. The values of parameters are strictly limited in the range of constraints. Assuming that S1 = 5, S2 = 1, E1 = 0.5, E2 = 2, CG1 = 10,CG2 = 6, CE2 = 2, CE1 = 4, α = 0.7, β = 0.5, γ = 0.5, W2 = 5, and initial preferences are x = 0.8, y = 0.2, and x = y = 0.5, then the evolution path obtained for the two participants is shown in Figure 6.


[image: Figure 6]
FIGURE 6. Evolution path of dual participant system. (A) Initial state: x = 0.8, y = 0.2 and (B) Initial state: x = 0.5, y = 0.5.


It can be obtained that under the assumption of the above parameters, the final stable strategy of the system is (0,1), which means that the government chooses an aggressive adjustment strategy while the enterprise chooses to increase R&D investment. When analyzing the ESS of the system, we have discussed the conditions of this situation. In fact, the purpose of an aggressive adjustment is to promote enterprises to accelerate R&D while reducing the burden of government subsidies. If the innovation level of enterprises cannot be effectively improved, and the government subsidies decline rapidly, the operation of enterprises will face serious difficulties. Therefore, the optimal strategy for enterprises is to increase the investment in innovation.


Evolution Analysis of the Strategy of a Single Participant

The initial value of the preference of a single participant is fixed, and the probability of the evolution of the preference of the other participant is investigated. Based on the above parameter assumption, Figures 7A,B show the evolution trajectory of x when y = 0.1 and y = 0.9, respectively; Figures 7C,D show the evolution trajectory of y when x = 0.1 and x = 0.9, respectively.


[image: Figure 7]
FIGURE 7. Evolution path of the strategy of a single participant. (A) y = 0.1, (B) y = 0.9, (C) x = 0.1, and (D) x = 0.9.


Figure 7 shows that the initial preference of the participants cannot change the ESS, but only change the speed of reaching it. For instance, when x0 = 0.1, y reaches a stable state (y = 1) approximately at t = 1.6. But when x0 = 0.9, y reaches ESS (y = 1) approximately at t = 1.8. It is worth noting that when analyzing the ESS of government strategy (see “Evolutionary analysis of the government strategy” section), we have proved that when [image: image] and [image: image], y* = 1 will be the ESS of government strategy. But if [image: image], we can obtain y* = 1, ∀x ∈ [0, 1]. Therefore, there will be a situation that the initial preference (x0, y0) will not change the final ESS of the two game participants. The ESS of the system is mainly affected by the interaction between the two participants. It also shows that it is necessary to study the influence of the degree parameters (α, γ) of the interaction between the government and enterprises on the ESS.



The Influence of α and γ on ESS

In the evolutionary game model, α represents the extent of the impact of PV generation costs on government expenditures and γ represents the extent of the impact of subsidies reduction on enterprise. α and γ are the main parameters to measure the degree of interaction between the government and enterprises, so we examine the impact on the ESS. Assuming that α = 0.02, γ = 0.02; α = 0.1, γ = 0.1; α = 0.3, γ = 0.3; α = 0.6, γ = 0.6, respectively, then we can obtain the evolution path of the system (as shown in Figure 8).


[image: Figure 8]
FIGURE 8. The influence of α and γ on ESS. (A) α = 0.02, γ = 0.02, (B) α = 0.1, γ = 0.1, (C) α = 0.3, γ = 0.3, and (D) α = 0.6, γ = 0.6.


From the above analysis, it can be concluded that the degree of influence between the enterprise and the government determines the final ESS of the system. When the influence degree is small (as shown in Figures 8A,B), the ESS of the system is (0,1). In addition, the speed of the government strategy to reach a stable state (aggressive strategy) decreases with the increase of α and γ, which means that the greater the influence between the government and enterprises, the slower the government strategy to reach a stable state. Otherwise, when the impact is large enough, the ESS of the system becomes (1,1) (as shown in Figures 8C,D). During this period, the government will choose the conservative adjustment strategy, and the enterprises will increase the investment in technological innovation. In fact, the ESS of (1,1) may be optimal for the government and enterprises. For the government, the conservative adjustment strategy makes the government spend more on subsidies and is more likely to cause overcapacity, but it may be more beneficial to the technological innovation of enterprises. The aggressive adjustment strategy has a serious impact on enterprises, which can be proved by the implementation of 531 policy. From the perspective of enterprises, the conservative adjustment strategy enables enterprises to have more time and funds for technological R&D, and the application scope of PV industry technology innovation will also be wider. All of these will promote the healthy development of PV enterprises and industries.




CONCLUSIONS

The development of the PV industry is often strongly supported by the government, and the Chinese government has formulated many subsidy policies to promote the development of the PV industry. However, with the development of the PV industry, the government subsidies are bound to continue to decline. The subsidy standard of Chinese FIT policy for PV power generation has been adjusted once a year. Therefore, the impact of the government subsidy adjustment on enterprises has become an important issue. By constructing an evolutionary game model between the government and PV enterprises, this article studies the relationship between the government subsidy adjustment and the R&D investment of PV enterprises, aiming to provide more suggestions for the government to adjust the subsidy standard reasonably.

The analysis of the ESS shows that (0,1), (1,0), and (1,1) could become the final ESS of the system, which is further proved by the simulation analysis. The initial preference of the government and enterprises (x0, y0) cannot change the ESS, but only change the speed of reaching it. Most importantly, this article focuses on the impact of the degree of interaction between the enterprises and the government (mainly expressed by α and γ) on the final ESS. Results show that when the influence degree is small, the ESS of the system is (0,1). But if the influence degree is large enough, the ESS of the system will become (1,1), which means that the government will choose a conservative adjustment strategy and the enterprises will increase R&D investment.

In China, the degree of interaction between government and enterprises is usually large, but it needs to be further confirmed by empirical research. The adjustment policies of the Chinese government will indeed have an important impact on the operation of PV enterprises and the development of the PV industry, which can be verified from the results of previous policy adjustments made by China. Under the influence of various factors, the choice of conservative adjustment strategy of the government and enterprises to increasing R&D investment is more likely to become the ESS of the game, which can also be considered as the optimal result. From the perspective of promoting the improvement of technology, the conservative adjustment policy enables enterprises to have more funds and time to R&D and fully reduce the PV power generation cost, while the reduction of cost makes it possible for the government to further reduce the subsidy standard. However, the government should carefully adjust the subsidy standard, and the value of h should not be too high relative to the value of g, otherwise, it may not be conducive to enterprises to improve the level of technological innovation. Based on the comprehensive consideration of technological progress and subsidy expenditure, the Chinese government needs to further improve the subsidy retrogression mechanism. The government and PV enterprises should also strengthen cooperation in the field of technological innovation, including promoting cooperation among enterprises, universities, and R&D institutions, so as to further improve the level of technological innovation.

However, there are still many issues that need to be studied. In this article, 150% × g (g is the annual average reduction rate of generation cost per kWh) is regarded as the dividing line between the conservative and aggressive adjustments. This is because the decline of the power generation cost is the main basis for the government to formulate policies. However, the specific value of δ needs to be further determined through empirical research. In addition, as the focus of this article, the specific values of α and γ should also be estimated through the actual data. Only after understanding the degree of influence between the government policies and R&D of PV enterprises, we can provide more valuable references for the government policy adjustments.
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Eliminating energy poverty is helpful to get rid of the vicious circle between the lack of adequate and affordable energy services and low income in rural areas. We deconstruct energy poverty into extensive energy poverty and intensive energy poverty and analyze the net effect and its heterogeneity of energy poverty on rural labor wages with micrometric methods, as well as further investigate the impact mechanism from education effect and health effect. The results show that both extensive energy poverty and intensive energy poverty have a significant negative effect on the wages of rural workers, and the marginal effect of extensive energy poverty on the wages of rural workers is lower than that of intensive energy poverty. In addition, the net effect of energy poverty on the wages of rural workers shows labor heterogeneity and regional heterogeneity, and the inhibition effect to low skilled workers and workers with middle wage and in the Western region is the most obvious. Furthermore, energy poverty will limit the access of rural workers to education and damage their health, and then inhibit their productivity and wage. Our results suggest that enhancing the accessibility of energy consumption in rural areas and reducing the incidence of energy poverty are critically essential, and the implementation and optimization of energy poverty alleviation policy should give full consideration to labor force heterogeneity and regional heterogeneity.
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INTRODUCTION

Energy poverty is one of the three major challenges facing the energy system of the world and an important symbol of poverty in developing countries, which has been plagued by the development of some countries and regions (Che et al., 2021). On the one hand, the energy structure of rural households based on fossil energy and traditional biomass energy has not been broken. The extensive use of energy has caused certain environmental pollution and restricted the improvement of the quality of life of rural families (Gupta et al., 2020). According to the third agricultural census report of China in 2017, the proportion of electricity used in the surveyed households was 58.6%; the proportion of gas, natural gas, and liquefied petroleum gas used was 49.3%; the proportion of firewood used was 44.2%; the proportion of coal used was 23.9%; the proportion of biogas and solar energy used was 0.9%; and the proportion of other energy used was 0.5%. On the other hand, energy poverty has widened the life quality gap among residents of different income classes and become a “stumbling block” for low-income rural families to pursue a happy life. According to the National Bureau of Statistics of China, the per capita disposable income of rural households in 2019 was 16,020.7 yuan, which is only 37.8% of the per capita disposable income of urban residents. And the housing expenditure of rural households (including water, electricity, gas, and heating expenditure) was 2,871.3 yuan, which is only 42.3% of the housing expenditure of urban residents. Rural household energy supply is insufficient, and the utilization structure is unreasonable, which make it difficult to get rid of the low-income dilemma.

Eliminating energy poverty and promoting the balanced development between urban and rural areas have become the common goals in developing countries (Bardazzi et al., 2021; Faiella and Lavecchia, 2021). The Chinese government attaches great importance to the problem of rural families getting rid of energy poverty and increasing their income and has issued a series of policies, which have achieved certain results. In 2018, the National Energy Administration of China issued the notice of the action plan for further supporting energy development in poor areas and boosting poverty alleviation (2018–2020), which clearly put forward the strategic goal of “orderly and effective promotion of energy development in poor areas and significant improvement of energy universal service level.” The data released by the National Energy Administration of China in 2020 show that in the past 8 years, the accumulated investment in major energy projects in poor areas has exceeded 2.7 trillion yuan, which has effectively driven the local economic development and played an important role in poverty alleviation. So, whether and how energy poverty reduces rural labor wages at the micro level has become the focus of this study. The main marginal contributions of this study are shown in two aspects. First, we deconstruct energy poverty into extensive energy poverty and intensive energy poverty and implement a more comprehensive measurement using the Foster–Greer–Thorbecke (FGT) index and the micro-survey data of the rural household of China. Second, we empirically study the net effect and its heterogeneity of energy poverty on rural labor wages with micrometric methods and further investigate the impact mechanism of energy poverty on rural labor wages from education effect and health effect, which provides a new explanation for energy poverty alleviation.



LITERATURE REVIEW AND HYPOTHESIS

Energy is the material basis for the survival and development of human society (Fabbri and Gaspari, 2021). Energy poverty will not only restrict economic development but also affect the physical and mental health and labor productivity. British scholar Bradshaw and Hutton (1983) is the first to pay attention to the problem of energy poverty. According to the International Energy Agency (IEA), 2010 the energy-poor group is defined as the group that cannot obtain electricity or other modern clean energy services, but mainly relies on traditional biomass energy or other solid fuels for cooking and heating. In the existing research, energy poverty is mainly manifested as extensive energy poverty and intensive energy poverty (Chang et al., 2020). Among them, extensive energy poverty refers to the incidence of energy poverty in a country or region, that is, the proportion of households whose energy consumption is lower than the energy poverty line. Intensive energy poverty refers to the relative gap between the energy consumption of energy-poor families and the energy poverty line. From the existing literature, most studies have verified the negative correlation between comprehensive energy poverty and the income of rural residents (Liu et al., 2020) and believe that the key to poverty alleviation in rural areas lies in the realization of electrification (Dijk, 2012). However, it is rare to explore the impact of energy poverty on rural labor wage from the perspective of extensive energy poverty and intensive energy poverty. Specifically, the extensive energy poverty reflects the loss of modern energy resources and services to a large extent, which can not only create more employment opportunities (Dinkelman, 2011) but also improve labor productivity by driving modern tools (Ifeoluwa and Richard, 2021). Therefore, we infer that extensive energy poverty will have a negative impact on the wages of rural workers. In addition, intensive energy poverty reflects the difficulty of energy-poor families in obtaining modern energy resources and services (Apergis, 2015). Therefore, there is a negative correlation between intensive energy poverty and the wages of rural workers. At last, although the positive effects of electricity and clean energy use on the employment opportunities of women and labor productivity have reached consensus in academic circles, there are still differences in the effects of the use of electricity and clean energy on the productivity and wages of male workers (Grogan and Sadand, 2013; Topcu and Tugcu, 2019). This means that energy poverty will have a differential impact on the wages of different workers. Therefore, this article proposes proposition 1.


Proposition 1. Energy poverty will have a negative effect on the wages of rural workers from both extensive and intensive energy poverty, and this effect will be different for different workers.



So, how can energy poverty restrain the wages of rural workers? What researchers have discussed is that energy poverty limits the educational attainment and health of individual workers. And the positive correlation between education and health level and individual labor productivity has been supported by existing studies (Lucas, 1988, 2004). From the perspective of education, family energy poverty will lead school-age children to spend more time on collecting firewood and other resources, and the access to education will be limited (Sothea, 2019). Moreover, this inhibitory effect is more obvious for rural female children, because they need to spend more time on household energy collection (Nankhuni and Findeis, 2004; Ndiritu and Nyangena, 2011). In addition, the research of Martins (2005); Khandker et al. (2012), and Aguirre (2014) show that the promotion of electrification has a positive effect on the enrollment rate and home study time of school-age children and significantly improves the average education level in this region. From the perspective of health, energy poverty will damage the health of residents and then limit their productivity and wages (Gordon et al., 2014; Sadath and Acharya, 2017; Zhang et al., 2019). For example, Barreca et al. (2014) found that reducing the use of coal in heating resulted in a decrease of about 1.25% in the mortality rate of the whole age population and 3.27% in the infant mortality rate in the United States between 1945 and 1960. Based on Turkish data, Cesur et al. (2018) found that replacing coal with natural gas significantly reduced the risk of death for adults and the elderly, and every 1% increase in household natural gas ordering rate resulted in a decrease of about 1.4% in the overall mortality rate for adults and the elderly. Maji et al. (2021) found that electrification can reduce the probability of cough by about 35–50%. In short, energy poverty not only limits the possibility of rural workers obtaining education resources but also damages their health, resulting in the loss of human capital and labor productivity. Therefore, this article proposes the second and third theoretical hypotheses:


Proposition 2. Energy poverty will limit the access of rural workers to education during school age, resulting in loss of human capital and labor productivity.

Proposition 3. Energy poverty will damage the health of rural workers, resulting in the damage of labor productivity and wages.





MATERIALS AND METHODS


Data

The data used in this article are derived from the Chinese General Social Survey (CGSS) in 2015, which includes six modules, such as “Core Module,” “Ten Years Review,” “EASS Module,” “ISSP Module,” “Energy Module,” and “Legal Module,” The contents of the survey involve the basic personal information of the subjects, family information, social attitudes, energy use, and knowledge of laws and regulations. The reason why we choose CGSS 2015 as research data is based on two considerations: first, the “Energy Module” only exists in CGSS 2015, and the data can meet the demand of this article for the index data of extensive energy poverty and intensive energy poverty measurement. Second, CGSS is the earliest national, comprehensive, and continuous academic investigation project in China, which adopted multi-order stratified probability proportionate to size (PPS) random sampling method and covered more than 10,000 households in 25 provinces across the country.

Due to the inseparable relationship between the energy access capacity and the overall resource endowment of households (Pachaul et al., 2004), we calculated the comprehensive energy consumption in households and then obtained the county-level rural household energy poverty index by calculating the arithmetic mean. However, in CGSS, the units of fuel consumption such as electric power, pipeline natural gas, bottled liquefied gas, diesel, firewood, charcoal, and coal are different. So, we first converted them into kgce and then calculated the comprehensive energy consumption.



Identification of Energy Poverty

At present, the FGT index constructed by Foster and Thorbecke (1984) is widely used to measure energy poverty in academic circles. Since this study focuses on the extensive energy poverty and intensive energy poverty, we expand the FGT index to identify two different types of energy poverty index. The formula is as follows:
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In this formula, n is the total number of rural households in the sample area; q is the number of rural households whose energy consumption is lower than the energy poverty line; zrepresents the energy poverty line; and xiis the energy consumption of household. In addition, we set the value of parameter a to 0 or 1. When a is equal to 0, P0 represents the incidence of energy poverty, which is used to measure the extensive energy poverty index. When a is equal to 1, P1 reflects the relative distance between the energy consumption of energy-poor households and the energy poverty line, which is used to measure the intensive energy poverty index.

As for the calculation of the energy poverty line, we first calculated the rural household energy consumption based on the rural per capita energy consumption and household population. According to China Statistical Yearbook 2016, the average number of people in each household in 2015 is 3.1. Combined with the 514.04 kgce per capita domestic energy consumption of Chinese rural households calculated by Qiu et al. (2015), we further calculated that the average domestic energy consumption of rural households in China is 1,593.52 kgce. Then, referring to the practice of Chang et al. (2020), the energy poverty line of rural households in China is 414 kgce by multiplying the average domestic energy consumption of rural households by the proportion coefficient of the national poverty line and the per capita net income of rural households.



Model Specification

Theoretical studies show that the impact path of extensive energy poverty and intensive energy poverty on the wages of rural workers is different, which means that there will be a gap between the two effects on rural labor wages. In order to identify this different effect, this article constructs a wage decision model at the individual level to test the net effect of extensive energy poverty and intensive energy poverty on the wages of rural workers, as follows:
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In Equations 2, 3, i represents the rural individuals, j represents the county, t is the time, ln⁡(wage)is the natural logarithm of the wages of rural workers, and ex_poverty and in_poverty represent the extensive energy poverty and the intensive energy poverty, respectively. ind_control and fam_control are used to control the individual attribute factors and family factors affecting the wages of rural workers, respectively. The coefficient β represents the net effect of energy poverty on the wages of rural workers, and γ represents the estimated coefficient of each control variable. ε is a random disturbance term.

The individual attributes and family factors controlled in this article are gender, age, marriage, education, experience, total household income (h_income), and number of household real estate (real_estate). Specifically, for measures of gender, the female is assigned 0 and the male is assigned 1. For marital status, the value of unmarried is 0, and the value of first marriage, remarriage, divorce, and widowed is 1. For education level, the value of not having attended school is 1, the value of primary school (including literacy class) is 2, the value of junior high school is 3, the value of senior high school (including technical secondary school) is 4, the value of junior college is 5, the value of undergraduate college is 6, and the value of graduate school is 7. As for work experience, it is obtained by the time that the interviewees have been engaged in their first non-agricultural work so far. In addition, we also control the age squared term according to the general practice of existing literature (Wu et al., 2020).



RESULTS


Baseline Regression

Table 1 represents the baseline estimates for models (2) and (3). The net effect of extensive energy poverty on rural labor wages is reported in columns 1–3, and the net effect of intensive energy poverty on rural labor wages is reported in columns 4–6. We gradually increased the control variables in the estimation equations, so as to reduce the multicollinearity problem and enhance the robustness of the estimation results. Among them, columns 1 and 4 do not include control variables; columns 2 and 5 include individual attribute factors; and columns 3 and 6 include both individual attribute factors and family factors. The results show that both extensive energy poverty and intensive energy poverty have a significant negative effect on the wages of rural workers, no matter whether the control variable is added or not. Specifically, the marginal effect of extensive energy poverty on the wages of rural workers is −0.21, which is lower than that of the intensive energy poverty by −0.36. It shows that even though the incidence of energy poverty will reduce the wages of rural workers, the inhibitory effect on the wages of rural workers is less than that of the intensive energy poverty. Therefore, to expand the effect of energy on economic poverty alleviation, in addition to enhancing the accessibility of energy consumption in rural areas and reducing the incidence of energy poverty, narrowing the gap between the energy consumption of rural low-income families and the energy poverty line is even more important.


TABLE 1. Baseline regression estimation results.

[image: Table 1]From the estimation results of control variables, the estimation coefficient of gender is significantly positive, and the marginal coefficient is 0.30, indicating that the average wage of rural male workers is 30% higher than that of female workers. This is because in Chinese tradition, in addition to more domestic activities, rural women also take care of the elderly and children, which affects their labor supply and productivity. The estimation coefficient of age is significantly positive and that of the age square term is significantly negative, which indicates that there is an inverted U-shaped relationship between the wages and age of the rural workers, and the inflection point is about 38 years old. The estimated coefficient of marriage variable is significantly positive and 0.14, which means that the average wage of married rural workers is 14% higher than that of unmarried individuals. Education and work experience are positively correlated with the wages of rural workers, and the marginal coefficients are 0.08 and 0.005, respectively. In addition, the total household income also has a positive effect on the wages of rural individual workers, and every 1% increase in the total household income will lead to an increase of 0.69% in the average wages of individual workers. However, there is a significant negative correlation between the number of household real estate and the wages of rural workers, and each increase in household real estate will reduce the wages of rural workers by 1.42%. This is because the increase in the number of household real estate will reduce the employment participation and labor time supply of individual workers and then pull down their wages.



Heterogeneity Analysis


Quantile Regression Estimation

According to the statistical data, there are differences in the employment industry and occupation distribution of rural workers with different wage levels, which means that rural workers with different wage levels may be affected differently by energy poverty. In order to verify this inference, we use the Quantile regression model (QR) to further investigate the differentiated effect of energy poverty on the wages of rural workers at different quantiles. Table 2 reports the response of the wages of rural workers to the extensive energy poverty and intensive energy poverty at the 25th, 50th, and 75th quantile. Among them, no matter in the estimation equation of extensive energy poverty or intensive energy poverty, energy poverty has a significant inhibitory effect on the wages of rural workers at all quantiles. Furthermore, compared with the rural workers with higher and lower wage income, the middle wage group is more negatively affected by the extensive energy poverty and intensive energy poverty. In summary, proposition 1 has been proved.


TABLE 2. Quantile regression estimation results.
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Labor Force Heterogeneity

In reality, rural workers are not homogeneous individuals, but have obvious heterogeneity of human capital. The differences in human capital will not only lead to the emergence of labor stratification but also promote different types of workers to show different identities and labor productivity in the labor market. Therefore, this part will focus on the net effect of energy poverty on the wages of rural workers with different skills. By reference to Borjas (1999), we divide the rural workers into two types: high-skilled workers and low-skilled workers according to their education or work experience. Among them, the workers with university degree or above are divided into high-skilled workers, and the workers with high school degrees or below are divided into low-skilled workers. In addition, workers above the average value of work experience are classified as high-skilled workers, and workers below the average value are classified as low-skilled workers.

Table 3 reports the net effects of extensive energy poverty and intensive energy poverty on the wages of rural workers with different skills. The results show that whether grouped by education or work experience, extensive energy poverty and intensive energy poverty have a significant inhibitory effect on the wages of rural workers with different skills. Comparatively speaking, the wage of low-skilled workers is more restrained by two types of energy poverty. In addition, whether in the sample of low-skilled workers or high-skilled workers, the results of labor heterogeneity analysis further verify that the inhibitory effect of extensive energy poverty on the wages of rural workers is greater than that of intensive energy poverty. These findings further support proposition 1.


TABLE 3. Heterogeneity analysis.
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Region Heterogeneity

Due to the large gap in economic development and the obvious difference of energy resource endowment in Eastern, Central, and Western China, there will be differences in the energy resource supply and labor employment policies. Based on the above considerations, we also examined the net effect of extensive energy poverty and intensive energy poverty on the wages of rural workers in different regions (Table 3). The results show that extensive energy poverty and intensive energy poverty only have significant negative effects on the wages of rural workers in the central and western regions, but not in the eastern region. Specifically, the estimated coefficients of extensive energy poverty in central and western regions are −0.15 and −0.41, and the estimated coefficients of intensive energy poverty in central and western regions are −0.29 and −0.40, respectively. This means that the restraining effect of extensive energy poverty and intensive energy poverty on the wages of rural workers is more prominent in the western regions. Therefore, the implementation and optimization of energy poverty alleviation policy should also give full consideration to regional heterogeneity.



Mechanism Analysis


Education Effect

Theoretical research shows that the negative impact of energy poverty on the academic education and non-academic education of rural workers will further affect their labor productivity and wages, which will be more prominent for rural female workers. Due to the heavy labor cost of solid fuel collection, female workers have to reduce their opportunities to participate in education and training, employment, and other productive activities with income (Cooke, 1998). In developing countries, female workers spend seven times as much time collecting fuel as adult male workers and 3.5 times as much time as male workers of the same age. This is no exception in China. A survey on the time distribution of “indoor” activities of farmers in poor areas of China shows that female workers spend an average of 26 h a week collecting firewood and cooking activities, which is much higher than that of male workers who spend 9 h a week (Ding and Chen, 2002).

In order to verify the negative effect of energy poverty on the education of rural workers, we empirically test the education effect of energy poverty on rural workers with mediation effect model. In the benchmark regression equation, we have verified a significant positive correlation between education and the wages of workers. Therefore, according to the identification logic of mediating effect model, we can confirm that energy poverty will affect the wages of rural workers through the education effect as long as we verify that there is a significant negative effect of energy poverty on the education of rural workers. In Table 4, columns 1 and 2, respectively, report the net impact of extensive energy poverty and intensive energy poverty on the education of rural workers. It can be seen that both extensive energy poverty and intensive energy poverty reduce the average education level of rural workers, and the marginal coefficients are −0.56 and −0.24, respectively, which is in line with the above proposition 2. In addition, from the estimation results of female and male subsamples, the two types of energy poverty significantly reduce the average education level of female and male individuals. Comparatively speaking, the average education level of female workers is more restrained by energy poverty.


TABLE 4. Education effect analysis.
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Health Effect

Theoretical research infers that energy poverty will damage the health of rural workers and then inhibit their labor productivity and wage. In fact, the extensive use of solid fuels such as firewood and coal will damage the health of residents, which has been fully verified in western countries. For example, Peabody et al. (2005) evaluated the health effects of various types of cooking fuels from the aspects of exhaled carbon monoxide content, maximum vital capacity, and the prevalence of chronic obstructive pulmonary disease and found that solid fuels were the most harmful source to health. Lim et al. (2012) evaluated the risk factors of diseases and injuries and found that indoor air pollution caused by solid fuel utilization caused 3.55 million premature deaths worldwide in 2010. So, does the health damage effect from energy poverty exist in China? Similar to the education effect test, we tested the health effect of energy poverty on rural workers with the mediating effect model. In the benchmark regression equation, we have verified the significant positive correlation between health and the wages of workers. Therefore, as long as we verify that energy poverty has a significant negative effect on the health of rural workers, we can confirm that energy poverty will affect the wages of rural workers through the health effect. According to the estimated results in Table 5, both extensive energy poverty and intensive energy poverty significantly reduce the health level of rural workers, and this health damage effect is more obvious for female workers, that is, proposition 3 has been proved.


TABLE 5. Health effect analysis.
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CONCLUSION AND POLICY IMPLICATIONS

This study deconstructed energy poverty into extensive energy poverty and intensive energy poverty and analyzed the net effect and its heterogeneity of energy poverty on rural labor wages with micrometric methods; it further investigated the impact mechanism of energy poverty on rural labor wages from education effect and health effect. The following main conclusions were reached: first, both extensive energy poverty and intensive energy poverty have a significant negative effect on the wages of rural workers, and the marginal effect of extensive energy poverty on the wages of rural workers is −0.21, which is lower than that of intensive energy poverty by −0.36. Second, the rural workers with middle wages are more negatively affected by the extensive energy poverty and intensive energy poverty. Third, extensive energy poverty and intensive energy poverty have a significant inhibitory effect on the wages of rural workers with different skills, and the wage of low-skilled workers is more restrained by two types of energy poverty. Fourth, the negative effect of extensive energy poverty and intensive energy poverty on the wages of rural workers is more prominent in the western regions. Fifth, energy poverty will limit the access of rural workers to education and damage their health, resulting in the decrease of labor productivity and wages.

There is often a vicious circle between the lack of adequate and affordable energy services and low income. As an important part of the millennium development goals of China and even the developing countries, eliminating energy poverty is helpful to optimize the energy consumption structure in rural areas and get rid of the vicious circle of energy poverty. To expand energy poverty alleviation and its positive spillover effects on economic poverty alleviation, in addition to enhancing the accessibility of energy consumption in rural areas and reducing the incidence of energy poverty, narrowing the gap between energy consumption of rural low-income families and energy poverty line is even more important. Furthermore, the implementation and optimization of energy poverty alleviation policy should give full consideration to labor force heterogeneity and regional heterogeneity, avoiding one-size-fits-all policy formulation and implementation.
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The Water-Energy-Food-Ecology (W-E-F-E) nexus is related to the realization of the goal of high-quality economic development in Northwest China. This paper analyzed the dynamic change trend, spatial evolution characteristics, and spatial convergence of identified W-E-F-E nexus in Northwest China utilizing the coupling coordination degree model, an ESDA instrument, and the spatial convergence model. The results show that: first, the W-E-F-E nexus in Northwest China presents a “V” shaped trend of decreasing first and then rising in time dimension. After a decline of 25.1% in 2002–2012, it increased by 29.7% in 2012–2017. Second, the W-E-F-E nexus in Northwest China shows positive spatial autocorrelation, and the Moran’s I index of this is about 0.15. In spatial dimension, it shows a trend of high-value agglomeration around provincial capitals, and the distribution pattern is relatively stable. Thirdly, the W-E-F-E nexus in Northwest China has significant spatial convergence, that is, the W-E-F-E nexus gap between the prefectures in Northwest China is shrinking, and the convergence rate is between 2.83 and 3.16. Moreover, with the development of the economy, the rational allocation of land and labor resources, and the optimization of fiscal expenditure structure, the W-E-F-E nexus in Northwest China will converge to the same steady state level after a long period of time. In general, in the process of improving the W-E-F-E nexus in Northwest China, the heterogeneous characteristics of prefectures should be fully considered, and a trans-regional cooperative management and restriction mechanism of the W-E-F-E nexus should be explored to achieve high-quality development of the region.

Keywords: W-E-F-E nexus, spatiotemporal differences, spatial convergence, dynamic evolution, ESDA instrument


INTRODUCTION

In recent years, the most prominent non-traditional security issues have been water, energy, food, and ecological security. The W-E-F-E nexus has drawn increasing attention from the international community (Fouladi et al., 2021). As a big consumer of resources, China’s water resources per capita are only 25% of the world average, and external energy dependence exceeds 20%. China feeds 20% of the world’s population on 7% of its arable land, and its average overloading rate of livestock in key natural grasslands is still higher than 10%, which indicates its contradiction between supply and demand of resources is prominent. Water resources are more abundant in the south and scarcer in the north, especially in the northwest, and energy resources are more abundant in the west and less in the east, which are obvious characteristics of the spatial distribution of resources in China. In particular, the lack of water resources and abundant energy reserves in the northwest region form a sharp contrast, and the innate ecological vulnerability also threatens food security in the northwest region. The imbalanced and unmatched spatial and temporal distribution of water, energy, food and ecological resources greatly affects the efficiency of resource flow and transformation and aggravates the imbalance between supply and demand of resources (Yuan et al., 2020). In November 2011, the German Federal Government summed up the relationship between water security, energy security, and food security as a “bond” of interdependence for the first time at the Bonn Conference. In September 2019, the Forum on Ecological Protection and High-Quality Development of the Yellow River Basin made it clear that promoting the intensive use of water resources, developing modern agriculture, and strengthening ecological and environmental protection were the current goals for ecological protection and high-quality development of the Yellow River Basin. In this context, it is of great value to incorporate ecology into the research of the coupling system. Only when water resources, energy, food, and ecology are studied as a whole, and the synergy of the four is enhanced and the overall efficiency of the system is improved, can high-quality regional development be more conducive to the realization of regional development. Therefore, how to promote the upgrading of the coupling system of water, energy, food, and ecology in Northwest China, where the contradiction between supply and demand of resources is prominent, so as to realize the intensive utilization of regional water resources, the efficient and unblocked energy channels, the security and stability of food supply, and the significant improvement of ecological environment, has become an important proposition concerning high-quality development in Northwest China and even the whole country. Moreover, it has important reference value for many countries and regions in the world with the same climate and resource distribution characteristics.

Water, energy, food, and ecology are an organic whole connected with and influencing each other (Chang et al., 2020). The exploitation of energy often causes damage to the local ecological environment. As an essential part of the ecosystem, water is an important index to measure the agricultural production potential of a region. Every link between social production and water and energy consumption will lead to environmental pollution through the global food and energy supply chain (Harris and Kennedy, 1999; Bhuiyan et al., 2010; Owen et al., 2018). However, there are very few studies that analyze it as a system, and the research on resource integration centered on a single resource not only fails to meet the demand of resource governance oriented by “multi-resource problem governance,” but also fails to effectively deal with the changes of ecological environment, economy, and population (Muller, 2015; Sun et al., 2020). Moreover, the blind emphasis on the exploitation of the potential of a single resource will inevitably have a negative impact on other resources. Threats to the security of any subsystem will trigger a chain reaction within the system, and then affect the normal operation of the system as a whole (Bryan et al., 2014; Gao and Bryan, 2017; Melo et al., 2021). Most of the existing literatures focus on the study of the water—energy—grain coupling system (Zhang et al., 2018; Niva et al., 2020), however, bringing the ecological environment into the coupling system has rarely been explored. This is mainly because modeling the water-energy-food-ecology relationship faces the challenge of how to reduce multidimensional and interdependent uncertainty (Shi et al., 2020). At present, the coupling relationship evaluation methods of composite systems mainly include the coupling coordination degree model, the PSR model, and the SD model (Yin and Wu, 2019; Liu et al., 2020; Ravar et al., 2020), but the spatial differentiation and convergence of the coupling relation of complex coefficients are seldom discussed.

Based on the prefecture-level city panel data of five provinces in Northwest China from 2002 to 2018, this paper analyzes the W-E-F-E nexus and its temporal and spatial evolution characteristics in Northwest China, and constructs a spatial convergence model to further analyze the convergence and convergence rate of the W-E-F-E nexus, aiming to provide reference for ecologically fragile areas to improve their comprehensive development advantages and achieve high-quality development. The marginal contribution of this study mainly includes two points. First, considering the importance of the ecosystem for development in Northwest China, we put the ecosystem into the analysis framework and measure the W-E-F-E nexus with the coupling coordination degree (CCD) model. Secondly, the spatial correlation is further introduced into the traditional spatial convergence model to investigate the spatial convergence of the W-E-F-E nexus in Northwest China under the condition of the spatial spillover effect and its influencing factors. Through the study of the W-E-F-E nexus in Northwest China, this paper is expected to provide important policy implications for the promotion of high-quality development in Northwest China and other ecologically fragile areas in the world.



MATERIALS AND METHODS

In this paper, the comprehensive evaluation index, coupling coordination degree, and spatial convergence rate of the W-E-F-E nexus in Northwest China are calculated and analyzed to study the spatial and temporal evolution characteristics and spatial convergence of the W-E-F-E nexus in Northwest China.


Identification of W-E-F-E Nexus

Since the units and orders of magnitude of each indicator are different, in order to eliminate the influence caused by different dimensions or orders of magnitude of different indicators, the original data is firstly processed by dimensionless processing. The calculation formulas for positive and negative indicators are as follows:
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where xit, [image: image] are the original value and the normalized value, respectively. After processing the original data, according to Sun and Yan (2018), a logistic curve model and coefficient of variation method are used to conduct single-factor evaluation of each subsystem in the W-E-F-E nexus. Logistic curve function is shown in Appendix Figure A1, and the expression is:
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where [image: image] is the standard value after dimensionless treatment, Pit is development evaluation value, and a and b are constants. In this paper, the undetermined coefficient method is used to determine the parameters a and b, that is, by setting up a binary system of first order equations, when [image: image] = 0.01, Pit is approximately 0.001, and when [image: image] = 0.99, Pit is approximately 0.999; thus, the values of a and b are 4.595 and 9.19, respectively. Then the Logistic curve formula is adjusted as follows:
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The comprehensive evaluation index P of water resources, energy, food, and ecological subsystems is:
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where Pj is the development evaluation value of this index, Wj is the weight of each index in the subsystem determined by the coefficient of variation method, and Vj is the coefficient of variation of the j index in the subsystem. In Equation (7), σj and [image: image] are, respectively, the standard deviation and average value of the j index in the subsystem. Based on the comprehensive evaluation index of each subsystem, the calculation formula of the W-E-F-E nexus is finally obtained:
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where F is the weighted evaluation index of water, energy, food, and the ecosystem, F ∈ [0,1]; n is the number of subsystems, which is 4 in this paper; and α1, α2, α3, and α4are undetermined coefficients. Considering the interconnection, mutual influence, mutual promotion and inseparable relationship characteristics among water, energy, food, and the ecology and the requirements of high-quality development, this paper believes that the target layers are equal in weight, so α1 = α2 = α3 = α4 = 1/4.

”Coordination” refers to the relationship between two or more subsystems that cooperate with each other and develop harmoniously and in a virtuous circle. According to the actual situation of 38 prefecture-level cities, regions, and county-level cities directly under the jurisdiction of autonomous regions in the five provinces of Northwest China, and based on the study of coordinated development degree model by Yang (2003), the W-E-F-E nexus evaluation model is established as follows:
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where C is the coupling degree, which is determined by the magnitude of fn(x). Because fn(x) ∈ [0,1], so C ∈ [0,1]. C = 0 indicates that the coupling degree of the system is the minimum, and the system is in an independent state. C = 1 indicates that the coupling degree of the system is the maximum and the benign coupling state is reached between the systems. However, the value of the coupling degree can only represent a kind of strong and weak relationship between subsystems, but cannot reflect the level of coordinated development, so this paper introduces the CCD model in order to analyze and solve the degree of coupling coordination development of several systems. Finally, the calculation formula of the W-E-F-E nexus is obtained as follows:
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Spatial Convergence Model

The convergence theory of neoclassical economics was originally used to investigate whether the per capita income of different countries or regions converged or diverged. In recent years, the application of this theory has been extended to the research field of resources and the environment. In this paper, the convergence analysis is helpful to examine the convergence or divergence characteristics of the W-E-F-E nexus between different cities in Northwest China, that is, whether the gap between the W-E-F-E nexus is expanding or shrinking, and analyze the W-E-F-E nexus in different prefectures and different development stages of the same prefecture in Northwest China.


Absolute β Spatial Convergence Model

The absolute β convergence of the W-E-F-E nexus means that under strict assumptions, including the same land resources, labor market, economic development, public utility security level, etc., the W-E-F-E of all cities will converge to the same level over time. The absolute β convergence model is as follows:
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Based on the idea of the spatial convergence model of Skidmore et al. (2004) and Elhorst (2005, 2010), this paper introduces spatial factors into the basic model, and constructs the absolute β-spatial convergence model of green efficiency of water resources in Northwest China:
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In Equation (12), Di,t and Di,t+1 are the W-E-F-E nexus of the city i in the year t and t+1, respectively, ln⁡(Di,t + 1/Di,t) represents the logarithmic increase of CCD in the region i in the year t; W is the spatial weight matrix; and λ represents the spatial autoregressive coefficient, which is used to measure the spatial spillover effect of W-E-F-E nexus growth. β is the absolute convergence coefficient. If β < 0, it means that the W-E-F-E nexus has absolute convergence, that is, the area with low W-E-F-E has a tendency to catch up with the area with high environmental efficiency; otherwise, it is the opposite. According to the principle of econometrics, the convergence coefficient has an equality relation |β| = 1−e−θT. where θ is the rate of convergence (or speed of convergence) and T is the period of sample investigation, so the rate of convergence θ = −ln⁡[(1−|β|)/T] can be obtained.

In terms of the setting of the spatial weight matrix, considering that the economic distance weight matrix may have endogenous problems, which may lead to errors in the estimation results, this paper finally chooses the geographical contiguity weight matrix (Wcont) and the geographical distance weight matrix (Wdist) for spatial econometric analysis. Here, the queen contiguity method is used to construct the geographic contiguity weight matrix, and Wii′ = 1 is regarded as the region i and i′ are adjacent, and Wii′ = 0 is regarded as non-adjacent. In addition, the geographical distance weight matrix is constructed according to the formula Wii′ = 1/dii′, and dii’ represents the straight-line distance between two regional centers.



Conditional β Spatial Convergence Model

Different from the absolute β spatial convergence, the conditional β spatial convergence means that the urban W-E-F-E nexus converges to its own stable level over time when the characteristic differences between different prefectures are taken into account. On the basis of the absolute β spatial convergence model, the conditional β spatial convergence model is obtained by adding some control variables:
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In Equation (13), Xi,t represents the control variable affecting the W-E-F-E nexus and β is the conditional convergence coefficient. If β is less than zero and statistically significant, it indicates the existence of spatial conditional convergence; otherwise, there is no spatial conditional convergence. α is the estimated coefficient of the control variable, reflecting the size and direction of the influence effect of the corresponding control variable on the W-E-F-E nexus. The factors influencing the W-E-F-E nexus mainly include land resource status, labor supply, economic development level, and government fiscal expenditure. For this reason, the above factors are controlled in the estimation equation. The administrative area is used to measure land resources (area), the total population at the end of the year is used to measure labor market conditions (pop), the regional per capita GDP is used to measure economic development level (rjgdp), and the fiscal general budget expenditure is used to measure the government’s control and use of social resources (fina).



Variables and Data

Evaluating the coupling coordination of water, energy, food, and the ecosystem is complicated. It is very important to select the evaluation index and grasp the structure of the index system, which should give consideration to the authenticity, systematicness, and scientificity. Based on the scientific connotation of the W-E-F-E nexus and reference to relevant literature, this paper constructs a comprehensive evaluation index system of the W-E-F-E nexus in Northwest China, which includes four subsystems and 16 specific indexes (Table 1).


TABLE 1. W-E-F-E nexus evaluation index system.

[image: Table 1]
Water, energy, food, and ecology are closely related to each other. First of all, water, as an important resource, not only ensures the orderly production activities of human society, but also maintains the ecological balance of nature. Therefore, four indexes of agricultural, industrial, domestic, and ecological water use are selected to measure the development status of the water resources subsystem. Secondly, energy systems provide power support for social production and development, and its development status can be measured through energy industry investment and construction, industrial energy consumption, and energy output efficiency. Therefore, this paper selects the per capita energy consumption, energy consumption per 10,000 Yuan of industrial added value, total energy consumption of industries above a designated size, and investment in fixed assets in the production and supply of electricity, gas, and water as the evaluation indexes. Then, food is the key factor to maintain the survival of human society. In this paper, the development of the grain subsystem is reflected by the input and output of grain; the total grain output and oil yield are taken as the output indexes, and the amount of chemical fertilizer and crop sown area are taken as the input indexes. Finally, the ecosystem provides a corresponding environment for production and life. The ecology subsystem is evaluated by investment in landscaping, park green area, green coverage area of built-up areas, and industrial sulfur dioxide emissions. The 16 indexes included in the above four subsystems jointly constitute the W-E-F-E nexus evaluation index system.

This paper selects the panel data of 38 prefecture-level cities, regions, and counties directly under the jurisdiction of autonomous regions in five provinces of Northwest China (Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang) from 2002 to 2018 for empirical analysis. The data are mainly from statistical yearbooks of provinces and cities, Bulletin of Water Resources Development, Statistical Bulletin of National Economic and Social Development, and EPS database; data that cannot be directly obtained are made up using the linear fitting method. In this paper, the panel data of 38 prefecture-level cities, regions, and counties directly under the jurisdiction of autonomous regions in Northwest China from 2002 to 2018 are selected as the analysis dataset. The data sources are as follows: (1) The data of green area of parks, green coverage area of built-up areas, industrial sulfur dioxide emissions, and fixed asset investment in the production and supply of electricity, gas, and water are mainly from the global statistical data/analysis platform of Economy Prediction System (EPS); (2) The data of agricultural water consumption, industrial water consumption, domestic water consumption, and ecological water consumption are mainly derived from Bulletin of Water Resources Development of each province and supplemented by the China Environmental Statistics Yearbook; and (3) The remaining data, such as total grain output, per capita energy consumption, and investment in landscaping, are mainly from the China Regional Economic Statistical Yearbook, and the missing data are supplemented by the Statistical Bulletin of National Economic and Social Development and the corresponding statistical Yearbook published by local governments.



RESULTS


W-E-F-E Nexus


Dynamic Evolution of the W-E-F-E Nexus

Comprehensive evaluation value is an overall quantitative evaluation of things or objects restricted by a variety of factors. The comprehensive evaluation value of each subsystem of water, energy, food, and ecology reflects its development status. As shown in Figure 1, the development of the four subsystems presents a dynamic evolution trend of alienation. First of all, the average comprehensive evaluation value of the energy system in Northwest China is the highest, which is about 0.7. In 2007–2008 especially, the comprehensive evaluation value of the energy system achieved rapid growth, reaching12.9% and peaking at 0.79 in 2008. This may be related to the investment and construction of energy industry infrastructure by the Chinese government’s economic stimulus plan under the background of economic crisis. The high comprehensive evaluation value of the energy system is closely related to the natural energy advantages in Northwest China and the policy support of the country. On the one hand, the northwest region has abundant energy reserves, which is suitable for the development of the energy industry. On the other hand, the national western development strategy and the “One Belt and One Road” initiative have ensured the energy industry in the northwest region received greater support in investment and construction, so the development level is also higher.
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FIGURE 1. Dynamic evolution of subsystems in Northwest China.


Secondly, it can be seen that the comprehensive evaluation values of water and food systems in Northwest China are relatively close, at about 0.5. Due to the drought and water shortage in Northwest China, production and living water are limited. The comprehensive evaluation value of the water resources system shows a fluctuating upward trend, with an average annual growth rate of only 1.3%. However, it still indicates that the intensive utilization of water resources in Northwest China is improving. In addition, the development of the grain system in Northwest China is relatively stable, and its comprehensive evaluation value fluctuates slightly around 0.52. Food production cannot be separated from water. The natural conditions in Northwest China determine that the improvement of local agricultural production potential cannot avoid the rigid constraint of water resources. It is worth noting that in recent years, the development level of water resources system in Northwest China shows a trend of overtaking the grain system, which indicates that local awareness of water resources’ protection and rational utilization has been strengthened, which is conducive to further developing the potential of food production in Northwest China and ensuring regional food security.

Finally, among the four subsystems, the development of the ecosystem in Northwest China is the worst. Except for in 2002, the comprehensive evaluation value of the ecosystem is always lower than 0.3, which is related to the local climate, terrain, and other natural conditions. However, the fragile ecological environment in Northwest China is also related to human’s insufficient attention on ecological work and unreasonable development activities. Insufficient investment in ecological construction and excessive discharge of pollutants from production and living all make it impossible to effectively improve the ecological environment in Northwest China.

Based on the calculation of the comprehensive evaluation value of water, energy, food, and the ecosystem, this paper investigates the coupling and coordination status of all subsystems (as shown in Figure 2). As can be seen from the figure, the W-E-F-E nexus in Northwest China showed a fluctuating downward trend from 0.39 in 2002 to 0.29 in 2012, with a decrease rate of 25.6%. Among them, in 2003–2008 and 2009–2012, there was a V-shaped trend of first rising and then declining. This is because during the above period, a series of policies on water resources, energy resources, agricultural production, and ecological environment were issued in Northwest China, resulting in significant fluctuations in the W-E-F-E nexus in the short term. Each time the W-E-F-E nexus experienced a relatively large decline, there would be a relatively slow recovery process, which may be related to the local concept of development of natural resources first, protection later. Since 2012, the central government has paid more attention to coordinated development and ecological and environmental protection, and put forward a series of related policies. For example, the Measures for Examining the Implementation of the Strictest Water Resources Management System was officially released in 2013, and the Air Pollution Prevention and Control Act was revised in 2015 and implemented in 2016. The efficient exploitation and utilization of resources, the improvement and restoration of ecology, and the coordinated development of economic development and ecological protection will be promoted to a new height. This is reflected in the fact that the W-E-F-E nexus continued to increase from 2012 to 2017, rising from 0.29 in 2012 to 0.38 in 2017, with an average annual growth rate of 5.5%, and the growth rate from 2016 to 2017 was particularly obvious, reaching 12.8%.
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FIGURE 2. Dynamic evolution of the W-E-F-E nexus in Northwest China.




Regional Heterogeneity of W-E-F-E Nexus

This paper calculates the W-E-F-E nexus of prefecture-level cities, regions, and counties directly under the jurisdiction of autonomous regions in Northwest China and analyzes its spatial heterogeneity. This paper has selected an observation point of every 5 years since 2002 and visualized the W-E-F-E nexus in Northwest China in 2002, 2007, 2012, and 2017 by using GeoDA spatial data statistical software (as shown in Figure 3). The darker the shadow color in the figure is, the higher the CCD of the composite system in this area is, while the white color shows areas with missing data.
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FIGURE 3. Spatial evolution of the W-E-F-E nexus in Northwest China.


Through data analysis, it is found that the majority of the W-E-F-E nexus between different cities or regions in the five northwest provinces from 2002 to 2012 is lower than 0.5. It indicates that the development of the W-E-F-E nexus in Northwest China is in a state of imbalance or near imbalance, and most cities or regions have shown a decline to varying degrees, with the number of cities or regions with W-E-F-E nexus misalignment (coupling coordination score less than 0.41) nearly doubling from 18 in 2002 to 34 in 2012. Among these cities or regions, the W-E-F-E nexus in Yulin of Shaanxi Province, Wuwei of Gansu Province, and Zhongwei of Ningxia Province decreased most significantly, by 79.9, 58.1, and 52.2%, respectively. In many cases, economic development comes at the expense of the ecological environment, and the ecological cost of development is high. The waste of water resources, pollution, and destruction of the ecological environment restricts local food production, which in turn has a negative impact on the production of energy and gradually forms a vicious circle. In terms of spatial dimension, the W-E-F-E nexus is relatively high in other provincial capitals and nearby cities in Northwest China, except for Qinghai Province where the data is seriously missing. Such spatial agglomeration and a distribution trend are not obvious. W-E-F-E nexus is in a relatively static state in each city or region, that is, the spatial gap of W-E-F-E nexus development has not been significantly narrowed.

From 2012 to 2017, the overall trend of the W-E-F-E nexus in Northwest China was on the rise, with the nexus increasing significantly. The number of cities or regions with W-E-F-E nexus imbalance decreased from 34 in 2012 to 26 in 2012, and in 32 of the 38 cities or regions covered by the data, the W-E-F-E nexus improved to varying degrees. Among these cities or regions, W-E-F-E nexus coupling coordination values of Hami of Xinjiang Province, Baiyin of Gansu Province, and Weinan of Shaanxi Province increased by 0.33, 0.29, and 0.24, respectively, and all of them got rid of the state of W-E-F-E nexus imbalance. From the perspective of spatial dimension, the W-E-F-E nexus in provincial capitals and nearby cities is still relatively high, showing an obvious trend of spatial agglomeration. Among the provincial capitals, the W-E-F-E nexus of Xi’an in Shaanxi Province reaches 0.77, realizing the moderate coordination of W-E-F-E nexus. These phenomena indicate the enhancement of the W-E-F-E nexus in Northwest China. With the strengthening of social ecological awareness and the implementation of the concept of coordinated development, the concept of development first followed by governance in the past has been gradually abandoned, replaced instead by development and governance. The concrete embodiment of the action is to strengthen the intensive use of water resources, pay attention to the development of new energy sources, develop efficient agriculture, and strengthen ecological restoration efforts. These actions have effectively improved the coordinated development of water, energy, food, and the ecosystem in Northwest China.



Spatial Correlation of the W-E-F-E Nexus

Since the W-E-F-E nexus in Northwest China shows obvious regional differences, does the coupling coordination of complex systems in this region have a spatial correlation effect? In this paper, GeoDa is used to calculate Moran’s I index of the W-E-F-E nexus in Northwest China and to test its spatial autocorrelation. Wherein, the value range of Moran’s I index is [−1,1]. The closer this index is to 1, the more similar attributes are clustered together; the closer the index is to −1, the more disparate attributes are clustered together. Through calculation, it is found that the Moran’s I index value of the W-E-F-E nexus in northwest China is significantly positive, indicating that there is a significant spatial autocorrelation or spatial correlation effect of the W-E-F-E nexus in Northwest China (Figure 4).
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FIGURE 4. Moran’s I index of the W-E-F-E nexus in Northwest China.




Spatial Convergence Tests


Absolute and Conditional Spatial Convergence

Table 2 reports the absolute β-spatial convergence of the W-E-F-E nexus in Northwest China. From the perspective of its spatial convergence, the absolute convergence coefficient is significantly negative at the 1% level regardless of the spatial correlation effect of the W-E-F-E nexus, which means that the W-E-F-E nexus in Northwest China shows obvious absolute convergence. In other words, with the passage of time, the W-E-F-E nexus of the prefectures in Northwest China will gradually converge to a steady state level and increase along the steady state path, but the convergence is faster in developed regions than in less developed regions. In addition, after the introduction of spatial factors, it is found that the spatial spillover effect of W-E-F-E nexus growth rate is significant, and the spatial autoregression coefficients are 0.11 and 0.48, indicating that the improvement of the W-E-F-E nexus in a northwest region will also be affected by the positive spatial spillover effect from neighboring areas. After considering the spatial factors, both the absolute convergence coefficient and the convergence rate of the W-E-F-E nexus decreased slightly. Although the influence effect was not obvious, the existence of spatial spillover effect of the W-E-F-E nexus in Northwest China could not be ruled out.


TABLE 2. Spatial convergence estimation of W-E-F-E nexus.

[image: Table 2]
The conditional β-spatial convergence estimation results of the W-E-F-E nexus in Northwest China are shown in Table 2. From the conditional β convergence, in the control of the administrative area, total population at year-end, per capita GDP, and general budgetary expenditures, the conditional β convergence coefficient of the W-E-F-E nexus is significantly negative at the 1% level, which indicates that the W-E-F-E nexus in Northwest China has obvious conditional convergence, that is, the growth rate of the W-E-F-E nexus in the low development stage is faster than that in the high development stage. It is worth mentioning that the existence of spatial spillover effect makes the relative convergence coefficient and convergence rate of the W-E-F-E nexus in Northwest China increase significantly, the absolute convergence coefficient rises from 0.09 to 0.31∼0.32, and the convergence rate rises from 2.87 to 3.14∼3.16. This also further confirms the inference that the failure to consider spatial factors in the traditional convergence studies of the W-E-F-E nexus will lead to errors in the final estimation results.

According to the estimated results of control variables, the increase of regional land area, population, and regional economic development can significantly promote the convergence of the W-E-F-E nexus in Northwest China. Among them, the regional land area and economic development status have a greater promoting effect on the overall W-E-F-E nexus convergence, while the promoting effect of population size is relatively small. Specifically, the regions with large administrative areas can take into account the development of water, energy, food, and the ecosystem, and the allocation of land use types is more flexible and reasonable, which is conducive to reducing the W-E-F-E nexus difference between regions. The regions with a higher degree of economic development provide a good economic environment for the coordinated development of social W-E-F-E nexus, which means that improving the level of economic development in Northwest China is still an important direction to promote the convergence of the W-E-F-E nexus. The reason why the convergence of the W-E-F-E nexus is less promoted in Northwest China may be due to the unreasonable structure of relevant practitioners in water, energy, food, and the ecosystem in Northwest China, which impeded the convergence of the W-E-F-E nexus. Therefore, to promote the convergence of the W-E-F-E nexus in Northwest China, we need to not only improve the population size in Northwest China, but also optimize the skill structure of the labor force.

In addition, the increase of general budget expenditure in regional finance will significantly lead to the divergence of the W-E-F-E nexus in Northwest China, but the effect is weak. This may be associated with the government’s fiscal expenditure structure of the northwest region. Based on the analysis of the fiscal expenditure structure of local government in Northwest China, it was found that different local governments have different emphases in the financial expenditure on agriculture, forestry and water conservancy, infrastructure construction, and ecological and environmental protection; as a result, the development status of water, energy, food, and the ecosystem in different regions is uneven, thus the W-E-F-E nexus presents a divergent trend. It can be seen that further optimization of the fiscal expenditure structure in Northwest China is an important problem to be solved by the current government departments.



Spatial Convergence Evolution

A longer time span can better reflect the long-term evolutionary trend of the W-E-F-E nexus in Northwest China, but the variation trend in the sample period is ignored. Although the time effect is controlled in this paper, the time period of the sample is changed to further examine the spatial convergence characteristics of the W-E-F-E nexus in Northwest China in different time periods, in order to eliminate the lasting impact of economic cycles or external impacts in the sample period. To be specific, the year 2002 is still taken as the base period T, and then the final year is re-selected according to T+4 years (to 2006), T+8 years (to 2010), and T+12 years (to 2014) in a period of 4 years. In addition, in order to reflect the coordinated development of the W-E-F-E nexus in Northwest China more objectively and accurately, the influence of related control variables should be considered to conduct the spatial convergence evolution analysis of conditional β.

Table 3 reports the convergence characteristics of the W-E-F-E nexus in Northwest China at different time periods and under different spatial weight matrices, and it is found that the long-term evolution of the W-E-F-E nexus in Northwest China is consistent with the short-term variation trend in the sample period. Among them, the W-E-F-E nexus at different time periods all showed a significant trend of spatial convergence, but the convergence rate was different. In general, the convergence rate of the W-E-F-E nexus shows a trend of increasing with the passage of time, and the convergence rate rises from 1.72∼1.73 to 2.65∼2.66, with an increase rate of 53.8∼54.1%. The results of conditional β spatial convergence evolution analysis further confirm that there is spatial convergence of the W-E-F-E nexus in Northwest China, that is, the gap between different provinces and cities of the W-E-F-E nexus is shrinking, and shows a trend of accelerating reduction, and the concept of coordinated and sustainable development is constantly implemented and strengthened.


TABLE 3. Spatial convergence evolution of the W-E-F-E nexus.

[image: Table 3]


CONCLUSION AND DISCUSSION

In this paper, the prefectures from five provinces in Northwest China were selected as the study samples, and the CCD model was used to measure the W-E-F-E nexus. Moreover, the absolute β spatial convergence model and the conditional β spatial convergence model were established to further analyze the spatial convergence of the W-E-F-E nexus. The following findings were obtained through the study. First, the W-E-F-E nexus in Northwest China showed a V-shaped trend of decreasing first and then rising over time. From 2002 to 2012, the overall decrease was 25.1%, and after 2012, there was an obvious rebound with an increase of 29.7%. Second, the W-E-F-E nexus in Northwest China shows positive spatial autocorrelation, and the Moran’s I index of this is about 0.15. In spatial dimension, it shows a trend of high-value agglomeration around provincial capitals, and the distribution pattern is relatively stable. Thirdly, the W-E-F-E nexus in Northwest China has significant spatial convergence, that is, the W-E-F-E nexus gap between the prefectures in Northwest China is shrinking, and the convergence rate is in the level of 2.83∼3.16. With the development of the economy, the rational allocation of land and labor resources, and the optimization of fiscal expenditure structure, the W-E-F-E nexus of prefectures in Northwest China will converge to the same steady state level after a long period of time.

In view of the fact that the overall level of the W-E-F-E nexus in five provinces of Northwest China is low and there is spatial convergence, we should improve the W-E-F-E nexus in ecologically fragile and underdeveloped areas from multiple aspects. First of all, in the top-level design of regional development, the central government should consider the coordinated development relationship between water, energy, food, and the ecosystem by comprehensively promoting the coordination of regional water resources protection, energy efficient utilization, food security, and ecological restoration, rather than focusing on a single issue. Secondly, we should give full credit to the leading role of the provincial capitals in the comprehensive development of Northwest China. On the premise of considering the natural conditions and the heterogeneity of industrial structure in different regions, we should extend the experience of the comprehensive development of provincial capital cities to other regions with low coupling coordination degree of the W-E-F-E nexus, so as to achieve a qualitative breakthrough in the overall comprehensive development level of Northwest China. Thirdly, according to the actual situation of different prefectures in Northwest China, we should formulate targeted measures to make up for the shortcomings in water, energy, food, and ecology, and promote the coordinated development of the W-E-F-E nexus. For prefectures with a high level of coordinated development, we should optimize their industrial layout according to their own resource endowment, carry out technological transformation and upgrading of high-energy consumption and high-pollution enterprises, and strengthen the development of green and environmental protection industries. For prefectures with a low level of coordinated development, the research and development of agricultural water-saving technologies should be strengthened, efficient water-saving irrigation and wastewater recycling should be promoted, and the development of new energy projects with low energy consumption and low pollution should be encouraged. Finally, we should pay attention to the optimization of labor force, land use, and government financial expenditure structure in Northwest China, promote the coordinated development of the local W-E-F-E nexus, and improve the quality of economic development.
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FOOTNOTES

1Based on the practice of Liu and Chen (2016), we use the uniform distribution function method to grade the coupling coordination value. When the coupling coordination value is less than 0.4, the W-E-F-E nexus is in a state of imbalance; when the coupling coordination value is 0.4–0.5, the W-E-F-E nexus is in a state of imbalance; when the coupling coordination value is greater than 0.5, the W-E-F-E nexus is in a state of coordination.
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Increased emissions from road traffic resulting from the increase in car ownership have put enormous pressure on China’s environmental problems. To solve this problem, the Chinese government has attached great importance to the development of a new energy vehicle industry. This paper summarizes the incentive policies of China’s new energy vehicle industry. By sorting through the incentive policy system of the new energy vehicle industry, we find that the Chinese government’s promotion policy for the new energy vehicle industry is a process of gradual transformation from being government-led to being market-led. In this process, with the decrease of the subsidy amount, it is bound to cause a huge impact on the new energy vehicle industry.
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INTRODUCTION
The automotive industry is a pillar industry of China’s national economy and social development. In the past decade or so, driven by rapid economic development and accelerated urbanization, the car parc as well as production in China has increased dramatically. In the past 25 years, the total number of vehicles in China has increased 26 times (Wu and Zhang, 2017). In accordance with the practice of developed countries, the rapid growth of vehicle sales in China is likely to continue in the coming years as a result of rigid demand and consumption upgrades.
With a population of about 1.4 billion, energy shortages and environment issues would become more prominent as the sales of vehicles grows. The International Energy Agency (IEA) reported that China’s road transportation sector has discharged 618 million tons of carbon dioxide emissions (International Energy Agency, 2015), accounting for more than 10% of the total emissions in China and approximately 2% of the global fossil fuel emissions, respectively. If the car parc continues to grow at its current rate, the total carbon dioxide emissions generated from transportation may reach 12 to 17 billion tons by 2030 (He et al., 2005; Yan and Crookes, 2009; Huo and Wang, 2012). To solve the problems of energy shortage and pollution, accelerating the development of green vehicles has become extremely important.
Xi Jinping, general secretary of the Communist Party of China, proposed in 2014 that the development of new energy vehicles was the only way out for the auto industry. This has been raised in meetings and important speeches, showing that speeding up the cultivation and development of new energy vehicles, can, not only effectively reduce the pressure on energy and the environment, but is also a solution to the people of China’s yearning for a better life environment and is an important measure of the contradiction of environmental degradation. With the help of policy, China’s new energy vehicle market has become the fastest growing market in the world. However, with the decline in subsidies, how should new energy vehicle enterprises face the “greenhouse” and “post-subsidy” era? How will they have to change to survive? How will new industrial incentive policies be decided in the future? It has clearly become a topic of practical significance. Based on this, this paper takes a systematic look at the promotion policies of China’s new energy vehicle industry and puts forward policy suggestions for the development path of China’s new energy vehicle policy.
THE CARDING OF POLICY PATH
As shown in Figure 1, China has formulated a comprehensive policy system for green vehicles, including macro-economic integration, industry management, tax incentives, technological innovation, promotion and application, and infrastructure.
[image: Figure 1]FIGURE 1 | Incentive policy system for green automotive industry.
At its initial stage, the development of the green automotive industry is dominated by the government, mainly reflected by the demonstration and promotion of green vehicles in large and medium-sized cities. In 2001, relying on the National High-tech R&D Program (863 Program), the electric vehicles project was launched, and the industrial distribution characterized as “Three Longitudinal Axes and Three Transverse Axes” was established. Specifically, “Three Longitudinal Axes” refer to hybrid vehicles, pure electric vehicles, and fuel cell vehicles, and “Three Transverse Axes” refer to the multi-energy powertrain control system, motor control system, and the battery management system. Between 2001 and 2008, China launched a series of industrial policies to encourage automotive technology to be energy-saving, environmentally friendly, and sustainable. The government proposed that the percentage of electric vehicles in the car parc should be 5–10% by 2010 and more than 50% by 2030.
Due to the 863 Program, green vehicle technology innovations emerged in large numbers. In particular, during the “Eleventh Five-Year Plan” period, China implemented Green Vehicle Major Projects, focusing on the R&D activities related to the improvement of power systems and key components of green vehicles. Great progress has been achieved in technical standards, testing techniques, demonstration operations, etc. China’s electric vehicle industry grew from scratch as the technology systems were gradually established, issuing 56 national standards and more than 3,000 patents. Some of the representative demonstration projects were shown at the Beijing Olympics, the Shanghai World Expo, and the Shenzhen Universiade.
Based on practical experience, it is rational to expect that purely electric-driven vehicles instead of conventional hybrid vehicles would be the major development trend of electric vehicles. Relying on appropriate technical routes, guidance and planning, a lot of leading R&D projects have been completed as expected. There is no doubt that the outputs of such research projects significantly improve the development of green vehicles, whereas there is still a large gap between the achievement and the demand of the industrialization. The existence of such a gap arouses controversial discussions on the topic on whether the existing planning sufficiently matches the need for industrial development.
As an emerging industry, the development of electric vehicles depends on two key factors, namely market demand and technology innovation. The former is the foundation while the latter plays into the engineering required for the development required of electric vehicles. Only with the inherent market demand can we achieve a virtuous circle under the boost of technological innovation. Taking this into account, the incentive policy for green vehicles of China has gradually shifted from being technology-oriented to being market-oriented. On January 14, 2009, the State Council of China proposed a specific green vehicle strategy in the “Rejuvenation Plan for the Automotive Industry,” arranging 10 billion Yuan to support the industrialization of green vehicles and related key components. Then, on January 23 of the same year, another document entitled “Circular on Launching Pilot Programs for Energy Conservation and Green Vehicles Demonstration and Promotion” was promulgated, clarifying that those purchasing green vehicles in pilot cities may receive fixed lump-sum subsidies from the central government. These two documents initiated the development of the green automotive industry, based upon subsidies. As shown in Table 1, seven national subsidy policies were issued from 2009 to 2020.
TABLE 1 | A summary of subsidy policies for green vehicles in China.
[image: Table 1]The major trends of the varying subsidy policies for green vehicles could be summarized as follows. First, the sub-grades of subsidies depending on cruising mileage are more meticulous. Second, the criterion of energy density of battery increases. Third, banding subsidy policy that relies on the coefficient of energy dissipation becomes more popular. Two major considerations should be given; one is the objective of quality improvement and the other is the constraint of budget, resulting in the adjustment of subsidy policies. Notice that the subsidy for green vehicles tends to shrink with an expansion of covered regions and fields, indicating policy uncertainty for the producers and the market. For a traditional automotive producer, it takes at least 3–5 years to achieve mass production from design, while the accompanying strategic layout and planning requires 5–10 years. As an emerging industry, the time required from design to mass production for green the automotive industry is much longer than that for the traditional automotive industry. The incentive policies stimulate the development of the green automotive industry significantly, whereas the policy instability generates tremendous pressure for green vehicle producers. To maximize profits with these varying policies, some producers are prone to instant success with the R&D activities of green vehicles. One representative case is to obtain subsidies by shortening the product life cycle, i.e., promoting artificial green vehicles by installing a battery onto the internal-combustion engine or by tuning older electro-mobiles. Such “great leap forward” type of development would harm the sustainability of the green vehicle industry and be extremely wasteful in terms of governmental financial resources.
Aiming to consolidate the leading function of market mechanisms, the government decided to reduce the subsidy intensity as well as to raise the subsidy threshold for green vehicles in 2018. The latest subsidy policies introduced higher criteria in many aspects such as cruising mileage, battery life, charging efficiency, and sales price. More importantly, the two market-orientated policies, the green license plate policy and the double-credit policy, were introduced to stimulate the development of the green vehicle industry in China. Note that only green vehicles could satisfy the requirement of the green license plate policy to obtain the license plates painted in green, which implies quite a lot of extra benefits for buyers. Specifically, such extra benefits include: 1) reduced waiting time caused by purchase restrictions and a registration lottery; 2) avoiding the inconvenience of the application of odd-and-even license plate rules in some cities; 3) enjoying a purchase loan that accounts for up to 85% of the vehicle price; 4) enjoying free parking in some specific parking lots. As presented, the implementation of the incentive policy for green vehicles is undoubtedly a boon for potential consumers who worry about the expenditure of buying and driving a vehicle.
As green vehicles with green license plates become more popular in pilot cities, the green license plate policy has greatly stimulated consumers’ desire to purchase green vehicles instead of traditional ones. Meanwhile, the document entitled “Measures for the Parallel Management of the Average Fuel Consumption and Integral for Green Vehicles of Passenger Vehicle Enterprises” that was published on September 28, 2017, forces vehicle producers to gradually switch to clean energy. In comparison, European countries mainly adopt the integral policy depending on the average fuel consumption of passenger vehicles, while in California in the United States, the integral policy of green vehicles is applied. As the largest auto market in the world, China has introduced both integral policies in parallel with promoting the development of the green automotive industry. In practice, the management and assessment of the two policies are separate. The only link between them lies in the integral deduction, i.e., a negative integral yielded by average fuel consumption that could be deducted by a positive integral of green vehicles, whereas the sole way to remove a negative integral of green vehicles is to buy a positive one. The Chinese government plans to cancel all subsidies for green vehicles by 2020, while the calculation parameters of CAFT would decrease gradually during this period. It is rational to forecast that auto producers have to face greater emission reduction pressure because of the policy variation. Inevitably, investing more in green vehicles would become a more important alternative strategic direction for most auto producers.
CONCLUDING REMARKS
To improve the positive effects of green vehicles on energy conservation and emission reduction, China has gradually shifted from being government-oriented to being market-oriented in the policy formulating the process of the green automotive industry. In the coming development stages of the green automotive industry, advanced clean technologies and low-emission incentives may play key functions. It is expected that the introduction and implementation of the two policies could achieve objectives on emission reduction as well as the improved development of green vehicles in the near future.
In addition, at the micro level, the government should pay more attention to the construction of charging and changing the infrastructure for new energy vehicles. Charging and changing infrastructure is a very important key link in the development of new energy vehicles and is also important in supporting the promotion of the new energy vehicles industry. In recent years, the National Development and Reform Commission, the National Energy Administration, the Ministry of Industry and Information Technology, and other departments have introduced a series of policies and measures, which have effectively promoted the construction of China’s charging and changing infrastructure. However, China still faces many problems in the construction of charging and changing power facilities. The main reason is that in some old residential areas with large population densities it is difficult to construct charging and electricity exchange facilities due to the insufficient carrying capacity of the power system. In addition, some consumers or residents have raised objections to the construction of charging piles because of concerns about safety. Therefore, in the future transformation of older urban areas in China, the transformation of the electric power system will become a particularly important driving force to promote the development of the new energy vehicle industry.
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This paper examines the differences of power systems between China and the United States from the perspective of transmission management, and finally summarizes the institutional advantages of China’s power system reform. The research shows that there are significant operation and supervision differences between China and the United States in transmission management. China has always maintained a unified management in transmission management, while the United States has adopted a decentralized management model in transmission. The implementation of centralized unified management in transmission links cannot only ensure the timely and effective allocation of national power energy, but also be helpful to concentrate all kinds of resources to develop large-scale power projects.
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INTRODUCTION

Every leap of productivity in human society is accompanied by the improvement and replacement of energy. “Electric power revolution” has greatly improved the efficiency of social operation, and also tends to industrialization with the rising social demand (Rothe, 2019). Power industry has natural monopoly, and monopoly always leads to low efficiency. In the 1990s, the United States, Japan and some European developed countries have carried out the market-oriented reform of power system, trying to break the low efficiency of monopoly through the reform of system and mechanism, and further optimize the allocation of power resources, so that the power system can better serve the social and economic development (Michaels, 2006). But things were ordered otherwise. The power outage in Texas in 2021 reflects the significant security risks brought by the segmented grid management to the stable operation system under the market-oriented reform.

In the early days of the founding of new China, the Chinese central government found that there were various drawbacks in the decentralized management of power grid, which seriously affected the stability and development of the power industry. Thus, the long-term centralized management of China’s power system has become a feature of the economic planning. With the advancement of China’s socialist market economic system reform, the problems of unclear management responsibility and inefficient operation of enterprises caused by the “integration of government and enterprise” in the power system are gradually exposed, so the central government has issued a series of policy documents aimed at giving full play to the power’s role in ensuring social and economic development. In 2002, the State Council issued the Power System Reform Plan, marking the formal opening of the power system reform of “separation of power plant and power grid,” in order to introduce competition in the generation side to improve the efficiency of the power system. In 2015, the State Council issued Several Opinions on Further Deepening the Reform of Power System, focusing on solving five major problems, such as the lag of legislative amendment law, the lack of trading mechanism, the perfection of coordination mechanism, incomplete pricing mechanism and imperfect development mechanism. Both the vertical historical experience and the horizontal comparison between countries have proved that China’s power system has its unique advantages in transmission management.

This paper analyzes the differences of power transmission management between China and the United States from the perspective of historical evolution (Figure 1), and finally summarizes the institutional advantages and optimization measures of China’s power system reform.
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FIGURE 1. Evolution of China and the United States power system reform.




THE EVOLUTION OF POWER SYSTEM REFORM IN CHINA AND THE UNITED STATES

In the 1980s-1990s, with the development of market economy, the incompatibility of power system policies originated from the planned period has become increasingly prominent in the market economy. Under the planned economy, the “un-separation of government and enterprise” cannot guarantee the effective management of the power system by government departments, and it is difficult to improve the market efficiency of the power industry, which hinders the further development of the power industry. Moreover, the experience from other countries shows that the power industry does not need the integration of generation, transmission, distribution and sales (Chawla and Pollitt, 2013). Based on the consideration of enhancing the effective management of power system and improving the market efficiency of power industry, China’s power system reform is imminent (Bai, 2019).

In January 1997, the State Council decided to establish the state power company, which marked the transition of China’s power management system from planned economy to socialist market economy, and laid the foundation for the reform of China’s power system. In February 2002, the Power System Reform Plan was issued by the State Council, marking the official opening of China’s power system reform. In March 2003, the State Electricity Regulatory Commission (SERC) was established, whose responsibility is to supervise and manage the operation order of the power market. In March 2013, the State Council decided to integrate the responsibilities of the National Energy Administration (NEA) and SERC to further improve the energy management system. In April 2015, the State Council issued Several Opinions on Further Deepening the Power System Reform, which started a new round of China’s power system reform, focusing on solving such important problems as the lack of power system market trading mechanism, imperfect power system planning coordination mechanism, and difficulties in the development and utilization of emerging energy. In November 2017, the National Development and Reform Commission (NDRC) and NEA issued the notice on Accelerating the Pilot Reform of Incremental Distribution Business, and clearly defined the goal of deepening the reform focusing on the marketization of incremental distribution and direct transactions between power plants and power users. In a word, the reform of China’s electric power system not only strengthens the management of the state in the transmission link, but also improves the market allocation efficiency of power generation and sales, and realizes the unity of power system stability and efficiency to a certain extent (Table 1).


TABLE 1. Policies and contents of power system reform in China and the United States.

[image: Table 1]The development of the United States power industry is relatively mature, and its power system has undergone many rounds of reform. Its power reform mainly revolves around breaking the integration, liberalizing the control of power generation and distribution terminal, realizing free competition, and maintaining the monopoly of transmission terminal at the same time. The reform of the United States power system began with the Energy Policy Act of October 1992, which establishes the separation of power generation, transmission and distribution, to eliminate the monopoly of power industry and promote market competition and technological progress. In 1996, the Federal Energy Regulatory Commission (FERC) issued orders 888 and 889, requiring power companies with transmission facilities to open up the transmission network. In response to the FERC act, some power companies in the United States spontaneously joined forces and formed an Independent System Operation Company (ISO). In December 1999, FERC issued another order 2000, facilitating the establishment of Regional Transmission Organizations (RTO), and requiring all public utility companies with transmission networks to join RTO. Actually, the function of RTO is similar to ISO, but it adds the function of trans-regional transmission network planning and reliability maintenance on the basis of ISO. In 2003, ISO and RTO jointly established a power industry cooperation organization in most parts of the United States, called the ISO/RTO Committee (IRC).

In August 2005, the Energy Policy Act 2005 of the United States was promulgated, which aimed to optimize the energy use structure of the United States and promote competition in the wholesale electricity market. Since then, FERC issued a series of decrees from 2006 to 2015, trying to further improve the level of power system marketization from the aspects of pricing, trading and management. However, due to the implementation of private ownership in the transmission sector in the United States, and the overlapping regulatory functions among different organizations, the unified centralized management of transmission has not yet been realized.



DIFFERENCES OF TRANSMISSION MANAGEMENT SYSTEM BETWEEN CHINA AND THE UNITED STATES

On the whole, the goal of power system reform in China and the United States is to establish a competitive power market, but the path choice to achieve the goal is very different, especially in the transmission management.


Operation of Transmission Network

The distribution of energy resources in China is unbalanced, and there is a large space gap between the power supply center and the power load center in China. This kind of spatial mismatch of power supply and demand objectively requires China to build cross regional UHV power grid. This has created conditions for the construction of the national unified power grid, and gradually formed the power grid pattern of UHV power transmission from west to East and north to south. In natural monopoly industries such as electric power, state-owned capital is dominant. In view of the disadvantages of domestic and foreign power systems in the decentralized management of transmission links, China has not implemented marketization in the transmission link. State Grid and China Southern Power Grid are the two central enterprises to manage and operate the transmission link, and the state-owned capital in the transmission link is centrally managed. Under this kind of management system, the power system puts more emphasis on the overall planning and operation stability. The control of state-owned capital also ensures that large-scale construction projects can get sufficient financial support, can realize the efficient allocation of cross regional power, and fully guarantees the integrity and stability of the power system. Under the public ownership, the power industry has made great achievements to meet the continuous and stable growth of power demand (Yu, 2014).

Transmission management in the United States is different from that in China. Its power system has four layers from top to bottom. The first layer is NERC, the second layer is FERC, the third layer is RTO and ISO, and the fourth layer is AEP. The transmission links in the United States are mainly managed by the third and fourth tier power companies. Under the privatization system, the United States has implemented the privatization of the whole process of power generation, transmission, distribution and sales, each power company is a local industry monopolist, and the power enterprises lack the overall dispatching. Due to the decentralization of transmission management functions and the lack of unified power transmission network, one of the hidden dangers is that in case of sudden power crisis, it is impossible to achieve timely and effective cross regional power allocation, which is unfavorable to the overall power stability of the country. In addition, because of the low return rate of power grid investment projects and long construction period, considering the return rate of investment, the private power companies are not willing to make large-scale investment in power grid construction, and even are not willing to upgrade the power grid. So the power supply system is facing a huge challenge of power supply reliability.



Supervision of Transmission Network

In terms of power regulation, after the first session of the 11th National People’s Congress, the National Energy Commission, NEA and the Electricity Regulatory Commission are jointly responsible for China’s power development planning and market operation regulation. In order to improve the effectiveness of power regulation, in March 2013, the State Council integrated the functions of the former State Power Regulatory Commission into the NEA. Therefore, the national coverage of electric power supervision and unified electric power supervision standards are realized, which effectively avoids the overlapping of electric power supervision functions among different institutions, reduces the time lag of relevant policies in decision-making and implementation, improves the overall efficiency of electric power system.

However, the development process of power system in different regions of the United States is not the same. The power and obligation of power management in different departments are different, and the supervision mode of power wholesale market is also different. There are nine electricity markets in the United States. The management power of power transmission is distributed among RTO, ISO, and AEP, which are at the third and fourth levels of the United States power system. NERC and FERC, which are at a higher level of the power system, are mainly responsible for the work of macro nature, such as the formulation of power industry standards and the management of energy trade. The differentiation of power system regulators and their functions may lead to lack of supervision or overlapping of functions, which will have a negative impact on the efficiency of transmission management, increase the decision-making delay of relevant departments in case of transmission emergency, and may not be able to restore power transmission in time.



INSTITUTIONAL ADVANTAGES OF CHINA’S TRANSMISSION MANAGEMENT


Timely and Effective National Power Allocation

China can become one of the few countries in the world without large-scale blackouts for a long time. In 2018, China’s average power supply reliability rate is 99.82%, the average outage time of users is 15.75 h per household, and the average outage frequency of users is 3.28 times per household. In the final analysis, it has a unified power grid management system, which makes the power grid planning, construction, operation, maintenance, dispatching and other links coordinate and operate efficiently, and ensures the long-term safe and stable operation of China’s power system. In 2018, China’s trans regional power transmission had reached to 136 million KW. Adhering to the integrated management of power grid is conducive to the optimal allocation of new energy in the whole country, the transformation of the energy resource advantages of the western region into economic advantages, and the promotion of the coordinated and balanced development of the national regional economy. Throughout history, in the process of dealing with major natural disasters, it is precisely because of the overall coordination of power grid management and dispatching that accidents can be timely and effectively handled, the losses caused by power accidents can be minimized, and the efficient post disaster reconstruction of power system can be guaranteed (She et al., 2020).



Concentrating Resources to Develop Large Power Projects

State Grid and its supporting facilities need to invest a lot of resources. Limited by their own resources, private enterprises are difficult to undertake the nationwide power grid construction. In addition, the profit orientation of private enterprises makes it difficult to maximize social benefits in the construction of power infrastructure. Therefore, in the important infrastructure construction related to the national economy and people’s livelihood, the advantages of the Chinese government in concentrating on a large number of systems are fully reflected. Centralized management is conducive to the rational allocation of human, material, financial and intellectual resources, avoiding the negative impact of resource dispersion and excessive capital profit on social development under the privatization system, and improving the construction efficiency and social benefits of large-scale power projects to a large extent. In terms of the length of China’s power grid lines, in 2018, the length of transmission lines with voltage level of 35 kV and above has reached 1.89 million kilometers, which is equivalent to 47 circles around the earth’s equator, 291 times of that in the early days of China. In terms of power technology, the transmission line loss rate of power grid decreased from 23.35% in 1949 to 6.21% in 2018, and the coal consumption of power supply decreased from 1020 kgce/kwh in 1949 to 308 kgce/kwh in 2018.



CONCLUSION

After two effective power system reforms, China has basically achieved the vertical separation of power production, transmission and distribution, breaking the previous monopoly situation of the state power company on all aspects of power production, transmission and distribution, and making the power system more efficient. The centralized and unified management of transmission links and the market-oriented reform of both sides of power generation and distribution effectively realize the balance between power system security and efficiency. However, China still needs to further optimize its power system. Firstly, on the basis of centralized and unified management of transmission links, the competition of different companies in generating and selling electricity is further standardized, so as to ensure the healthy development of power generation enterprises and the power accessibility of the public. Secondly, in terms of improving the functions of the power market, a complete power market integrating spot, long-term and auxiliary services should be established to reduce the impact of emergencies on the power system and improve the quality of power service supply. Thirdly, in terms of energy security, we should further optimize the power generation structure, reduce the dependence of China’s power system on thermal power generation, increase the proportion of renewable energy power generation, reduce the potential safety hazard of single power generation mode to power stability, and fulfill China’s international commitment of emission reduction and ecological environment protection.
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In recent years, many scholars have shown an increasing interest in the problem of pollution (carbon emission) in the endogenous growth but less concern about the interactions of polluting activities between two economy systems. This study explains the effects of carbon emission on the optimal balanced growth path by establishing an endogenous growth model involving exhaustible resources, human capital, physical capital, and labor time under one economy and a similar system involving two economic systems. The second system is used to analyze the interactions of polluting activities across the two economic systems that it covers. The results show that the negative externality (carbon emission) caused by one economy will bring remarkable adverse impacts on the optimal resource extraction and growth rates of other economies. If the people in one economy pay greater attention to the environmental problem (carbon emission), its own resource input will be lowered to reduce carbon emissions, but carbon emissions of another economy will be increased simultaneously to accelerate the economic growth. That is why carbon emission is one of the most challenging issues in global governance. Therefore, the global environmental pollution control needs the help of the cross-regional governance mechanism.
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INTRODUCTION

The environment is the material basis and constraint to human survival. Man-made environmental problems came up with population growth and development. In recent times, one of the most challenging global environmental problems is the global climate change caused by greenhouse gases (primarily, carbon compounds). Carbon emission issues have attracted worldwide attention. How to allocate global environmental responsibility among countries is the focus of debate. According to the BP statistical review of world energy of 2018, the global carbon dioxide emissions rose by 2.2% to 33,444 million tons in 2017, which was higher than the 1.2% rise experienced in 2016 and is the fastest pace since 2013.

Economic growth raised the level of carbon emissions, which loop back into the economy through their adverse effects. Meadows et al. (1972) put forward the “Growth Limit Theory” in their research report to the club of Rome. They believed that economic growth would be constrained by natural resources and could not be sustained. In order to protect environmental resources, we must artificially reduce the speed of economic growth. The international community hopes to make economic growth both fair and sustainable by establishing an effective system to coordinate benefit distribution and cost sharing. However, in order to maximize their own interests, it is difficult for countries to reach an effective consensus on environmental responsibility. Stiglitz (1974) was the first literature to introduce the non-renewable resource into the field of a neoclassical growth model. A number of authors, thereafter, began to introduce flow pollution problems caused by non-renewable resources into the endogenous growth model. During recent years, there has been some focus on the interactions between economic growth and carbon emissions. Scholars pointed out that the growth rate of an unregulated market economy is sub-optimally high because the negative effects of pollution are not taken into account (Gradus and Smulders, 1993; Bovenberg and Smulders, 1995; Schou, 2000). The focus of some studies is on finding the optimal extraction and growth rates when considering the pollution problem (Michel and Rotillon, 1995; Withagen, 1995; Byrne, 1997; Reis, 2001; Dietz and Stern, 2015; Kollenbach, 2015; Aznar-Márquez and Ruiz-Tamarit, 2016). Other scholars focus far more on the policy effects in an endogenous growth model of pollution (Bovenberg and Smulders, 1996; Jones and Manuelli, 2001; Greiner, 2005; Chu and Lai, 2014; Afonso and Afonso, 2015; Lorente and Álvarez-Herranz, 2016; Bianco, 2017; Marsiglio, 2017). Although there are many scholars who have explored economic growth and carbon emissions, none of them considers the possibility of the interaction of polluting activities between the two economic systems, which is especially important when facing the problems of global pollution.

This study combines ideas from the areas of endogenous growth, environmental economics, and economic theory of non-renewable resources to examine how the conventional results from growth models with carbon emissions may be affected by the inclusion of the non-renewable resources. An endogenous growth model between the two economic systems is then built to analyze the interaction of polluting activities, with interesting and important conclusions. This study argues that, in the face of the increasingly severe contradiction between the global environmental deterioration and the demand for economic development, a global environmental regulation policy must be established to realize the clean technology progress of the global value chain under the condition of the heterogeneity of environmental regulation. In order to practice the development concept of “the unity of human destiny” and walk out of the extensive economic development mode of “pollution before governance,” we can realize the green sustainable development of the global economy.

The rest of this study is organized as follows: The basic model and primary results of one economy are outlined in section The Basic Model and Primary Results of One Economy. In section The Extended Model Between Two Economies, the extended model between the two economies is addressed. The conclusions and remarks are drawn in section Conclusions, while Appendices A–C are at the end of this article.



THE BASIC MODEL AND PRIMARY RESULTS OF ONE ECONOMY


Basic Settings

The final output Y is a function of four inputs: physical capital K, stock of technology A, rate of resources use R, and labor time devoted to the final output production l1. All of the variables considered in the model are functions of the time t. To enhance the readability of the study, the subscript (t) has been suppressed in the ensuing discussion. The C-D production function is:

[image: image]

where αi (i = 1, 2, 3) is the elasticity coefficient and [image: image]. The investment in the physical capital is:

[image: image]

where K(0) = K0, K(t) ≥ 0. Equation (2) is a constraint which considers the change of the physical capital over time. For the sake of simplicity, depreciation in K is not considered here. Aggregate consumption is denoted by C = xY, with 0 < x ≤ 1. Aggregate saving is [image: image], where 0 < z ≤ 1 and z = 1 − x. Human capital accumulation depends linearly on time spent on R&D activities (Romer, 1990):

[image: image]

where A(0) = A0, A(t) ≥ 0. Equation (3) is the core of the neoclassical endogenous growth model which expresses that labor time may not only to be devoted to the final output but also in the R&D activity. The total number of skilled workers N is normalized to 1. l2 = 1−l1 is the R&D input of the human capital, wherein li > 0 for i = 1, 2. ξ > 0 is a productive parameter of the R&D activity. Technological change is costly and does not occur by chance; it depends rather on the effort devoted to it and is an outcome of one sector of our economy (Kamien and Schwartz, 1978; Romer, 1990; Scholz and Ziemes, 1999). The carbon stock Q moves during time according to

[image: image]

where 0 < τ ≤ 1 is a constant that expresses the capacity of the environment to assimilate carbon. 0 < ψ < 1 is the carbon emissions factor of using the non-renewable resource R (Di Vita, 2006). The social welfare, at any point in time, is a function of the flow of consumption C and the intensity of carbon Q (Smith, 1972; Aronsson and Löfgren, 1999; Di Vita, 2007). The instantaneous standard constant elasticity utility function can be indicated by

[image: image]

The inclusion of Q in our utility function indicates that we will pay a price to reduce the amount of accumulated carbon. Equation (5) has continuous first and second partial derivatives, with UC > 0, UCC < 0, UQ < 0, UQQ < 0, and UCQ = 0. Second-order conditions ensure the concavity of the utility function. θ, ω > 0 are two more parameters representing the elasticity of the marginal utility with respect to the consumption and carbon concentration.

The social welfare associated with any particular time path for C and Q comes from summing the discounted flow, assuming that the social discount rate δ > 0 is exogenous. The problem of the social planner is to choose C and Q, so as to maximize:

[image: image]

The current-value Hamiltonian function is

[image: image]

where λi, i = 1, 2, 3 are the dynamic Hamilton multipliers of the stock variables. Note that we consider the shadow price of the carbon concentration λ1 to be negative because that flow generates disutility.



The Optimal Balanced Growth Path

According to the optimal control theory (Pontryagin et al., 1962), necessary first-order conditions for an interior optimal solution with respect to the three control variables, C, R, and lr, are:
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Then, from Euler Formula, we can obtain

[image: image]
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λi(i = 1, 2, 3) are the shadow values of carbon concentration, physical capital, and human capital, respectively. An interior balanced-growth path that solves the problem of the social planner will fulfill the conditions (8)–(13) and the appropriate non-negativity and transversality conditions:
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Here, it is assumed that all the conditions in Chiang (2015, p. 131), together with the concavity on the maximized Hamiltonian, are satisfied. The proof that the model describes a stable saddle point equilibrium path is given in Appendix C.

Along the balanced growth path, Y, K, and C must necessarily have the same growth rate (which we call, g). Otherwise, Equation (2) could not hold true for all time. If A grows with a constant rate, l1 must be constant [from Equation (3)]. Also, if Q grows with a constant rate, Q and R must necessarily have the same growth [from Equation (4)]. Using these results, we obtained the steady-state growth rate of the final output (which is equal to the growth rate of capital and consumption). And growth rate for carbon concentration and the human capital was obtained as follows1

[image: image]
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Later, the steady-state growth rate is impacted if the disutility of carbon emission is considered. And we obtained some propositions as follows.



Primary Results Analysis

Proposition 1: When carbon emission and its disutility are considered in the endogenous growth model, gA and [image: image] in the steady state. In this way, gA > gY(gC) > gQ(gR) is always true as confirmed by Appendix B.

Proposition 1 shows that, if carbon concentration impacting the utility level of consumers is considered in the model, in the steady state, the growth rate of output (consumption), gY, and the growth rate of knowledge accumulation, gA, are always greater than zero. But the sign of gQ depends on the value of θ. If the elasticity of the marginal utility of consumption is lower than 1, which means people are not concerned with having a smooth consumption profile over time (θ is small), the growth rate of carbon concentration will be positive. The growth rate of output (consumption) is greater than the growth rate of the resource extraction (carbon concentration) all the time, and the growth rate of knowledge accumulation is always higher than the growth rate of the output. The result in this model shows that the economic growth depends more on the human capital input and less on the resource extraction when the disutility of the carbon concentration is considered. So, gA is always greater than gY, and gQ is always lower than gY. The conclusion made by Stiglitz (1974) and Scholz and Ziemes (1999) is different in the results obtained by both authors, which showed that gA may be either smaller or larger than gY in conventional models.

Another issue that is worth considering is the impacts of the elasticity of the marginal utility with respect to carbon concentration and the balanced growth rate.

Proposition 2: In steady state, taking the partial derivative of gQ, gA, and gY with respect to ω results in [image: image] all the time. The sign of [image: image] and [image: image] depends on the value of θ. The sign of the first-order condition is positive only if θ > 1 as shown in Appendix B.

Proposition 2 shows that, if θ > 1 (which means, gQ < 0 according to proposition 1), a positive relationship exists between the growth rate of carbon concentration, gQ, and the elasticity of the marginal utility with respect to carbon concentration ω. The increase of ω will bring two effects to the optimal path: raising the level of output (and consumption) to increase the positive utility (which will increase carbon concentration at the same time) and cutting down the recourse use to reduce the disutility level. If marginal utility with respect to consumption θ is big, the positive utility of gQ will be bigger than the disutility level of it. So, gQ (less than zero) will increase with the increase of ω and vice versa. The conclusion is the same with the analysis of gY. It was noticed that ∂gA/∂ω < 0 holds all the time, which means that the increase of ω will bring a certain negative influence to the optimal steady-state growth rate of knowledge accumulation.

And then, taking the partial derivative of the growth rate of shadow prices with respect to ω, the next proposition was obtained as follows:

Proposition 3:

[image: image]

Proof. See Appendix B.

The shadow price λ1 represents the sensitivity of the change of carbon concentration impacting the optimal utility level. The high growth rate of λ1 means that high carbon concentrations will bring more negative effects to the optimal utility. Proposition 2 shows that if θ is relatively small (< 1), gλ1 is less than zero, and gλ1 will grow with the increase of the elasticity of the marginal utility with respect to carbon concentration ω. gλ2 (which represents the growth rate of shadow price of physical capital) has the same conclusion with gλ1, which means that, if θ is relatively small (< 1), the increase of ω will enhance the influence of physical capital to the optimal utility level. Note that gλ3 would not be impacted by the change of ω.




THE EXTENDED MODEL BETWEEN THE TWO ECONOMIES

This section explored a two-economy system endogenous growth model based on the basic assumptions in section The Basic Model and Primary Results of One Economy. Consider two economies of M and N, which have different utility preferences, output elasticities, and efficiencies of knowledge accumulation. The social optimal problem for the two economy systems can be changed to Equation (22)

[image: image]

where (i, j) ∈ {M, N} and i ≠ j. Note that the only thing that the two economies need to face together is the carbon concentration Q. According to the optimal control theory, necessary first-order conditions for an interior optimal solution and Euler formula from Equation (8) to Equation (13) still hold. So, this section will not cover those again. Along the balanced growth path, Q grows with a constant rate, Q and ψMRM + ψNRN should necessarily have the same growth3. It is easy to prove that4

[image: image]

Equation (A9) can be rewritten

[image: image]

Solving this system of Equations (A7), (A11), and (24) with respect to [image: image] [image: image], and [image: image], we obtained

[image: image]
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From Equations (25) and (26), it is obvious that [image: image] and [image: image] show that the economic activities of one economy will produce negative externality (carbon emission) to another economy at the same time. It will bring adverse impacts to other activities of the economies (Y, R) on the balanced path. Facing the global public goods (carbon concentration), multi-agent decisions often will cause the tragedy of the commons (Hardin, 1968). Both the implementer and sufferer will be punished (lower utility) by the environment. Also, from Equation (27), if θi < 1, then [image: image] and if θi > 1, then [image: image]. It means that, if people are concerned with having a smooth consumption profile over time (θi is bigger than 1), the increase in the rate of resource depletion of one economy will boost the growth rate of knowledge accumulation of another economy. That is because higher carbon concentrations caused by one economy's activities will stimulate the knowledge accumulation input of another economy to replace the resource depletion and reduce the growth rate of carbon emission when greater attention is paid to the consumption (θi > 1). Conversely, the growth rate of knowledge accumulation of one economy will go down with the increase of resource depletion of another economy.

Using the symmetry of the optimal solution, we can obtain the optimal solutions of [image: image] and [image: image], respectively.

[image: image]

where (i, j) ∈ {M, N} and i ≠ j, and [image: image] can be expressedx as

[image: image]

It is obvious that [image: image]5, which means that the increase of the elasticity of the marginal utility with respect to the carbon concentration of every economy will lower the growth rate of carbon concentration. Also note that the sign of [image: image] depends on the value of θi6. If θi > 1, the increase of the efficiency of knowledge accumulation will reduce the growth rate of carbon concentration. On the contrary, the increase of the efficiency of knowledge accumulation will speed up the growth rate of carbon concentration. The increase of the efficiency of knowledge accumulation will replace the resource input and decrease the carbon emission (which can be called substitution effect) and, on the other hand, promote economic growth and increase the carbon emission (which can be called growth effect). If θi > 1, the substitution effect is bigger than the growth effect, and the growth rate of carbon concentration will decline with the increase of the efficiency of knowledge accumulation. Based on these results, the impacts of the parameters of one economy on the optimal balanced path of the other economy will be analyzed following the proposition below

Proposition 4: In the steady state, we have [image: image] and [image: image]. What is more, we have [image: image] and [image: image].

Proof. See Appendix B.

Proposition 4 shows that the growth rate of resource exploitation of one economy will rise with the increase of the elasticity of the marginal utility with respect to the carbon concentration of another economy and with the decrease of its own elasticity of the marginal utility under the condition of gQ > 0. If the people in one economy pay greater attention to carbon emission, the economy will lower its own resource input but increase the resource input of another economy simultaneously. It is similar to the real world, in that the public in some developed countries place a high value on carbon emission and force the government to reduce emissions but promote emissions imperceptibly of other countries. That is why the problem of carbon emission is one of the thorniest problems in the global governance.

Also, the efficiency of knowledge accumulation has a similar effect to the growth rate of resource exploitation. If the elasticity of the marginal utility with respect to the consumption of the two economies have θi > 1 and θj > 1, the increase of ξi will lower its own growth rate of resource exploitation and boost other economies' growth rate of resource exploitation. Further, we have the next corollary based on proposition 4.

Corollary 1: In the steady state, based on proposition 4, using Equation (26) and (27), we have [image: image],[image: image],[image: image], and

[image: image]

Corollary 1 reflects that one economy's activities will exert influence on another economy through the changing fossil resource input and carbon emission. The increase of ω of one economy will have a positive influence on the economic growth of other economies when the balanced growth rate of carbon concentration is positive. If one economy has a higherθ, the increase of efficiency of knowledge accumulation will lower his own growth rate of resource exploitation and then promote the balanced growth rate of another economy.

The sign of first-order condition between [image: image] and ωj depends on both the values of gQ and θi. If gQ and 1-θi have the same positive or negative sign, there is a positive relationship between [image: image] and ωj. If the people in the two economies have the same preference degree (which means θi − 1 and θj − 1 have the same sign), the increase of efficiency of knowledge accumulation of one economy will lower the balanced growth rate of knowledge accumulation of another economy.



CONCLUSIONS

The unity of opposites between economic development and environmental protection is an important proposition of environmental economics. At the present stage, the division of labor in economic development is becoming more and more detailed. Global production has already made the production links not only concentrated in a few countries. The differences in economic development between countries also bring about huge differences in the intensity of environmental regulation among countries. As a result, the research on environmental regulation with industries and enterprises as the main body is no longer applicable to the actual production practice, and the global environmental problems cannot be effectively solved. A natural resource that causes carbon emission is introduced into an endogenous growth model with human capital and is addressed in this study. If the carbon concentration impacting the utility level of consumers is considered in the model, in the steady state, the growth rate differs in several ways from usual models combining growth with environmental questions; the growth rate of output and knowledge accumulation is always greater than zero. If the elasticity of the marginal utility of consumption is lower than 1, which means people are not concerned with having a smooth consumption profile over time, and the growth rate of carbon concentration will be positive. The growth rate of output (consumption) is greater than the growth rate of resource extraction (carbon concentration) all the time. Economic growth depends more on the human capital input and less on resource extraction when the disutility of carbon concentration is considered.

Furthermore, the reaction of the two economies was considered in the model, as this is closer to the real world. In the two-economy system model, the activities of both economies will produce carbon compounds and reduce the utility of consumers. The economic activities of one economy will bring remarkable adverse impacts to the activities of other economies on the balanced path. Facing the global public goods (carbon concentration), the multi-agent decision will often cause the tragedy of the commons. Both the implementer and sufferer will be punished (lower utility) by the environment. The increase of the elasticity of the marginal utility with respect to carbon concentration of every economy will lower the growth rate of the carbon concentration. On the contrary, if the people in one economy pay more attention to the carbon emission environmental problem, the economy will lower its own resource input but increase another economy's resource input simultaneously. It is similar to the real world that the public in some developed countries put a high value on the carbon emission and force the government to reduce emission but promote the emission of other countries imperceptibly, making carbon emission one of the most difficult challenges in global governance.

Therefore, the cross-border and cross-industry characteristics of carbon emission problems make it difficult for the existing environmental regulation policies with the single country, industry, or enterprise as the main body to achieve the desired effect. The global environmental pollution control needs the help of the cross-regional governance mechanism. We should establish a global environmental regulation policy, so as to realize the clean technology progress of the global value chain under the condition of heterogeneity of environmental regulation, reduce the transfer of pollution links, practice the development concept of “community of human destiny,” walk out of the extensive economic development mode of “pollution before governance,” and realize green sustainable development.
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FOOTNOTES

1Solving the balanced growth path see Appendix A.

2An interior pathimplies that labor time must be spent in both the education sector and the final output. So the growth rate of human capital must be positive, but less than the highest possible value, which is ξ (for l1 = 0). We have 0 < gA < ξ.

3Other conditions in section The Basic Model and Primary Results of One Economy have remained the same.

4For a similar explanation of Equation (23) see (Vita, 2005).

5Note that ωi only appears in the denominator of Equation (29).

6Note that ξi only appear in the numerator of Equation (29).
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Carbon emissions trading scheme (ETS) is becoming a crucial policy in mitigating global climate change. This paper purposes to evaluate the spillover effect of Chinese ETS policy with the data of 30 provinces’ carbon emissions in China by China-MRIO model and input-output analysis. The MRIO model provides the change in production value in each region in the intermediate demand and final demand. 2012 and 2015 were selected as case study years to highlight the spillover effects of ETS policy. The results show that some pilot regions such as Beijing, Tianjin, Shanghai and Chongqing reduced their directed CO2 emissions while Guangdong and Hubei increased their directed CO2 compared to 2012. However, there were places like Hebei, Shanxi, Inner Mongolia, Ningxia, and Xinjiang that undertook a mass of embodied CO2 emissions which were majorly caused by providing intermediate products. Similarly, the pilot regions transferred out CO2 emissions by using a good deal of intermediate products. Thus, it is argued that carbon transfer evaluation can provide scientific support for carbon allowance formulating and it is important for policymakers to consider embodied carbon emissions in intermediate product trading when allocating carbon allowance under the market strength of ETS.
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INTRODUCTION

China has concerned about further climate change impacts caused by greenhouse gas, and it is undergoing the process of carbon dioxide (CO2) emission reduction. Since 2006, China has been the first rank of CO2 emission in the world and added 0.32 billion tones of CO2 to the atmosphere in 2019. Overall, China emitted 9.83 billion tons of CO2 emissions, 28.8% of the world’s total share in 2019 (BP, 2020). The Paris Agreement was officially in force in 2016. Since then, China was becoming one of the most concerned countries in mitigating climate change. China formally approved Beijing, Shanghai, Tianjin, Chongqing, Hubei, Guangdong, and Shenzhen to practice the “cap and trade” carbon emissions trading scheme (ETS) in 2011. And Shenzhen presented the first practice of ETS in China in 2013. Consequently, environmental and economic impacts of ETS have been a major issue of research over the last decade. The focus of these studies includes carbon price and renewable policies (Koch et al., 2014), firms’ inventory management (Hua et al., 2011), carbon allowance allocation (Daskalakis et al., 2009; Zhang et al., 2018) and financial analysis such as carbon trading and tax (Otaki, 2013; Barragán-Beaud et al., 2018). Regression analyses were used to study economics and environmental impacts of the adoption of ETS pilots in China. For example, the authors demonstrated that the trading carbon volume at Shanghai market would be 6.2 million ton in 2030 (Wu et al., 2016). In other studies, carbon leakage was concerned because products’ consuming places were ignored (Peters and Hertwich, 2008a). To overcome this neglect, consumption-based accounting of CO2 emissions was employed to calculate the exact CO2 emission (Peters and Hertwich, 2008b; Davis and Caldeira, 2010).

Leontief proposed an IO method to capture the relations between sectors and industries in the 1930s (Leontief, 1970). Further, the single region national input-output (SRIO) model was employed to assess the net transfer of CO2 between countries which reveals unfair responsibility on emission and negative impacts on developing countries due to providing the majority of industrial products of the world (Su and Ang, 2013; Kulionis and Wood, 2020). However, studies that focus on policy effect or employ the SRIO model cannot evaluate the spatial distribution of impacts. One limitation of the studies based on SRIO and regression is that they treat the entire state economy as one and incapable of calculating region-wise impacts. On the other hand, the MRIO model can identify trading flows between regions, sectors, and final demand. Therefore, the MRIO model can effectively distinguish the pollutant emissions in other regions caused by the consumption of a given region (Wiedmann et al., 2011).

Implementing carbon ETS pilots could result in regional spillover of environmental and economic impacts due to the interconnected nature of the regional production structure. Hence, it is crucial to quantify the distribution of these impacts to avoid any unplanned consequence of ETS pilots’ expansion. To our best knowledge, few studies quantified the regional spillover effects for ETS pilots implementation in China, which can provide important multi-regional insights for policy management departments to allocate carbon allowance between provinces reasonably. Thus, the multi-regional input-output (MRIO) model is employed in this paper to address the gap of multi-regional impacts of carbon transfer during the ETS pilots period.

The MRIO model enables us to compute the spillover effects of ETS pilots among the six pilot provinces and all the other interconnected regions. These spillover effects can be in the form of change in energy consumption and production volume of different commodities in regions that are not included in ETS pilots. This advantage of MRIO methodology to provide a comprehensive insight into spillover effects across different areas because of planned changes in the economic sectors of a region makes MRIO a robust tool to be used for assessing the impact of planned development. Thanks to the fast evolution of technology, MRIO data panels are available for assessment of the impact of these emerging pilot policies before wide-scale adoption (Liang et al., 2007; Mi et al., 2018). Nowadays, there are several studies that work out net transferred CO2 based on China’s MRIO data table (Meng et al., 2013; Mi et al., 2017). Nevertheless, the multi-regional CO2 flow behind the ETS pilots is not fully understood.

In this paper, we perform calculation analysis and attempt to answer the following two questions: (1) How much would the carbon emissions change pre- and post-the ETS pilots’ intervention? (2) What can we know about the spillover effects that an MRIO can provide for the case of implementing ETS pilots in China? To address these issues, we first compute every province’s CO2 emission considering both the production side and consumption side by using China’s MRIO model and then indicate the direction of CO2 transfer among provinces. The China-MRIO table can capture regional contribution and distribution of CO2 emission.

In sum, this study considers the potential changes of carbon emissions transfer to help understand the effect of ETS policy implementation within China. By breaking up the CO2 emissions into the intermediate trade and final consumption, we can figure out the adjustment of CO2 transfer of the pilot regions and the transfer directions of CO2 emissions. The results of this study could facilitate the optimization of China’s ETS pilots policy and minimize the adverse side effects of the policy implementation on the economy and environment.

The Rest of this paper is organized as follows: we first provide the details about calculating regional level direct and indirect CO2 emission with MRIO analytical framework and the China-MRIO data table. This is followed by details on data sources used for studying energy consumption and carbon footprint between pilots and non-pilots areas of China. In the “Results and Discussions” section, we report our major findings for decomposition of regional level CO2 emissions, embodied CO2 emissions for regional sector using MRIO model and CO2 transfer impact of executing ETS pilots followed by conclusion from the work.



METHODOLOGY AND DATA SOURCES


Calculation of Carbon Emission and Carbon Intensity

In this study, the equation that we use to estimate carbon emissions is defined below (Liu et al., 2016) :

[image: image]

Where CE is CO2 emissions from different sectors of regions, D is the combusted fossil fuels measuring in monetary; and e is the CO2 emission of different types of energy per monetary unit.

By summarizing the emissions from different fossil fuels together, we calculate the emission intensity for a region in the following equation:

[image: image]

where CIr is the CO2 emission intensity for a region, and GDPr is the gross domestic product of that region.



MRIO Model

This paper employs the MRIO model to estimate the spillover effect of carbon transfer under the ETS policy in China. The MRIO model internalizes the stream of commodities and services among areas using inter-regional trading data which present as an MRIO table. The methodology starts with an existing m region MRIO table (Aichele and Felbermayr, 2015). The “Intermediate product” provides the input-output data from a region’s department itself and other regions’ departments; the “Final Product” provides the final consumption data of a region from every region’s departments.

Since the MRIO matrix has been established, area r’s input-output identical equation can be defined as follows:

[image: image]

Where Q is the total output of the system; A is the direct consume coefficient matrix whose elements indicate the number of intermediate products from sector i in region r that produces a unit output for sector j in region s; X is a vector representing the intermediate demand; and Y is a vector representing the final demand, including household consumption, government consumption, fixed asset formation and inventory; EX is a vector indicating the net export.

To calculate the spatial CO2 footprint of economic activities across China, we first construct a carbon intensity matrix which is symbolized by CIr to indicate the CO2 emissions per unit output of region r. If the X, Y, and EX in Eq. 3 are known, then the carbon emissions of departments of region r can be calculated as follows:

[image: image]

Where CIr is a vector whose elements are identified as the amount of direct CO2 emissions per unit GDP; (I - A)–1 is the Leontief inverse matrix.

The net CO2 emission transfer can be calculated as follows:

[image: image]

Where netETr is the net CO2 transfer from region r to other regions. If the netETr > 0, region r is the embodied CO2 importer; respectively, if the netETr < 0, region r is the embodied CO2 exporter.

By breaking it down into different demands, the net CO2 emission transfer of the intermediate demand can be calculated as follows:

[image: image]

Where [image: image] is the net CO2 transfer resulted from the consume and produce of intermediate products; Xpro is the vector indicates the intermediate products produced in region r and consumed in other regions; and Xcon is the vector indicates the intermediate products produced in other regions and consumed in region r.

The net CO2 emission transfer of the final demand can be calculated as follows:

[image: image]

Where [image: image] is the net CO2 transfer resulted from the consume and produce of final products; Ypro is the vector indicates the final products produced in region r and consumed in other regions; and Ycon is the vector indicates the final products produced in other regions and consumed in region r.

The domestic net CO2 emission transfer can be calculated as follows:

[image: image]

Where is [image: image] the net CO2 transfer between region r and other regions in China. If the [image: image], region r imports the embodied CO2 from other regions in China; respectively, if the [image: image], region r exports the embodied CO2 to other regions in China.

Since this study focus on the spillover effect of ETS policy implementation within China, we need to pay attention to the results of Eqs 6–8.



Data Sources

Two types of data are needed in this research, including China’s national MRIO table and annual emission inventories of 30 provinces in China. This research is conducted to analyze the spillover effect of ETS pilots implementation which was carried out in 2013 and 2014. By the way, the shift of labor-intensive and resource-intensive industries in eastern China to the central and western regions is accelerating in 2010, thus selecting 2012 and 2015 as the case study years is helpful to detect the ETS policy’s effects and defects. The data of 2012 MRIO table and 2015 MRIO table are the most recent data that are available from the China Emission Accounting and Datasets (CEADs) (CEADs, 2012, 2015; Liu et al., 2016). The datasets published by CEADs are the results of current research projects funded by the National Natural Science Foundation of China, Ministry of Science and Technology of China, Chinese Academy of Sciences, Science and Technology Research Council UK, Newton Fund, which ensure the accuracy of economic and trade data in the MRIO table. The industries in the 2015 MRIO table were merged into 30 industries to reconcile 2012 and 2015’s different classification criteria. The MRIO table consists of 30 provinces and 30 industrial departments, and the missing data of Tibet, Hongkong, Macao, and Taiwan are unavailable so that this research does not include these regions. Data of energy activities for calculating CO2 emissions was capturing via the National energy balance sheet in China Energy Statistical Yearbook 2013 And China Energy Statistical Yearbook 2016 which recorded previous year data. Besides, carbon emission factors that we use are recommended in the IPCC 2006 guidelines (IPCC, 2014). Due to the China-MRIO table contains four energy industries which are Coal mining, Petroleum and gas, Petroleum refining and coking and Gas and water production and supply, we categorize energy materials that every province consumes into these four energy genres (Wang et al., 2017). Besides, the part of energy materials to convert has to be distinguished which will result in overrating emissions of intermediate consumption and underrating emissions of final consumption (Liu Y. et al., 2015).



RESULTS


Provincial Level Direct CO2 Emission and Emission Intensity


Direct CO2 Emission

Based on the methodology and relevant data files above, China emitted 8,623 million tons (million tons) CO2 in 2012 and 9,231 million tons CO2 in 2015, which are basically matching with the results of existing researches (Liu Z. et al., 2015; Shan et al., 2018). Figure 1 provides an overview of variations of CO2 emissions of 2012 and 2015. In 2012, top five emitting provinces were Shandong, Hebei, Jiangsu, Hebei, Henan, and Guangdong and they shared 41.48% of total emissions. The biggest emitter was Shandong which produced 1,002.54 million tons CO2. In 2015, Jiangsu, Guangdong, Shandong, Hebei, and Zhejiang became the top five spots direct CO2 emissions and they shared 42.27% of total emissions. And then the biggest emitter was Jiangsu which emitted 1,049.12 million tons CO2.


[image: image]

FIGURE 1. Direct CO2 emissions in 2012 and 2015.


The CO2 emitted by six pilot provinces increased from 1,322.47 million tons in 2012 to 1,638.43 million tons in 2015, the differential of which was generated by Guangdong and Hubei. During this period, Beijing, Tianjin, Shanghai and Chongqing decreased their share of direct CO2 emissions while Guangdong raised its share of direct CO2 emissions from 5.80 to 8.52% and Hubei’s share rised from 2.22 to 4.10%.



CO2 Emission Intensity

According to Figure 2, the carbon emission intensity top five were Qinghai, Ningxia, Gansu, Hebei, and Guizhou in 2012, while in 2015 were Ningxia, Xinjiang, Guizhou, Anhui, and Gansu. And the quantity of emission intensity of these regions were in a strong uptrend. It is shown that the emission intensities of the six pilot places remained low. Besides, Beijing, Tianjin, Shanghai, and Chongqing had slightly declined. Correspondingly, Guangdong increased its emission intensity from 0.87 tons per 10 k RMB in 2012 to 1.38 tons per 10 k RMB in 2015 and Hubei’s emission intensity increased from 0.86 tons per 10 k RMB in 2012 to 1.70 tons per 10 k RMB in 2015.


[image: image]

FIGURE 2. Carbon intensities in 2012 and 2015.




Carbon Footprint

Implementing ETS pilots induces new regional throughput for the whole of China. Using Eqs 8, 9, we calculate 30 provinces’ carbon footprint of production and carbon footprint of consumption in 2 years, respectively, and the results are presented in Table 1.


TABLE 1. CO2 emissions and transfer calculation of 30 province in China in 2012 and 2015 (Unit: Mt).

[image: Table 1]

Carbon Footprint of Consumption

Beijing, Tianjin, Shanghai, Hubei, Guangdong, and Chongqing increased much more CO2 emissions by 146.08 million tons, 30.04 million tons, 229.79 million tons, 234.02 million tons, 780.92 million tons and 190.79 million tons, respectively, through consuming intermediate and final products from other provinces from 2012 to 2015. In 2012, the pilot regions contributed 24.2% of consumption-based CO2 emissions. And in 2015, the pilot regions shared 27.6% of the carbon footprint of consumption.



Carbon Footprint of Production

From 2012 to 2015, the majority of provinces were increasing their CO2 emissions due to production activities within the province boundary. Only Beijing, Tianjin, Shanghai, Sichuan, and Yunnan’s carbon footprint of production were declining. Beijing’s carbon emission of production dropped from 147.43 million tons in 2012 to 75.00 million tons in 2015. Tianjin reduced about 96.36 million tons of carbon emissions in production activity. And Shanghai decreased slightly by 9.17 million tons.



Carbon Transfer of Provinces

According to Figure 3, Beijing’s domestic CO2 emissions transfer in 2015 was −395.74 million tons which were more than twofold that in 2012. Tianjin’s net CO2 emissions transfer was −109.30 million tons which was reversed a lot in volume from 2012. Shanghai’s net CO2 emissions transfer was −238.46 million tons which was about fourfold that in 2012. Guangdong’s net CO2 emissions transfer was −575.63 million tons which is much higher than that in 2012. This situation also emerged in Chongqing.


[image: image]

FIGURE 3. Details of CO2 transfer in 2012 and 2015.


In addition, we can figure out that Hebei, Inner Mongolia, Xinjiang, Ningxia, Shanxi, and Anhui digested the vast majority of CO2 emissions transfer. Their CO2 emissions imports dramatically increased by hundreds of million tons. Their transferred-in quantities increased 429.89 million tons, 390.62 million tons, 392.09 million tons, 347.94 million tons, 281.27 million tons, and 167.21 million tons, respectively, in 2015.

In terms of the CO2 emissions transfer of two types of products, Beijing, Tianjin, Shanghai, Hubei, Fujian, Guangdong, and Chongqing increased much more CO2 emissions exports by 228.49 million tons, 118.99 million tons, 186.43 million tons, 99.48 million tons, 66.03 million tons, 474.47 million tons, and 177.77, respectively, by consuming intermediate products from other provinces in 2015. Hebei, Shanxi, Inner Mongolia, Anhui, Ningxia, and Xinjiang augmented a lot of importing CO2 by 430.59 million tons, 280.56 million tons, 386.80 million tons, 155.65 million tons, 345.90 million tons, and 383.72 million tons due to providing much more intermediate products relatively in 2015. In addition, Jiangsu, Zhejiang, Hunan, and Hubei were the same bearing transferred-in CO2 emissions due to providing final products although they transfer CO2 emissions out by purchasing intermediate products.



Carbon Transfer Between Provinces

The details of multi-regional CO2 emissions transfer in 2015 for analyzing transferring properties between provinces are calculated and shown in Table 2. It must be noticed that the row data express the transferring volume of CO2 by consuming intermediate and final products provided by other provinces. For example, the data located at the second line and third column indicated that Beijing transfers CO2 to Tianjin by using Tianjin’s intermediate and final products.


TABLE 2. Details of multi-regional CO2 emissions transfer for consuming intermediate and final products.

[image: Table 2]As mentioned previously, the quantity of CO2 transfer of the six pilot places had increased a lot in 2015 compared to the volume in 2012. Guangdong was the biggest CO2 exporter in 2015, and it mainly transferred to Jiangsu (79.36 million tons), Anhui (86.07 million tons), Hebei (74.47 million tons), Henan (38.89 million tons), and Ningxia (38.54 million tons) which indicated that Guangdong used these regions’ products as primary sources. Followed Guangdong, Beijing was the second CO2 exporter who mainly transferred to Inner Mongolia (34.99 million tons), Hebei (59.82 million tons), Jiangsu (46.98 million tons), and Anhui (41.88 million tons). Overview, we can figure out that embodied CO2 emissions continued to flow to nearby provinces and Northern, central and northwest provinces of China which were also poorly-developed in economics according to Table 2. Interestingly, Jiangsu, a developed province whose GDP ranked second place after Guangdong in 2015, accepted embodied CO2 emissions from pilot regions as a primary recipient. It is believed that Jiangsu created increment mainly through manufacturing.



DISCUSSION

The present study was designed to determine the effect of ETS implementation on multi-regional carbon footprint in China. The MRIO analysis results showed that the six early pilot provinces enhanced their CO2 emissions exports from 372.48 million tons in 2012 to 1631.63 million tons in 2015 after ETS policy implementation.

From the standpoint of direct carbon emissions, the reduction potential of pilot regions was limited. However, the results showed that the carbon emission intensity of pilot regions remained low even a bit lower, which may be explained by the development of tertiary industry and allow them to create more value with less energy consumption. This encouraging result indicates that both to develop and to reduce emission and it had better further consider improving the combustion efficiency.

In terms of emission responsibility, the summarizing carbon footprint of the production of six pilot regions declined by 4.15% from 2012 to 2015, while the six pilot regions’ summarizing carbon footprint of consumption increased about 3.39% from 2012 to 2015. From a life cycle perspective, the upstream material consumption in these pilot regions was becoming higher than other regions from 2012 to 2015, for this kind of material required more fossil fuel. Despite the demand within the province boundary, some regions can only develop through undertake high energy consumption industries. For example, Ningxia, Xinjiang, Guizhou, Anhui, and Gansu had much higher carbon intensity in 2015 which indicated that they were producing on low combustion efficiency. These regions were underdeveloped but full of natural resources and inevitably resulted in more carbon emissions in development.

Although some pilot regions decreased their direct carbon emission and carbon emission intensity, the carbon leakage should take into consideration in defining CO2 emissions responsibilities, especially the influences on central and western regions of China. According to the calculation above, the pilot regions created much more carbon emission exports comparing to the number of carbon exports in 2012. Conversely, during that period, some provinces endured heavy CO2 emissions imports. In response to environmental regulations, the pilot regions tended to eliminate backward production and purchased high energy consumption products depending on imports from other regions, which could lead to carbon leakage.

The immense quantity of carbon leakage in China makes it necessary to balance the economy and environment between regions. Thus, laws and regulations should be further improved to regularize actual carbon emissions. Moreover, introducing innovation factors into the western regions with the aid of “China’s Western Development Strategy” could improving these backward regions’ green economic efficiency encouragingly (Yang et al., 2018).



CONCLUSION

Growing concerns about the impact of greenhouse gas emissions due to rising population and energy demand are leading to the adoption of comprehensive package policies. The CO2 ETS can play a significant role in reducing CO2 emissions and the policy’s spillover effect should be concerned as well. Therefore, a China-MRIO model was conducted to estimate the spillover effect of ETS implementation in China from 2012 to 2015. In this study, we could demonstrate that the adoption of ETS in six pilot provinces has had a huge positive environmental impact on themselves but negative impacts on the rest of China.

In this paper, the CO2 emissions on production based and consumption based of 30 provinces were calculated, respectively, by using 2012 MRIO table and 2015 MRIO table. And then the CO2 transfer among provinces in 2012 and 2015 was computed to capture the spillover effect. The direct CO2 emissions of pilot regions like Beijing, Tianjin, Shanghai, and Chongqing were reduced, while Guangdong and Hubei which were members of pilot regions increased their direct carbon emissions. Hebei, Shanxi, Inner Mongolia, Ningxia, and Xinjiang increased a mass of transferred-in CO2 emissions mainly by providing intermediate products, which indicated that ETS pilot regions had transferred a great amount of embodied CO2 emissions to underdeveloped areas by cutting down intermediate products production and enhancing intermediate products trading. These phenomena also happened in final products trading.

The high emission intensities of central and western China’s regions are the first reason for their high carbon emissions for input-output processes. The development of the east and the west is still unbalanced. There should be great variation in resources endowment, economic size, environmental capacity and industrial structure. The low carbon reduction policy is needed to be developed according to the local conditions. The eastern regions of China possess advanced technologies, human talents and intellectual resources, which must place priority on strategic high-tech industries. The rest regions of China need to take due development of forward-looking strategic industries with technology and assistance from the eastern regions of China under Environmental strict constraints.

Moreover, it is necessary to consider building a sound carbon emission credits allocation system based on multi-regional net CO2 transfer. The embodied carbon transfer among regions results from regional division. With the deepening of regional division, cooperation and commerce, the consumption side should share responsibility with the production side with the support of clearing up carbon transfer direction.

According to the results shown above, China’s ETS policy is facing challenges to CO2 emissions management in multi-regions. The ETS policy is considered as an effective tool to reach the 2030 carbon-neutral vision under the strength of market regulation. However, the 30 provinces of China offer a wide variety of economics and development stages. To guarantee economic growth, underdeveloped areas are likely to undertake more industrial manufacture with much more carbon emissions. Therefore, when allocating carbon allowance, policymakers should not only consider the direct carbon emissions but also be aware of embodied CO2 emissions that happened in product trading, especially intermediate product trading. Thus, it is helpful to reduce employing intermediate products that require high consumption of energy of downstream companies and promoting efficiency in the production process.
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This article critically examines the Coal to Clean Heating Project (CCHP) implemented in rural northern China from a policy process perspective. On the one hand, CCHP is an effective environmental policy that has reduced a large quantity of low quality bulk coal; on the other hand, however, it has created mounting socio-economic and political challenges, pushing the well-intended project into a deep dilemma. Moreover, existent discussions tend to attribute the dilemma to the “inappropriate implementation” of street-level bureaucrats. Through the lens of policy process, this article identifies key features of five critical temporal stages of CCHP: agenda setting, policy formulation, policy implementation, policy evaluation and policy adjustment. It illustrates that the policy process of CCHP has followed a politics-administration-dominated approach characterized by both positive attributes such as rapid resource mobilization and efficient implementation, and negative factors such as deficient policy design, overuse of mandatory instruments, and neglect of social acceptance. The major challenges that CCHP currently faces are identified, and policy implications are proposed based on the insights drawn from the policy process perspective. It concludes by highlighting the complexity of energy transition and the strength of linking energy transition research with a policy process perspective.
Keywords: clean heating, double substitution, coal-to-gas project, coal-to-electricity project, policy process
INTRODUCTION
The long-standing coal-dominated energy structure has made China the largest coal consumer in the world (Wang and Li, 2016), and also a prominent contributor to the severe air pollution in contemporary China (Ma et al., 2017; Xie et al., 2020). Among multiple patterns of coal usage, civil bulk coal, a type of low quality and unprocessed raw coal, consumed by rural households, was found to be particularly harmful to air quality in northern China (Liu et al., 2016; Zhang et al., 2017; Xie et al., 2020). To tackle the air quality crisis, China initiated an ambitious and arguably the toughest-ever action plan, Air Pollution Prevention and Control Action Plan, in 2013. One critical section of the 2013 Action Plan is CCHP, a state-sponsored energy project aiming to radically transform the coal-dominated heating energy structure to cleaner energies (e.g., natural gas, electricity, centralized heating systems, as well as renewables such as solar) in northern rural China.
Since its first appearance in the 2013 Action Plan, CCHP has been implemented, sporadically at the beginning but intensively since 2017, for eight years in China so far. As of 2020, more than twenty five million rural households have been taken into the mega project (MEE, 2020a). 43 municipal cities from BTH and other key regions of air pollution have been selected as pilot sites for CCHP. The progress appears exceptionally remarkable. As a de facto environmental policy, CCHP has contributed significantly to air quality improvement (Zhang et al., 2019a; Zhang et al., 2020). Li Ganjie, the former Minister of MEE, claimed that the CCHP contributed approximately one third to the improvement of air quality in northern China (Li, 2018). However, despite the encouraging environmental effects, grave challenges have been exposed in recent years, including insufficient and unstable energy supply, unbearable energy costs, and brutal behaviors of street-level bureaucrats in implementation, which have been dragging this mega project into a deep dilemma and uncertainty. Numerous comments and reports from social media and governmental systems regarding the current situation of CCHP center on the dimension of implementation, taking the misbehaviors of local implementers as the major reason for the dilemma (An, 2017; Chu, 2018; Zhao, 2021).
The brutal and “one-size-fits-all” behaviors of street-level bureaucrats surely should be criticized, while overemphasis on it would obscure the flaws of the entire policy system. The persistent exposure of social dissatisfaction and mounting queries about the design of the project since 2017 have pointed to more complicated problems beyond the misbehaviors of local officials. Academic literature has not attended to this issue systematically, although researchers have started to evaluate the effectiveness of the project based on specific locations with different evaluation parameters (Wang et al., 2019a; Barrington-Leigh et al., 2019; Zhang et al., 2019b; Gong et al., 2020; Hu, 2020; Wu et al., 2020; Yan et al., 2020).
Furthermore, energy transition studies in general have mostly focused on specific policy stages or policy output through policy content analysis, and regrettably neglected the critical implication of long-lasting, politically contested policy process (Kern and Rogge, 2018). An explicit consideration of policy process is particularly instrumental to understanding the impacting factors of policy instruments and innovations, the causal link between policy-making and policy implementation, as well as to develop well informed policy recommendations (Grossman, 2015; Thomas, 2016; Kern and Rogge, 2018).
Given that gap, this article, from the lens of policy process, critically examines the evolutionary process of CCHP, and identifies defining features of five critical sub-stages: agenda setting, policy formulation, policy implementation, policy evaluation and policy adjustment. The lens of policy process allows us to challenge the prevailing discussions that attribute the current dilemma to the poor implementation of local bureaucrats. Instead, this study contends that the whole project was built on a poorly articulated and integrated policy framework, and without thorough reflection and adjustment of the whole policy process, the likelihood of achieving successful transition by CCHP remains grossly challenging.
The data utilized in this article stem from three sources. The first source is the policy documents associated with CCHP at different levels of administrations, which can provide valuable information about the policy design and adjustments. For data collection, policy documents from national-level administrations were collected through searching major governmental websites, covering the State Council, MEE, NEA, and NDRC, among others. For local governments, given the vast diversity, Beijing Municipality and Hebei Province, two typical regions for CCHP, were selected as representatives to collect local policy documents. More than fifty policy documents from various administrations associated with CCHP ranging from 2013 to 2020 were collected.
The second source is reports and commentaries from social media, which can provide valuable information about the social feedback and interactions between government and the society during the rollout of CCHP. For official media sources, People’s Daily, Xinhua Net, China Energy News, and China Environment News, among others, were consulted; for independent media, Caixin, Beijing News, and Southern Weekly, among others, were consulted. In addition, since 2017 the author has intentionally accumulated news and reports associated with the issue from multiple sources, including social network apps, such as Weibo and Wechat. After phasing out repetitive contents, over one hundred of original reports and commentaries were collected. The third source is peer-reviewed papers and academic reports. The author searched both international and domestic academic databases to acquire a complete literature of CCHP. For international literature, two major databases were searched: Web of Science and Scopus, with key words associated with CCHP, i.e., “coal to gas”, “coal to electricity”, “coal substitution”, “double substitution”, “bulk coal control”, “clean heating”, and “China”, ranging from 2013 to 2020. Searching results show that over two hundred articles focus on the technological aspects of heating devices, and only about thirty peer-reviewed English papers that study the policy aspects of CCHP. For domestic literature, the author searched the largest database, China National Knowledge Infrastructure (CNKI), ranging from 2013 to 2020, and acquired more than thirty peer-reviewed papers associated with CCHP. This set of data is also supplemented by a dozen of survey reports published by university researchers and independent NGOs. The author believes these three sets of data are sufficient enough to evaluate the CCHP project in an overall sense. Nonetheless, limitations deserve to be mentioned. CCHP has been implemented in highly heterogeneous contexts across nearly ten provincial level regions and tens of prefecture-level cities. Therefore, local variations, particularly in the stage of policy implementation, must to a varying degree exist, which however are not discussed in this paper. 
The article is organized as follows. Historical Background and Practical Progress of Coal to Clean Heating Project briefly introduces the overall background and progress of CCHP. The Policy Process of Coal to Clean Heating Project provides an analysis of CCHP from the policy process perspective, according to the five policy stages. Based on the analysis, Policy Implications: Insights From the Policy Process Perspective proposes relevant policy implications drawn from the insights of the policy process perspective. Conclusion concludes the article with an emphasis of the complexity of energy transitions and a call for linking energy transition research with a policy process perspective.
HISTORICAL BACKGROUND AND PRACTICAL PROGRESS OF COAL TO CLEAN HEATING PROJECT
The Historical Background of Coal to Clean Heating Project
CCHP is derived from the deterioration of air quality in the BTH region since the beginning of the 2010s, when heavy smog provoked mounting and fierce public discontent (Wang, 2013; Aunan et al., 2018). Identifying the causes of and solutions to the heavy air pollution has become the most popular research subject since the severe smog events in 2013 (Wang, 2013; Xu et al., 2013). Among various findings, coal was universally identified as one of the primary causes for the increased level of PM2.5—one of the major constituents of smog in northern China (MEE, 2019). Furthermore, among different patterns of coal consumption, bulk coal consumed in winter heating by rural households was found as one direct reason for heavy smog during winter season (MEE, 2019). As estimated, the quantity of civil bulk coal in rural regions amounted to 220 million tonnes in 2015, taking up 94% of national civil bulk coal consumption (He and Li, 2017) (see Figure 1). Of the bulk coal consumption for rural civil life, over 90% is used for residential heating. Moreover, rural heating bulk coal was found to contribute 30–50% of PM2.5 concentration in northern China during autumn-winter season (Wang Z et al., 2019b).
[image: Figure 1]FIGURE 1 | Major sources and constituent structure of Chinese bulk coal (Unit: Million Tonnes). Data Source: Adapted From (He and Li, 2017).
To improve air quality, bulk coal for rural heating must be reduced significantly (He and Li, 2017). Since 2013, particularly from 2017, an array of national initiatives and policies have been launched to direct, guide, and regulate the implementation of CCHP in northern China, particularly in the BTH and surrounding regions, including Shanxi, Henan and Shaanxi provinces. Correspondingly, multilevel regional and local governments issued numerous regional plans and concrete measures to execute the grand project. In terms of national-level polices, as Table 1 shows, a comprehensive policy package has been enacted by national-level administrations, including general national plans, sectoral plans from MEE and NEA, ad hoc working schemes, and supportive policies. Local governments at different levels were requested to issue corresponding plans and polices. As a result, within a short timeframe, a comprehensive and systematic policy package has been established to promote CCHP (as illustrated by Figure 2).
TABLE 1 | Summary of major national level policy documents regarding CCHP.
[image: Table 1][image: Figure 2]FIGURE 2 | The policy package of CCHP.
The Progress of Coal to Clean Heating Project in Practice
In practice, it was only until 2017 that CCHP started to be promoted by local governments in an intensive manner. Between 2013 and 2016, most local governments from northern China focused on policy measures such as transportation regulations and coal reduction and replacement in industrial sectors. Only a limited number of cities took efforts to conduct CCHP during this period. Due to its special political position and severity of air pollution, Beijing Municipality pioneered in bringing CCHP into practice. In 2013, Beijing initiated a special action plan in its rural area: “Reduce Coal to Exchange Clean Air”, of which CTE project was an important constituent part. From 2015, Beijing and a few cities from Hebei Province (such as Shijiazhuang and Xingtai) started to initiate CTG pilot projects. Nonetheless, the implementation of CCHP was largely conducted in a sporadic and tentative manner before 2017.
As the assessment year of the 2013 Action Plan, 2017 was a critical time for CCHP. Local governments faced tremendous political and administrative pressure to accomplish the environmental targets set by the Plan. Meanwhile, the central government started to offer financial support to enforce CCHP, which provided strong incentives for local governments to grasp the opportunity to rapidly enforce implementation. Driven by multiple factors, local governments have acted very aggressively from 2017, with the achieved quantities significantly exceeding the planned goals, as shown by Figure 3. The four-year rollout has taken over 25,000,000 rural households from northern China into CCHP (He and Li, 2020). By the end of 2020, all the plain villages in Beijing have been covered by CCHP. Hebei Province alone has promoted CCHP to approximately eight million rural households by 2020. Among the multiple technological models, CTE and CTG are the two dominant ones, taking up more than 90% (He and Li, 2020).
[image: Figure 3]FIGURE 3 | The planned goals and achieved quantities of CCHP from 2017 to 2019. Source: adapted from He and Li (2018, He and Li, 2019, He and Li, 2020) and various policy documents and reports.
Besides, the geographical scope of CCHP targeting area has been expanded rapidly. In 2017, BTH and surrounding areas (i.e., Shandong, Shanxi and Henan provinces) were the key regions, and 28 cities i.e., the 2 + 26 air convey corridor cities, from these regions were set as the key cities of clean heating transition. In 2018, Fen-Wei River Plain Area in western China (including 11 cities from Shanxi Province and Shaanxi Province) was taken into the list. Moreover, the central government selected cities for policy experimentation, and the number of pilot cities has kept expanding from 12 in 2017 to 43 in 2019 (He and Li,). The financial support from the central government for pilot cities has also increased dramatically from RMB 7.8 billion in 2017 to 15.2 billion in 2019 (Ministry of Finance (MF), 2020); the financial expenditure from local governments has been much more than that from the central government. From 2017 to 2018, the subsidy funding from local governments for CCHP was up to RMB 55.5 billion, over twice more than that from the central government (He and Li, 2019).
With rapid advance, CCHP has made considerable contribution to bulk coal reduction and air quality amelioration. CCHP facilitated to reduce approximately 100 million tonnes bulk coal by the end of 2019 (MEE, 2020b). Meanwhile, air quality improvement has been well observed (see Figure 4). Compared to 2013, the PM2.5 concentration of BTH and surrounding areas in 2017 has reduced by 40%, surpassing 25% of the target set by the 2013 Action Plan (Wang et al., 2019a). Besides, observable health effects of reducing indoor pollution created by bulk coal have also been reported (Barrington-Leigh et al., 2019; Wu et al., 2020).
[image: Figure 4]FIGURE 4 | Key indicators of air quality improvement in BTH and Surrounding Areas from 2013 to 2020. Source: adapted from MEE Annual Report (2013–2020).
However, the rapid progress has been accompanied by numerous problems and doubts since the winter of 2017. Issues about energy security, weak social acceptance, technological immaturity and the most heatedly reported inappropriate implementation by local governments, among others, have been constantly exposed and pushed the mega project into deep dilemma. The project through an incorporation with the framework of policy process will be critically discussed in next section.
THE POLICY PROCESS OF COAL TO CLEAN HEATING PROJECT
Policy process is broadly defined as an analytical framework encompassing different policy stages and driving variables (Sabatier and Weible, 2014). A multiplicity of theoretical frameworks have been developed to understand the complexity of policy processes (Kern and Rogge, 2018). This article does not intend to focus on any specific policy stage or variable from a singular theoretical perspective, but takes the policy process as a systematic framework composed by a couple of interconnected and integral parts (Wu et al., 2010; Kern and Rogge, 2018). Confronted with increasingly complex and challenging socio-political environments, achievement of policy goals entails integrated policy processes that coherently and systematically link different parts of policy processes (Wu et al., 2010). Given that justification, this article examines the features of five key stages of CCHP’s policy process: 1) agenda setting, 2) policy formulation, 3) policy implementation, 4) policy evaluation and 5) policy adjustment. This approach illustrates that CCHP has been poorly articulated in the policy process and requires thorough and systematic reconsideration and readjustments. Merely focusing on the implementation section, i.e. blaming the “inappropriate behaviors” of local implementers, offers little help in improving the effectiveness of CCHP in the future.
Agenda Setting
Agenda setting is the initial stage of a typical policy process. At this stage, potential public problems are identified and confirmed, and then attempt to catch political attention, so that specific public policies enter into the agenda list of decision-makers. The agenda setting of China’s public policies has followed multiple models contingent upon varied spatiotemporal contexts (Wang et al., 2019b; Yang and Li, 2019; Zhao and Xue, 2017). Wang (2008) argued that public policies in China have taken multiple agenda setting models according to different situations, and currently a popular-pressure model has become increasingly prevalent. In this model, powerful public pressure pushes decision-makers to respond promptly, with solutions quickly formulated and rolled out. The proposal of bulk coal reduction was triggered by air quality crisis in northern China, which was so severe that acute public discontent was produced, ultimately taking air pollution mitigation into the political agenda (Aunan et al., 2018). From 2013, ameliorating air quality as rapidly as possible has become a national imperative which needs to be tackled at all costs (Jin et al., 2016). With support from associated scientific research, replacing coal with clean energies became a logical and plausible roadmap (He and Li, 2017; Wang Z et al., 2019b). In this sense, air pollution mitigation measures are a set of responsive actions to public pressure, and CCHP was taken as an integral part of these actions. One critical issue in the agenda setting of CCHP is an evident mismatch between those who pushed it to political agenda (mostly well-educated middle class from first-tier cities, such as Beijing) and those who are mostly affected by its implementation (e.g. rural residents) (Cao and Hu, 2019; Hu, 2020). The voice of rural residents—a silent and weakly represented social group in China—failed to enter into the agenda setting, which left grave repercussions for subsequent policy processes. To a certain degree, popular pressure can be powerful in prioritizing public agenda, but can also be vague in policy design, which may jeopardize policy effectiveness eventually (Wang, 2008; Zhao and Xue, 2017). As widely found in China, hasty agenda setting driven by political concerns often results in deficient policy design, partial policy goals, short-termism in implementation, and ignorance of deep-seated social problems (Wang, 2008; Wu et al., 2010; Zhao and Xue, 2017). As shown below, the agenda setting of CCHP prioritized environmental concerns over other concerns such as technological suitability, social acceptance, and energy security, among others, which buries “time bombs” for subsequent policy implementation.
Policy Formulation
Policy formulation is the process that how solutions to some public issues are sought and formulated, which results in promulgation of specific forms of policy output (Wu et al., 2010). Here three key aspects of the policy formulation of CCHP are discussed: the first is about how specific technological models, i.e., CTG and CTE, were taken as the major solution; the second asks what were the policy objectives of CCHP and how they were set; and the third presents how policy experimentation, a distinctive model of China’s policy process, worked in the policy formulation of CCHP.
Selection of the Dominant Technological Models
As reviewed in Historical Background and Practical Progress of Coal to Clean Heating Project, CCHP was not taken as a major measure between 2013 and 2016 by either the central government or local governments. Most regions mainly concentrated on promoting clean briquette and matched stoves to substitute bulk coal (Wei et al., 2016). Yet, the clean briquette substitution strategy achieved disappointing progress, due to poor properties of clean briquette (e.g., high price, difficult to burn), difficulties in controlling bulk coal market, and weak incentives from local governments (Wei et al., 2016; Focus Interview, 2017). In a sense, local governments were waiting for advanced technological models to accomplish the tasks of bulk coal reduction. In the middle of 2016, CAE, the top tier academic institute of engineering in China, conducted a mid-term evaluation of the progress and effectiveness of the 2013 Action Plan. Among various findings, the evaluation report explicitly listed rural civil bulk coal for heating as one of the most prominent factors for severe winter air pollution, which had not been systematically attended to by that time (CAE, 2016). As a result, the report advocated coal-to-electricity and coal-to-gas transition of residential heating as major measures to reduce consumption of civil bulk coal in BTH rural region, in order to achieve the target of the 2013 Action Plan by 2017 (CAE, 2016). The CAE report played a critical role in the formulation of CCHP. As, Lei Yu, a high-ranking official from MEE, stated, “The mid-term evaluation report helped the central government make the mind. The government provides sufficient administrative resources to promote coal-to-gas and coal-to-electricity, such as financial subsidy, top-down task assignment, among others. It is not just ‘encourage’ anymore (as before), which made you (local governments) act slowly”. (Huang et al., 2017).
What’s more, a few rounds of heavy air pollution swept Beijing and surrounding areas in the winter of 2016, which further accelerated the policy formulation of CCHP (Huang et al., 2017). Most importantly, CCHP gained strong and explicit political support at this time. In December, 2016, President Xi Jinping explicitly spoke for CCHP in a high-end meeting, 
“Promoting clean heating in northern China matters significantly, which is about to make the people live a warm winter, about the reduction of smog, and is an important section of the revolution of energy production and consumption, as well as the revolution of rural life style. It should be promoted according to the principle of ‘enterprises play the major part, government promotes it, and residents can afford it’. Choose gas or electricity based on local conditions, and try best to improve the proportion of clean heating.” (Xinhua Net, 2016)
Before long, Premier Li Keqiang listed CTG and CTE projects as a major administrative task in his annual government report in March, 2017. Hereto, driven by strong political and administrative mobilization, scientific justification and external driver from climatic conditions, the “windows of opportunity” for CCHP, particularly CTG and CTE projects, opened. In consequence, from the beginning of 2017, an array of policies from central administrations were intensively issued to enforce CCHP. Aggressive tasks were assigned to local governments to accomplish before the end of October in 2017.
It should be noted that suspicion of the proposed technological models was not absent in the scientific realm, even within CAE itself. Despite scientists in general approve that civil bulk coal is a major contributor to severe air pollution in northern China, they hold different viewpoints regarding technological roadmaps, particularly for technological models in the dispersedly distributed countryside. Doubts were raised in two aspects, mainly regarding the CTG model (Zhang, 2019a; Tao, 2019). Firstly, natural gas should not be taken as clean energy, since its combustion also generates NOx—a major air pollutant. Secondly, the coal-dominated natural energy endowment of China makes radical coal replacement unrealistic, and heavy reliance on import of natural gas generates high risks of energy security. A more practical approach hence is to improve building insulation and utilize clean briquette (together with advanced stoves) to replace bulk coal in rural areas (Kou, 2017; Tao, 2019). However, these scientific suspicion was marginalized in the policy formulation of CCHP.
Another critical issue is that the temporal gap between policy output and outcome is exceptionally short. Premier Li Keqiang announced the tasks in March 2017, leaving only approximately six months for local governments to put into practice. The short timeframe pressured local governments to accomplish their tasks as quickly as they could. They had few choices but to follow the two models proposed by the central government. Moreover, most local governments at the beginning preferred CTG model among the two due to its attributes of technological maturity, lower costs, and higher feasibility of rapid promotion (Liu et al., 2019). In this process, the public, more specifically the energy enterprises and the recipient communities, were largely excluded in the decision-making of technological model selection.
Setting Policy Objectives
Policy objective setting is an important part in policy formulation. Low-carbon energy policies are frequently situated in a difficult position to satisfy multiple (often conflicting) objectives, including objectives regarding economics (accessibility and affordability), politics (energy security) and environment (emission reduction). In practice, each of these objectives or concerns tends to drive energy policies toward its own direction (Heffron et al., 2018). Energy policies that manage to balance these multiple objectives serve the best option in policy-making (Heffron et al., 2018). Poorly aligned policy objectives frequently lead to policy failure in public policies in general (Wu et al., 2010), and in sustainable transitions in particular (Howes et al., 2017). Although not explicitly stated in the policy documents, CCHP was propagated as a national project with two goals (i.e., environmental and developmental): 1. to ameliorate air pollution in northern China, and 2. to improve the living standards of rural people through accessing clean and affordable energies. However, CCHP was originally nested in the air pollution mitigation framework, and its effectiveness is measured only by three major environmental indicators, i.e., the decreasing quantity of bulk coal, the decline degree of key pollutant density (i.e., PM2.5 and SO2), and the number of reduced heavily polluted days (Wang et al., 2019a). Indicators of well-being and life quality of the recipients were explicitly absent in the policy texts. Namely, the evaluation standards mainly point to the scale of civil bulk coal reduction estimated by the quantity of households that participate in CCHP. The partiality of policy goal setting in this stage induced local governments to concentrate on those environmental indicators, which generated severe consequences as shown in subsequent policy processes.
Conducting Policy Experimentation
Policy experimentation is a distinctive feature of Chinese policy process (Heilmann, 2008; Lo and Broto, 2019). In policy experimentation, pilot projects are initiated to test and evaluate the effectiveness of different policy methods and examine the reactions from the society, before formal policy formulation and implementation (Heilmann, 2008). In light of that, policy experimentation is a valuable strategy of selecting appropriate policy instruments and achieving effective policy outcomes in the context of China’s vast socio-economic heterogeneity (Heilmann, 2008). The experimentation model was also adopted in the policy process of CCHP. In 2017, the central government selected 12 cities to conduct cleaning heating pilot projects, and the number was enlarged to 43 in 2019. However, it falls short in two aspects. Firstly, common policy experimentation commences before formal policy formulation and rollout, in order to learn the real effectiveness of different policy designs. In CCHP, however, pilot programs and national-scale promotion were conducted simultaneously, which resulted in ignorance of many social problems generated by CCHP in subsequent implementation. Secondly, the technological roadmaps for pilot cities were basically confined to the two main models proposed by the central government, although the policy texts ostensibly encouraged the pilot cities to explore multiple technological models. Consequently, policy experimentation of CCHP failed to provide real-world feedbacks of different technological models; instead, most pilot cities promoted CCHP blindly and aggressively in order to fulfill administrative tasks and grab financial support.
This section shows that the formulation of CCHP has been mainly driven by political and administrative dynamics, and largely overlooked the societal aspects. The selection of technological models and the policy experimentation were poorly coordinated, which challenges the frequently heard comments that the policy design of CCHP is correct, and problems lie with the implementation at the local level (Li and Feng, 2017; Chu, 2018; Li, 2018).
Policy Implementation
Policy implementation represents a complicated process of putting formulated policies into practice, and involves multiple aspects, such as participant groups, organizational mechanisms, and selection of policy instruments, among others (Stewart et al., 2007). This section focuses on two aspects of the implementation of CCHP: 1. the major approach in terms of organizational mechanisms; and 2. the selection of policy instruments.
Top-Down Administrative Mechanisms
The policy implementation of CCHP took an explicit top-down command-and-control approach by the administrative system (He et al., 2019; Qi and Xiao, 2019). First, the extensive promotion of CCHP was proposed, designed, and driven by the central government. Local governments in general were pushed to implement the policy tasks assigned by the central government. As mentioned above, it was the call from the central government that truly drove local governments to enforce this project. The enforcement pressure was vertically channeled from the central down to the county and township level administrations, as summarized by Figure 5. Pressure from every layer of administration would push their lower level administration to add more tasks. In the vertical administrative chain, county level and beneath administrations had little autonomy in the decision-making but simply served as policy executors in order to fulfill the tasks set by upper level administrations. Furthermore, the central government has established stringent inspection institutions since 2013, wherein the responsibility of air quality amelioration was transferred from environmental administrations to local governments, or more specially, to the principal leaders of local governments (Clean Air Asia, 2019). Hence, local leaders hold accountability for the air quality indicators, through mechanisms such as seasonal report, semiannual inquiry, annual accountability, and reinforced inspection, among others. According to the inspection rules, failing or even being slow to meet the targets would negatively impact the evaluation of those local leaders, so that immense pressure was created and transmitted layer by layer down to the local administrations (Clean Air Asia, 2019).
[image: Figure 5]FIGURE 5 | The top-down policy implementation mode of CCHP.
Policy Instruments Dominated by Mandatory Ones
Policy instruments are an integral part of policy implementation, serving as concrete methods in policy execution. Due to extreme complexity, policy instruments have been categorized diversely by scholars based on different criteria. This article adopts the widely used classification according to mandatory degree, which groups policy instruments into three major types: mandatory, mixed and voluntary instruments (Doren and Phidd, 1992; Howlett and Remash, 1995). A combination of multiple instruments were supposed to be taken to enforce CCHP, as shown by the policy design from the central government (see Table 2). The mandatory instruments manifest in three aspects. First, political mobilization is a decisive instrument adopted by all levels of administrations to enforce CCHP. In the policy discourse, the political significance of CCHP was explicitly and repeatedly stressed, whereby this project was constructed as a grand political task. Policy documents, work reports, and social media commentaries constantly quoted President Xi’s speech on clean heating to accentuate the political significance of CCHP. Second, as discussed above, the central government designed specific organizational mechanisms to implement CCHP. A range of ministry-level administrations, such as NDRC, MEE, NAE, MHURD and MF, among others, were organized into an ad hoc leading group, with clear function divisions and coordinated institutions. Correspondingly, local governments were required to establish specific organizational entities and mechanisms to promote CCHP (Song et al., 2019). Figure 6 shows a typical organizational approach that local governments adopt. To be clear, Figure 6 takes Beijing City as an exemplar, and various policy documents and governmental websites show that other provinces followed a similar approach. This highly centralized administrative mechanism can efficiently mobilize various resources to implement the project. Third, various administrative regulations were issued to enforce CCHP, including administrative tasks, rules and arrangements of evaluation and inspection, and energy price regulations, among others.
TABLE 2 | Major policy instruments of CCHP as implied by the policy discourse.
[image: Table 2][image: Figure 6]FIGURE 6 | The organizational mechanism for CCHP of Beijing City. Data source: adapted from CCHP related policy documents of Beijing (Beijing, 2018).
For mixed policy instruments, four aspects can be observed in CCHP. The first, also the foremost, is substantial subsidies from various levels of administrations to project recipients. The amount of ultimate subsides is contingent on the financial ability of local governments. In general, Beijing and Tianjin, the two wealthiest municipalities in northern China, provide the most generous subsidies for their CCHP recipients. Less wealthy regions, such as Hebei and Shanxi Provinces, often provide a lower level of subsidies. Second, contracting out the project to qualified energy enterprises through open bidding is the main tool of executing CCHP. Third, local governments are encouraged to help enterprises to acquire financing in CCHP. State-owned central energy enterprises are encouraged to participate in clean heating. Fourth, apart from economic incentives, information provision and exhortation are also important instruments. Concrete technological roadmaps and details are provided to local governments, participant enterprises and recipients. Publicity is taken as a necessary method to pursue social acceptance from rural recipients.
Voluntary instruments are not explicitly emphasized, but all the policy documents highlight that the implementation of CCHP should respect the willingness of recipients, take local concrete conditions into account, and most importantly, ensure the affordability as the core principle of promotion. Besides, private investments are encouraged to participate in CCHP.
In practice, the instrument pluralism by design, however, was translated into a monism dominated by the mandatory ones. The proposed policy model featured by coordinated cooperation among stakeholders (market-government-recipient) was translated into a "government dominance" model, featured by strong irrationality, short-termism, inflexibility and blindness. Local governments took stern measures to remove the obstacles in CCHP promotion. For example, many local governments frequently adopted mandatory methods to shut down local bulk coal markets. Rural recipients were left with very limited choices, and even forced to accept CCHP (Wang et al., 2018; Hu, 2020). It was reported repeatedly that local residents were forced to remove stoves and take gas or electricity (MEE, 2018). Preliminary planning and investigation on the availability of energy supply, local natural endowments, and local economy levels were neglected in the implementation process, which directly caused the supply shortage of natural gas in 2017. To summarize, the implementation of CCHP took a sweeping campaign-style manner, featured by rapid and extraordinary mobilization of political and administrative resources, and non-deliberative enforcement.
Policy Evaluation
Policy evaluation is a crucial section of policy process, during which specific evaluation bodies assess the outcome, efficacy and process of specific policies according to specific standards and procedures (Wu et al., 2010). Policy evaluation provides feedbacks for policymakers and implementers to examine policy effectiveness and make subsequent adjustments. The evaluation of CCHP has been provided by multiple bodies through both formal and informal channels. The first, which is informal but arguably the most influential and consequential, was the 2017 winter “gas shortage” crisis exposed by social media. Due to the aggressive promotion without considering gas provision, in the heating season of 2017, the supply of natural gas was in significant shortage across northern China (Huang et al., 2017; Shu and Shen, 2018). It was estimated that the national demand of gas increased by 33 billion m3 in 2017, with a growth of 17%, which was partly attributed by CCHP (Chen and Zhu, 2018). The increased gas demand for heating in Hebei Province, where 2.31 million rural residents participated in CTG project in 2017, reached 2.5 billion m3, and 25% of the demanded gas was in shortage (Chen and Zhu, 2018). An official report from MEE revealed that 426 thousand families from 1,208 villages or communities faced insufficient gas supply in the winter of 2017 (Du, 2017). The majority of these impacted groups were in low-level or even “zero” heating status (Zhu, 2017). This phenomenon was exposed by social media and quickly became a heated focusing event. Ministry-level administrations made quick responses to address the social crisis, including suspending the rollout of CTG and reconciling gas provision to satisfy the demand of civil heating. Apart from the gas shortage event, problems of poor affordability, delay of subsidies, public security concerns were also widely reported by social media (Zhou et al., 2018).
Another source of policy feedback comes from the administrative system itself. One featured action was the middle-term evaluation of CCHP pilot cities conducted by four ministry-level administrations in 2019. The report has not been formally published as yet, so that we can only learn from an NEA official who revealed a few brief conclusions on an international conference (Zhang, 2019b). First of all, the environmental goals of CCHP have been well accomplished. Also, clean heating markets and industries have achieved significant developments driven by the extensive promotion of CCHP. Moreover, residents are generally satisfied with the environmental and health effects brought by CCHP. Meanwhile, a multiplicity of problems are identified in evaluation, including the inflexibility of technological choices, poor affordability, and high rate of coal re-burning, among others. Besides the national-level evaluation, a few provincial-level governments, e.g., Hebei Province and Shanxi Province, conducted local investigation and evaluation of CCHP as well, with similar problems being found.
The third strand of feedback is from academia, as summarized by Table 3. Two major findings can be drawn from these studies. The first is that CCHP has been an effective tool in controlling civil bulk coal, and remarkably ameliorated air pollution and improved indoor air quality. The environmental effects generated by CCHP provide powerful justification for the continuous promotion of CCHP. The second finding is that CCHP caused many socio-economic problems, which may push the project into deep uncertainty. The two most prominent issues are poor affordability and heavy reliance on external subsidies. Therefore, how to build a sustainable pathway for CCHP is the most pressing issue for the policymakers.
TABLE 3 | Evaluations of CCHP on environmental and socio-economic aspects by academics.
[image: Table 3]Table 4 summarizes the multiple challenges that CCHP faces identified by the feedbacks from multiple sources. For an overall evaluation, besides the environmental effects, the challenges can be roughly grouped into two dimensions. The first concerns with the poor affordability of the technological models, revealing weak social legitimacy of CCHP. The unbearable expenditure of CTG and CTE is the foremost barrier for this mega project. The majority of CCHP recipients are rural residents, whose income level is generally low. Even rural residents from Beijing, the wealthiest region that CCHP targeted, also widely report difficulties in paying the surged heating costs (Xie et al., 2019). As estimated by researchers, the energy cost of CTG is approximately 3 times as high as that of bulk coal heating, and CTE 4 times of bulk coal (He and Li, 2018). Even with subsidies, the cost of new heating systems is still significantly higher than former bulk coal based heating systems (He and Li, 2018; Li, 2018). In average, the rural per capita net income of the CCHP key regions range from RMB 10,000 to 18,000, and the willingness-to-pay for winter heating is less than RMB 2,000 (He and Li, 2018). According to a survey covering 975 participants from four provinces, 32% of CCHP rural recipients paid more than RMB 2,000 per heating season after deducting subsidies, out of whom 30% paid between RMB 2,000–5,000 (He and Li, 2019).
TABLE 4 | The challenges of CCHP identified by governments, social media and intellectuals.
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The second major challenge is associated with governance dilemma. Heavy subsidy placed heavy financial pressure on local governments. Particularly for the local governments from less wealthy regions, the financial pressure can be insurmountable (Li, 2018). More worrying is a consensus that CCHP subsidies will eventually reduce to zero in subsequent years. Retreat of subsidies in poor regions are very likely to create severe energy poverty in winter. In this sense, local governments face immense pressure of keeping the sustainability of CCHP, which could end with profound policy failure if no coordinated efforts are invested. In addition, policy flexibility has been a persistent challenge for CCHP (Liu et al., 2019; He and Li, 2019). Although policy documents from national administrations reiterate the request of flexibility principle in implementing CCHP in the first place, local governments rarely followed in practice, as shown in the next subsection.
Policy Adjustments
In typical policy processes, policymakers make changes to address obstacles and improve policy effectiveness. Alongside the promotion of CCHP, a few adjustments can be identified driven by the feedbacks from multiple sources. First, the 2017 gas shortage crisis made the central government slow down the promotion pace of CCHP in 2018. A variety of national-level administrations issued policy notices to curb the “runaway” behavior of local governments, which was regarded as a “calm period” after the 2017 fad (He and Li, 2019; National Energy Administration (NEA), 2018; Li et al., 2019). For example, Hebei Province conducted CCHP for 2.55 million rural households in 2017, and reduced to 1.8 million in 2018 (He and Li, 2019). Second, the central government explicitly expanded the range of technological models. In 2017 and before, technological choices were dominated by CTG and CTE, with very limited efforts taken to promote alternative models. From 2018, more technological choices were explicitly encouraged by the central government. The policy documents before 2018 stated the selection principle of technological roadmaps as “choosing (coal to) gas or (coal to) electricity according to local conditions”, which was adjusted into “choosing gas, electricity, clean briquette, geotherm based on local conditions” after 2018. Clean briquette has been re-framed as a major model of heating energy transition since then. Renewable energy heating technologies such as biomass and solar heating have been particularly stressed by national-level administrations. In the middle of 2019, NEA issued an opinion soliciting draft and wished to resolve the problems occurred in the promotion of CTG and CTE projects. The draft explicitly proposed to balance different clean heating technological models, and give priority to biomass heating in rural regions. Third, national-level administrations tended to balance the two policy goals of CCHP, and urge local governments to follow the principle of “ensuring residents live a warm winter.” But, the policy evaluation standards remain unchanged.
Despite the adjustments from the national-level administrations, local governments seemed reluctant to follow in practice. CTG and CTE have remained the major technological models in implementation; the promotion tasks have even increased consistently after 2018 (see Figure 1). A latest policy document reveals that in the year of 2020, local governments planned to take over seven million rural households into CCHP, which is significantly higher than the five million task of 2019 (MEE, 2021). After 2017, mounting focusing events have kept exposing the coercive and one-size-fits-all implementation behavior of local implementers. Nonetheless, local governments still rush to increase coverage scale, with insufficient consideration regarding long-term project sustainability. Overall, the policy adjustments so far have shown marked limitations, and have not touched upon the major challenges of CCHP, leaving the mega project still in deep uncertainty.
POLICY IMPLICATIONS: INSIGHTS FROM THE POLICY PROCESS PERSPECTIVE
The above critical examination of five policy stages of CCHP has revealed key features of energy policy process in contemporary China, and identified manifold challenges that CCHP currently faces. Thorough readjustments beyond merely accentuating adjustments in the domain of local implementation are of necessity, if the well-intended project is to achieve ultimate success. Well-aligned policy process is a prerequisite for policy success (Wu et al., 2010). Based on the analysis of this article, a few policy implications illuminated by the policy process perspective can be drawn as follows.
Aligning Policy Objectives and Policy Evaluation
First of all, conflicting policy objectives have been identified as a significant reason for policy failure in sustainable transition (Kraft and Kamieniecki, 2012; Howes et al., 2017). Although environmental improvement and the well-being of impacted groups do not necessarily disaccord with each other, they render huge divergence in policy practices. Pursuing one often means sacrificing the other. For CCHP, the two objectives should be better aligned in future, not only in policy discourse, but also in concrete and operational policy instruments. For example, the institutions of evaluation and inspection regarding CCHP should go beyond the scale and speed of project promotion, but be geared to indicators associated with well-being, such as satisfaction of recipients, operational sustainability, etc. Besides, a balanced emphasis on well-being requires a concerted readjustment in policy evaluation. Contemporary policy evaluation of CCHP conducted by the administrative system is mainly guided by indicators associated with task accomplishment, energy provision and price stability, financial management and environmental targets, which primarily focuses on the techno-economic dimension of the project and systematically overlooks the social well-being aspects. Future evaluation efforts should pursue more inclusive and balanced standards. For instance, indicators associated with residents’ satisfaction regarding project installation, heating effect and post-installation services should be incorporated into future evaluation criteria. Moreover, the overall governance structure of CCHP has functioned to overemphasize environmental concerns, which should be adjusted in the future. In the rollout of CCHP heretofore, environmental administrations at multiple levels have played a central role in the policy initiation, implementation and evaluation, which inevitably caused prioritization of environmental goals over others. Regrettably, administrations that represent rural communities and residents, such as ministry and bureaus of agricultural and rural affairs, have not engaged in the rollout of CCHP since the beginning. Future adjustments should consider incorporating Ministry of Agricultural and Rural Affairs and its vertical branches into the governance structure of CCHP, which can generate a better balance between environmental concerns and farmers’ welfare.
Lastly, from a pragmatic viewpoint, the pursuit of environmental goals should be based on properly designed and well-practiced compensation schemes, to avoid loss of social welfare caused by environmental projects. For CCHP, numerous studies have revealed the poor affordability of the dominant technological models, and also found poor effectiveness of current subsidy policies. Hence, in the future, subsidy policies and other measures should be reevaluated and readjusted, to fully realize their restorative potential for rural recipients' welfare. To a great degree, practicing restorative justice is crucial to achieve balance between environmental goals and social welfare improvement (Hu, 2020). .
Making Policy Experimentation Better Inform Policy Formulation
The policy experimentation in CCHP so far has offered little assistance in formulating well-fitted policy designs. In future, major revisions of policy experimentation are essential to release its potential in testing different technological models, identifying challenges, and preparing more practicable policies for subsequent extension in a broader scope. In so doing, the central government should take a flexible and tolerant approach to encouraging pilot cities to innovate and try out different technological models based on local backgrounds. Corresponding incentive arrangements should be designed to encourage local officials to innovate and practice suitable models. Moreover, the cooperation between R&D and multi-level governments and enterprises should be further strengthened to offer local practitioners more selections of technological models.
Forging Flexible Governance Mechanisms in Implementation
Prior CCHP policy processes were featured by evident ossification, with limited flexibility in dealing with highly heterogeneous local conditions. Major reasons include excessive emphasis on political significance and harsh administrative inspection and evaluation. In future, no effort should be spared to explore flexible governing mechanisms. First, national-level administrations should be aware that energy transition is a long-term process filled with numerous relapses, frustrations, and even failures, and in most cases it cannot be completed in a compulsively confined time range (Sovacool, 2016). Therefore, top-level policymakers should be patient with the progress of energy transition. In policy design, top-level administrations should incorporate the flexibility and toleration principles into concrete policy documents and practical strategies. Besides, substantial incentives in accordance with the principles should be provided to local governments who seek innovative models catering to local conditions. Second, as the major implementation body, county and township level administrations should be substantially empowered, enabling them to actively participate in the designing and executing CCHP based on concrete local conditions (Liu et al., 2019). Provincial and prefecture level administrations should restrain their roles more as supporters and monitors and less as commanders. A balanced relationship among the central, middle and street level administrations is of great necessity.
Practicing Public Participation Throughout the Policy Process
Effective public participation can significantly improve the social acceptance of energy policies. The policy processes of CCHP have witnessed insufficient public participation (Hu, 2020). To a great degree, the challenges that CCHP currently face can be seen as an outcome of deficit public participation. Long-term operational sustainability entails meaningful participation from rural recipients, scientific experts (both natural and social scientists), and various social organizations, which should be integrated into various stages of the policy process. Specifically, meaningful participation from rural recipients can provide genuine feedbacks regarding viable technological roadmaps, effective policies, among others. Admittedly, formidable obstacles have long existed in realizing rural residents’ genuine participation in policy processes in China. In most cases, rural residents serve as passive policy receivers, instead of active participants (Hu, 2020), and improving this remains a grave challenge. One possible approach to overcoming this challenge is to enhance local governance efficacy, especially village self-governance organization. In contemporary rural China, village self-governed organizations (Cun wei hui) serve as the most important institution that connects rural residents with upper-level administrations. Although they are established as a self-governed autonomous organization, the vast majority of these organizations, however, have become a de facto agent of the township-level governments, and therefore largely lost the mission of representing the will of rural residents. In the future, village self-governance organizations should be empowered by both institution reform and policy practice, which can potentially improve the participation of rural residents in policy process. For instance, technological models in CCHP are vital in determining the operational cost and the acceptability of local residents. Therefore, selection of local technological models should take a deliberative approach, value opinions of local village cadres and common residents, and avoid blunt top-down enforcement. Besides, informal voluntary social organizations in rural villages, such as elderly associations, women associations and various types of voluntary groups, can also be highly contributive to public participation. Fostering these social organizations and encouraging them to engage in policy design, implementation, monitoring and evaluation may significantly improve the policy outcome.
Another pathway can be giving more attention to direct opinions and appeals from rural residents from various channels, such as online appeal platforms. Local governments should exert timely responsiveness toward the direct appeals from rural residents, and this will form a virtuous circle of effective participation and good policy outcome. Ultimately, improving participation of rural residents entails systematic efforts, which goes beyond the governance system of CCHP, but core principles remain similar: on the one hand, to mobilize and empower local organizations, either formal or informal, and on the other, to improve the responsiveness of local administrations.
In addition, suggestions from scientists working in different fields (both natural and social sciences) can help form a holistic approach which embodies techno-economic, social, cultural and political justifications of CCHP. The design and evaluation of CCHP so far have been dominated by natural scientists, who stress heavily on the environmental and techno-economic aspects, while social scientists who are more qualified to provide advice on socio-political aspects are distinctly marginalized in the project. In the future, balanced expertise should be pursued in the process of policy consultation. Moreover, various social organizations may well serve as a link between mass society and governmental bodies, and should be encouraged to participate in the policy process of CCHP. Ultimately, how to build effective mechanisms to incorporate meaningful public participation is a great test for all level administrations in China. Failing to do so may lead this well-intended project to profound failure.
CONCLUSION
Reduction of civil bulk coal is not only a pivotal strategy for contemporary China, but also an imperative for the whole world. The rapid promotion of CCHP epitomizes the forceful resolution of the Chinese government in addressing mounting environmental crises. Different from existing studies that mostly focus on specific parts of the policy process, the article examines this mega project from a policy process perspective. It shows that although with only a four-year intensive rollout, CCHP has generated significant environmental, social, economic and even political consequences. A comprehensive policy package has been efficiently formulated to promote clean heating energy transition in northern rural China. Marked environmental effects have been achieved, while formidable challenges have surfaced as well and driven the mega project into a deep dilemma. Attributing the contemporary dilemma to implementation failure at the local level offers little help in improving the effectiveness of CCHP. An examination of the policy process of CCHP provides a holistic understanding of this mega project. CCHP originated from a poorly articulated policy framework, and was propelled more by political momentum and less by socio-economic concerns. The policy design, which placed excessive emphasis on environmental imperative (driven by political concerns) and proposed reckless technological models, forced local practitioners to implement it in an ossified manner and neglect the socio-economic conditions of the recipients. The politics and administration oriented approach and severe deficit of public participation are salient features of the implementation process, and also major reasons for the contemporary dilemma. Although policy feedbacks to a great degree have informed the policy system of the multiple challenges, existent policy adjustments have shown limited potential to tackle these obstacles. Policy recommendations inspired from the policy process perspective are discussed in detail, which mainly stress four aspects: realignment of complex policy goals and policy evaluation, policy experimentation, implementation flexibility and public participation.
Lastly, as a final summary, the policy process of CCHP illustrates that massive political, institutional and material resources do not guarantee a smooth and effective energy transition, no matter how ample the resources are. Energy transition is not just a technological change from coal to another energy type, but a systematic and complex process, involving multi-scale, multi-level, and multifaceted political and socio-economic dimensions. The multidimensionality of energy transition necessitates well aligned and integrated policy process, which requires researchers to look beyond individual policy stages and incorporate a holistic policy process framework in energy policy analysis (Kern and Rogge, 2018).
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As a sustainability policy in emerging markets, the dual-credit policy was implemented in China to promote automakers expanding investment in research and development, and ultimately achieve the energy-saving and emission-reduction goals of the auto industry. We regard the dual-credit policy as a quasi-natural experiment, use the difference-in-difference model to divide Chinese automakers into an experimental group (the passenger vehicle group) and a control group (the commercial vehicle group), and analyze the impacts of the dual-credit policy in the brewing period (2014–2016) and the implementation period on the scale, intensity, and structure of research and development investment. We found that the dual-credit policy has significantly promoted the research and development investment of automakers, and the heterogeneity of automakers has a moderating effect on the policy effects. In addition, we also found that there are certain differences in the significance and stability of the effects of the dual-credit policy during the brewing period and the implementation period. Finally, we presented some management insights into the response to the dual-credit policy.
Keywords: dual-credit policy, new energy vehicles, R&D investment, difference-in-difference model, industrial policy
INTRODUCTION
Since 2015, China has become the world's largest producer and marketer of new energy vehicles (NEVs)1 for six consecutive years,2 but there is still a lack of major breakthroughs in the key-core technologies of NEVs (Wang, et al., 2020). One of the important reasons is the excessive dependence of automakers on government subsidies, and the lack of driving force and pressure for technology’s research and development (Wen and Huang, 2020; Yan and Huang, 2020). Therefore, how to use the nonsubsidized policy to continue the cultivation function of industrial policy, enhance the power and pressure of R&D and innovation of automakers, and establish a long-term mechanism for energy-saving and NEV management are the top priorities of policy-makers in industrial policy design (Ministry of industry and information technology of the people's Republic of China, 2017; Fernandez, et al., 2018).
Drawing lessons from the Zero Emission Vehicle Mandate (ZEVM) in California and European Union Emission Trading Scheme (EUETS), China planned originally in 2014 and officially rolled out the “Parallel Administrative Measures for Passenger Vehicle Corporate Average Fuel Consumption and New Energy Vehicle Credits” (the dual-credit policy for short) in September 2017. Among them, the Corporate Average Fuel Consumption Credit (CAFCC) focuses on examining the energy-saving and efficiency-enhancing level of traditional automobile. The New Energy Vehicle Credit (NEVC) focus on the assessment of NEV's energy-saving emission reduction level. The policy stipulates that the CAFC-negative credits (CAFC−) must be offset, and the ways of compensation include the CAFC-positive credits (CAFC+) carry-over in the previous year, CAFC+ transferred by affiliated enterprises, or own NEV-positive credits (NEV+) or NEV+ from other automaker. These rules will force automakers to expand R&D investment in the short term and achieve CAFC+ assessment standards through energy-saving and efficiency-enhancing technologies. At the same time, automaker’s NEV+ must account for 8, 10, and 12% of the sum of the two positive credits, respectively, in 2018–2020, which can be earned by producing or buying. In the long run, these rules can incentivize automakers to expand investment in R&D of NEV in order to seek competitive advantage and profit from point trading. China expects to build a management mechanism of “two integral parallel management, two types of vehicle-coordinated development” by implementing the dual-credit policy (Figure 1). Credit policy, an effective policy instrument, is used widely in the administration of public affairs such as environmental protection (John, 2008), household registration management (Xie, 2014), and social services (Qian et al., 2017). Nevertheless, this is a new exploration for China’s auto industry to introduce such policy. It is still to be proven by the academia whether it is effective for automakers to expand R&D investment.
[image: Figure 1]FIGURE 1 | Operation mechanism of the dual-credit policy for Chinese automakers.
There are two shortcomings in previous studies. First, China’s dual-credit policy was formulated based on learning from the ZEVM and EUETS, but its contents and quotas were different. There are also differences in NEV technologies and market in China and other countries, so some existing results of ZEVM may not be perfectly suitable for China. In addition, the impacts of an industrial policy often have a pre-diffusion period. Actively picking up policy signals and pre-acting are common in modern enterprise operation (Sierzchula et al., 2012; Cherif and Hasanov, 2019). Actually, the dual-credit policy exerted a considerable impact starting from the brewing period, but existing research gave more weight to its impacts in the implementation period than to those in the brewing period.
In summary, this study focuses on the following issues in the context of China’s dual-credit policy. 1) Does the dual-credit policy encourage automakers to expand R&D investment? What are the characteristics of the scale, intensity, and structure of R&D investment? 2) In the context of the dual-credit policy, does corporate heterogeneity have a moderating influence on policy effects? 3) In the different periods of the dual-credit policy, do the policy effects have phased characteristics?
The main contributions are as follows. 1) In terms of research design, existing researches mainly use theoretical analysis rather than data simulation to study the dual-credit policy (Literature Review Section). However, we regard the dual-credit policy as a quasi-natural experiment, using the DID model to gain some new insights. 2) In terms of research content, on the basis of the scale and intensity of R&D investment, we have added discussions on the structure of R&D investment. In addition, we divide the impact of the dual-point policy into the brewing period and the implementation period, and compare the phased characteristics of the policy effects at different periods (Did Result Section). 3) In terms of research conclusions, we found that the automakers took the initiative to respond during the brewing period and make arrangements in advance. This is different from some conclusions of existing researches, which provides new insights for academic researchers and policy-makers (Conclusion Section).
The rest of this article is structured as follows. The Literature Review and Theoretical Analysis section conducts the literature review and formulates the research hypotheses; The Model and Methods section provides a detailed description of the design of this study; the Empirical Analysis section derives the empirical results; and the Conclusion and Policy Implications section summarizes the full article and draws relevant policy implications.
LITERATURE REVIEW AND THEORETICAL ANALYSIS
Literature Review

1) Nonsubsidized policies in the NEV industry
Our research background is related to nonsubsidized policies, which have become a popular topic in the field of the NEV industry in recent years. Scholars generally believe that nonsubsidized policies, including infrastructure policies (Andrenacci et al., 2016), commercial demonstration (Barton and Schütte, 2017; Li et al., 2019a), government procurement policies (Xiong and Li, 2019), and right-of-way priority policies (Langbroeket al., 2016), have a positive effect on the development of the NEV industry and corporate innovation. Our study also explores nonsubsidized policies in the NEV industry (i.e., China), but the difference is that we focus on the impact of technical standard policy (i.e., the dual-credit policy) on R&D in the NEV industry.
2) Credit policy in the NEV industry
Many literatures explore the ZEVM in the NEV industry. Some scholars believe that the ZEVM has a positive effect in promoting the innovation of NEVs, such as reducing R&D costs (Majumdar, 2005), increasing R&D investment and patents (Stokes and Breetz, 2018), restraining free-riding (Sykes and Axsen, 2017), and mass production (Melton et al., 2016).
Furthermore, some scholars noticed the problems in its implementation, such as “picking the wrong winner” (Nordhaus, 2011), market failure (Weber and Rohracher, 2012), weakening the effects of other policies (Rubal et al., 2019), and increasing carbon emissions in the short term (William et al., 2020).
Our study also explores the credit policy (i.e., the dual-credit policy) in the NEV industry. The difference is that we divide the dual-credit policy into the brewing period and the implementation period, and theoretically analyze the mechanism of action in different periods.
3) The dual-credit policy
Existing research on the dual-credit policy can be divided into two levels. At the micro level, researchers mainly focused on the changes in automakers’ corporate decision-making. Cheng and Mu (2018) discussed the optimal pricing, production, and internally negotiated prices under the three strategies of insufficient credits, surplus credits, and credit balance. Zheng et al. (2019) used a three-stage game model to analyze the impact of positive credit prices on the R&D investment of automakers. Li et al. (2020) discussed optimizing production of NEVs with across-chain cooperation under the dual-credit policy. Tang et al. (2020) analyzed the influence of NEV+ threshold on the optimal decision-making of automakers. Li and Xiong (2021) used the PVAR model to analyze business and environmental performances of automakers. Ma et al. (2021) analyzed the fuel economy, production, and coordination of conventional automotive supply chains under the dual-credit policy.
At the macro level, it focuses on the trend of the EV sales and industry profits (Ou et al., 2018), the market share of different vehicles (Wang et al., 2019), implications for private motorization rate and battery market (Hsieh et al., 2020), and greenhouse gas consequences (He, et al., 2020).
All of the aforementioned literature mainly adopted data simulation methods or pure theoretical analysis, and few empirical analyses using micro data have been conducted. We extended the dimension of R&D structure based on established dimensions, which included R&D scale and R&D intensity. As far as we know, there has been no research studying the multidimensional characteristics of R&D under industrial policy. Our study considers these changes to better predict and explain the impact of the dual-credit policy.
Theoretical Analysis and Assumptions
The theory of innovation deemed that technological coercion standards will bring more constraints and cost to enterprises, but opportunities are given for them to keep original values or create new ones, so R&D investment and technological innovation can be swelled (Oliver and Holzinger, 2008). Moreover, industrial policy has a more positive effect on enterprises’ R&D investment in strategic emerging industries than on those in general industries (Yülek et al., 2020).
1) The dual-credit policy greatly affects the investment from the brewing period to the implementation period and presents fresh characteristics in the scale, intensity, and structure of R&D.
First of all, the mandatory regulatory characteristics of the dual-credit policy in the short term can be effective automakers’ R&D investment and technological innovation (Haščič et al., 2009). So far, China’s auto industry has performed mediocre in innovation, especially in key-core technologies such as batteries, electric drive systems, and power control systems, which needs to be supplemented (Xie and Zeng, 2019). The policy requires automakers to sell enough NEVs every year to earn credits accounting for 8, 10, and 12% in 2018–2020, respectively. Emission requirements of conventional auto can be met, and NEV+ surplus can be earned only through widening the R&D scale and technological innovation. Meanwhile, the compulsory designs of “independent accounting and differentiated calculation” strengthen the motives of materializing benefits of automakers via technological innovation (Sykes and Axsen, 2017); standards may give stronger incentives than permits (Wesseling, et al., 2014).
Second, credits that use rules of “free trade and one-way offset” are substitutes and link with the subsidized policy in favor of enhancing long-term anticipation of automakers’ R&D innovation profits. Tradable NEV+ is essentially a class of pollution rights trading providing long-term incentives to passenger car enterprises through market mechanisms to compensate enterprises’ energy-saving and emission reduction behaviors (Tsakiris et al., 2018). On the one hand, credit calculation and offset rules are not only the law enforcement basis for government to impose penalties but also the policy basis for manufacturers to earn NEV government subsidies after phasing out the NEV subsidy. They are now the government compensation of automakers’ R&D innovation and step-by-step replacement of the subsidized policy. On the other hand, NEV credit surplus can be used to make up for the high R&D investment via market transaction. It aims to indemnify automakers’ R&D innovation through market and connect the original subsidized policy. Consequently, the incentivized characteristic of the dual-credit policy is propitious for intensifying their R&D investment (Wang et al., 2019).
In addition, environmental regulation and technological innovation policies are integrated into the dual-credit policy, alleviating difficulties for automakers’ selections between up-to-standard and R&D investment. Policy regulation and technological innovation promote and interact with each other (Guo et al., 2017). For one thing, the credit evaluation system signaled new regulatory assessments to automakers, so those with sound technological foundation will opt to comply with demands by widening R&D investment, notably the scale of developers, and expanding leading edges via self-innovation. For another, the offset credits boost the capital input of some automakers with weak technological ground. In the short run, their credits will be hit through technological cooperation among enterprises, establishment of affiliated enterprises, or credit trade, and the R&D structure may be changed by the growth of capital. More development of automakers and upgrading transformation in the auto industry are made by these two innovation strategies.
Based on above theoretical analysis, the research hypothesis, “H1 Under the dual-credit policy, automakers invest R&D more,” is proposed to consist of the following three parts:
H1a: Under the dual-credit policy, automakers enlarge their R&D scale,
H1b: Under the dual-credit policy, automakers intensify their R&D intensity,
H1c: Under the dual-credit policy, automakers adjust their R&D structure.
2) China’s automakers are greatly heterogeneous in market orientation, enterprise scale, and profitability, so the moderation effect is reflected in motivating the dual-credit policy to some extent.
First of all, passenger vehicles (PVs) and commercial vehicles (CVs) are two types of market orientation for China's automakers (Xiong and Li, 2019). The dual-credit policy evaluates PVs directly, but the Ministry of Industry and Information Technology (MIIT) held seminars many times on the credit policy of CVs, suggesting that those automakers may not be excluded. At present, the PV makers are facing more pressure on the credit assessment, and the time is urgent and the task is heavy. Therefore, the promotion effect of the dual-credit policy on the scale and intensity of PV makers’ R&D will be more obvious. Otherwise, PV makers are facing more complex types of consumers, richer models, and more difficulty to develop. Therefore, under the dual-credit policy, the adjustment and optimization of the R&D structure of PV makers will be more obvious.
Second, an enterprise scale is an important internal characteristic that affects R&D. The larger the scale of the automakers, the more NEV+ and CAFC+ required for the assessment of compliance, and the greater the difficulty of technological innovation. Therefore, small-scale automakers with limited innovation resources and R&D talents tend to concentrate on breakthrough innovation of key technologies, which is an important growth mechanism for latecomers to achieve industrial breakthrough. Large-scale automakers have certain advantages in the R&D scale and tend to carry out global innovation of common technology from the perspective of long-term interests, and their R&D changes will be more significant (Liu, 2019).
Furthermore, enterprise profitability affects the sustainability of R&D investment (Dimitropoulos, 2020). The R&D of automotive belongs to knowledge and capital intensive risk investment. The profitability and profit level of automakers determine the frequency and intensity of their innovation activities. Therefore, under the dual-credit policy, the higher the degree of profitability, the more obvious the growth of their R&D investment.
With the theoretical analysis given above, the research hypothesis, “H2 automakers’ heterogeneity exerts a moderation impact on the dual-credit policy incentives,” is proposed to compose of the following three sections:
H2a: Under the dual-credit policy, PV makers are motivated more than CV ones,
H2b: Under the dual-credit policy, larger automakers are inspired more than smaller ones,
H2c: Under the dual-credit policy, automakers with better profitability are encouraged more than poorer ones.
3) In order to make up for the disadvantages of the subsidized policy, China began to formulate the dual-credit policy in 2014. The MIIT began to organize government officials, experts, and scholars to learn and discuss ZEVM and other policies. At the same time, it publicly solicited opinions and suggestions from the society, released industrial policy reform signals through various ways, induced automakers to respond positively, and made a layout in advance. In 2017, the dual-credit policy was officially released, and some of the rules were revised every year (Table 1). Therefore, it is necessary to divide the dual-credit policy into the brewing period (2014–2016) and the implementation period (2017–2019) to study its phased impact on the R&D investment of automakers.
TABLE 1 | Main policy signals in different stages of the dual-credit policy.
[image: Table 1]The relationship between the research hypotheses proposed in this study is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Relationship of research hypothesis.
THE MODEL AND METHODS
Samples and Date
At present, the dual-credit policy assesses automakers with annual production and sales of more than 30,000 passenger vehicles, and listed companies are the focus of the assessment. At the same time, considering the continuity and availability of data, we selected 20 China automakers’ listed companies as our sample.3 Among them, 15 automakers which mainly provide PVs are direct objects of the dual-credit policy, and another five automakers that sold CVs are potential objects. Hence, according to Table 2, this research dissevers these samples as the T-group (PV makers) and the C-group (CV makers).
TABLE 2 | Basic information on the research samples(stock code).
[image: Table 2]According to Figure 3, we can find that in 2014 (the year of rolling out the dual-credit policy), the maximum difference of the R&D scale mean value between the T-group and the C-group reaches to 2.63 log units, indicating that the dual-credit policy boosted the R&D scale of PV makers more. The maximum difference of the R&D intensity mean value between the T-group and the C-group automakers reached 1.6% in 2014. In the R&D structure of PV makers, the capitalization ratio (CRD/RD) mean value starts to decrease in general with a clear adjustment direction, and the difference between it and the R&D staff ratio (RDS/AS) mean value of CV makers narrows quickly since 2014 and reaches the minimum of about 5.2%, showing that the enactment and implementation of the dual-credit policy is propitious to promote PV makers’ R&D investment, and credit trade motivates them to enlarge the R&D scale and intensity, and upgrade the R&D structure at the same time.
[image: Figure 3]FIGURE 3 | Annual statistics of the average R&D investment of the T-group and the C-group.
Model and Variable
The DID model is based on the idea of natural science research, which treats policies as natural experiments or quasi-experiments outside the economic system, and effectively controls the ex ante differences between the research objects through modeling, to separate the real results of policy influences effectively (Ashenfelter and Card, 1985; Yi et al., 2020). It can avoid the endogeneity of explanatory variables (such as policies), especially in the case of using panel data, which not only use the exogeneity of explanatory variables but also control the influence of unobservable overall factors that change over time, and finally get unbiased estimation of policy effects.
Under the dual-credit policy, the impacts on R&D are described as follows:
[image: image]
where Yit represents the R&D of automakers, β1 controls the difference between the T-group and the C-group, β2 controls the common impact of time on the T-group and the C-group, β3 reflects the effect of the dual-credit policy in promoting automakers’ R&D, i means different automakers, and t means different years. The value of Examiit is 1 or 0, which represents the T-group and the C-group. The value of Timeit is 1 or 0, which represents the postimpact (2014–2019) and pre-impact (2011–2013) of the dual-credit policy, respectively. Moderatorit represents moderating variables, that is, automaker heterogeneity. Controlit represents control variables, that is, subsidized policies. β4 and β5, respectively, represent the regression coefficients. εit means the random error term (See Table 3).
TABLE 3 | Variables and index selections.
[image: Table 3]Robust Test
1) Correlation test. In order to eliminate the correlation between correlated variables and error terms, an endogeneity test is necessary. The results manifest that the correlation coefficient between the R&D scale and dummy variables (Examiit and Timeit) evaluating the dual-credit policy is 0.208 (p < 0.05) and 0.224 (p < 0.05), respectively; between the R&D scale and profitability is 0.652 (p < 0.01) and 0.374 (p < 0.01), respectively; and between the R&D scale and Subs is −0.505 (p < 0.01). High correlation did not exist among other control variables. The VIF of all variables is far smaller than the upper limit of 10. The correlation between R&D intensity, the R&D structure, and other major variables holds the similar feature. Thus, regression results are not intervened by collinearity.
2) Parallel trend test. The interaction term between the dummy variable year of the generation year and the dummy variable treat of the T-group is added to the model 2) for regression (M and N represent the number of periods before and after the policy, respectively), and then the coefficient βj of the interaction term treati × yearj is measured. It is the difference between the T-group and the C-group in periodj. Specifically, β0 is the current effect of the dual-credit policy, β-3–β-1 are the effects of 2011–2013 before the dual-credit policy is brewed, and β1–β5 are after the release of the dual-credit policy signal in 2015–2019. The first period (2013) before the release of the dual-credit policy signal was selected as the model’s benchmark group. The results show (taking the R&D scale as an example) that the coefficients β-3–β-1 are not significantly different from 0, indicating that there is no significant difference between the T-group and the C-group in the one-to-three period before the dual-credit policy. The T-group and the C-group are comparable before the brewing period of the dual-credit policy, and the parallel trend assumption is established.
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3) DID-PSM test. In order to eliminate the selection bias caused by the different initial conditions between the T-group and the C-group, the propensity matching method is used for testing (taking the R&D scale as an example). As a reference, first perform a univariate regression; the policy effect is 1.4905 (p < 0.01) and R2 = 0.1379, that is, the impact of the dual-credit policy can explain 13.78% of the change in the R&D scale by the sample enterprise. Further introducing covariates for multiple regression, the Didit is 0.6515 (p < 0.1), market orientation (p < 0.01), the enterprise scale (p < 0.05), and subsidies (p < 0.1) are all significant, and tax preference is not significant.
The data are randomly sorted for propensity score matching. Since the sample size is not large, matching with replacement is performed, and parallel is allowed. The logit regression results show that the estimated ATT is 0.2036, and the t value is less than 1.96, which is not significant. The regression results of sample estimations after matching procedure are consistent with that before matching. Among the total 180 observations, 19 in the C-group are not in the common value range (off support), two in the T-group are not in the common value range (off support), and the remaining observations are in the common value range (on support).
Further examine whether the matching results balance the data well. The results show that the standard deviation of most variables after matching is less than 10%, the deviation of tax preference variables is 11.2%, and the results of most t-tests do not reject the null hypothesis that there is no systematic difference between the T-group and the C-group. It shows that most observations are within the common value range, so only a small number of samples will be lost when propensity score matching is performed.
EMPIRICAL ANALYSIS
DID Result
From the perspective of policy effects, as shown in Table 4, the R&D investment is markedly boosted by the dual-credit policy with more obvious growth of scale than that of intensity. The Didit of the R&D scale and R&D intensity is 0.4031 (p < 0.05) and 0.013 (p < 0.05), respectively, meaning that comparing the T-group with the C-group after implementing the dual-credit policy, the R&D scale, which grows more, increased by 40.31% on average and R&D intensity by 1.31%. It proves that the dual-credit policy has indeed promoted the growth of the R&D scale and intensity of PV makers. The reason may be that the incentive mechanism of the dual-credit policy improves the innovation expectation and motivation of PV makers. At the same time, the dual-credit policy has released a strong signal of the adjustment of China’s auto industry to NEVs, which can also lead the capital market to favor the NEV industry and expand the financing channels and the scale of NEVs on the whole. However, the incentive of R&D intensity is relatively weaker. There are two kinds of possible reasons. First, automakers’ revenues in the current period rose faster than their R&D scale in 2011–2019: the rapid growth period of China’s auto consumers. In consequence, the dual-credit policy incentives were dissolved to some extent. Second, R&D intensity might be suppressed by positive externalities of innovation spillovers in part. Empirical results verify the H1a and H1b in H1 hypothesis.
TABLE 4 | DID results of the dual-credit policy.
[image: Table 4]We have an interesting finding in the R&D structure of PV makers, which shows the characteristics of “valuing capital more than talents.” As model I and Ⅱ document in Table 4, the Didit of the capitalization ratio (CRD/RD) and the R&D staff ratio (RDS/AS) is 0.0840 (p < 0.05) and -0.0054 (p < 0.05), respectively. The results show that after the release of the dual-credit policy signals, the R&D structure of the T-Group has been adjusted more significantly than that of the C-Group. Specifically, the capitalization ratio increased by 8.4%, while the R&D staff ratio decreased by 0.54%. It indicates that under the dual-credit policy, PV makers need to have the independent production capacity of NEVs in order to meet the requirements of the mandatory proportion rule of NEV+ so as to ensure that they can produce NEV+ and avoid punishment or reduce the cost of purchasing credits (Li, et al., 2019b). As a result, the adjustment of PV makers’ R&D structure is biased toward capital, and the growth level is even much higher than that of the R&D intensity (1.31%) in the short term. Comparatively speaking, the RDS/AS declined slightly, reflecting the characteristic that the PV makers’ R&D structure is inclined to capital. It may also be due to the rapid growth of China’s automobile market demand, and automakers have a larger increase in the number of employees in production, sales, and other links, leading to a relative decrease in the R&D staff ratio. The empirical results confirm the hypothesis of H1C in H1.
From the perspective of enterprise heterogeneity, such as the market orientation, enterprise scale, and profitability, has a more obvious role in regulating the effect of policy for PV makers. Table 4 shows that the Didit of market orientation (Mo) is 0.3858 (p < 0.1), 0.0084, −0.0296, and 0.0058, respectively, and the result reveals that under the dual-credit policy, automakers targeting the PV orientation are direct subject to policy regulations and are under great pressure for assessment. They urgently need to improve the energy-saving technology of traditional fuel vehicles and the emission reduction technology of NEVs. Therefore, the R&D investment has increased significantly. The Didit of the enterprise scale (scale) is 0.6422 (p < 0.001), 0.0012, 0.0039, and 0.0126 (p < 0.1); it may be that automakers with scale advantages have stronger innovation motives to pursue monopoly advantages and profits; therefore, the performance of expanding the R&D scale and increasing the R&D staff is the most obvious. The Didit of profitability (Roe) is 1.9156 (p < 0.01), −0.0107, 0.0274 (p < 0.1), and −0.0056; it shows that automakers with high profitability are more sustainable in increasing R&D investment, which can support a substantial increase in the scale of R&D investment and a continuous increase in the capitalization ratio. The above results indicate that the three factors have a significant positive moderating effect on the scale of R&D investment; among which, the moderating effect of profitability is the most obvious, and the moderating effect of the enterprise scale is the most significant.
After adding a cross-term between the dual-credit policy and the enterprise scale (scale), the coefficients are in negative values and show prominent statistical significance at the 10% level, suggesting that the policy effect becomes feebler if an automaker becomes larger. Affected by the regulation of the mandatory proportion of NEV+, large-scale automakers have a large output of traditional auto and require a large number of NEV+, which will make it difficult for CAFC+ to meet the target. The adjustment speed of large-scale automakers is relatively slow, and the effect of the dual-credit policy is slightly insignificant. The Didit increases visibly after adding a quadratic term of scale, up by 13.65% (p < 0.1) in the R&D scale and 0.1% (p < 0.1) in R&D intensity, showing positive correlations to them. This suggests that a positive U-shaped relation has emerged between R&D investment and the enterprise scale. As for possible grounds, on the one hand, samples are listed companies with large scale, and the overall relationship between the enterprise scale and R&D investment tends to be U-shaped; on the other hand, there are differences in the innovation strategies of automakers, that is, smaller ones focus on key technology, while larger automakers pursue generic technology, no matter what kind of innovation strategy requires automakers to expand R&D investment. Empirical results verify the H2a, H2b, and H2c in H2 hypothesis.
Phased Characteristics
The self-interested strategic responses of different automakers will cause differences in the significance and stability of the policy effects (Wang et al., 2017; Li and Xiong, 2021). Therefore, in order to better provide empirical evidences for policy optimization, we divided the dual-credit policy into the brewing period (2014–2016) and the implementation period (2017–2019), and explored its phased effects.
During the brewing period, the dual-credit policy has a significant and stable effect on the R&D scale, and it has a stable effect on the R&D intensity and the capitalization ratio. Table 5 and Figure 4 demonstrate that compared to the brewing period ago, the Didit of the R&D scale and intensity are both greater than 0; the R&D scale grows without a lag period, and the R&D intensity lags by two periods. With higher R2 values, the model has good fit. It shows that the reform signal of the dual-credit policy has indeed significantly promoted the expansion of R&D investment made by automakers and has the most obvious effect on the R&D scale. There has been no significant change in the capitalization ratio and so as the R&D staff ratio. The reasons may be that the adjustment of the capitalization ratio is relatively slow, or the automakers are still waiting for the revision of the dual-credit policy.
TABLE 5 | Results of the characteristics of the dual-credit policy effect in different periods.
[image: Table 5][image: Figure 4]FIGURE 4 | A trend chart of the dual-credit policy effect in different periods.
With the release of policy signals, the average growth rates of the R&D scale, intensity, and the capitalization ratio were 15.87, 1.36, and 0.17%, respectively. The Didit of the R&D scale and intensity is relatively stable and that of the R&D staff ratio is unstable. It shows that the policy signal release mechanism can indeed stabilize the expectations of PV makers and encourage automakers to make arrangements in advance. However, the changes in the R&D structure are not significant, which may be related to the fact that the effects of the dual-credit policy need time to accumulate before it becomes apparent.
During the implementation period, the dual-credit policy has a significant and stable effect on the R&D scale, intensity, and the capitalization ratio. Table 5 and Figure 4 show that the Didit is significant in all dimensions at the 10% level; among which, the R&D scale and the capitalization ratio increased by 8.14 and 2.67%, respectively, annually, significantly higher than those of the brewing period. It demonstrates that with the formal implementation of the dual-credit policy and the approaching of the credit assessment date, the pressure and motivation of PV makers’ technology research and development are further enhanced. Under the dual-roles of compulsion and incentive, the PV makers’ R&D investment growth and the R&D structure adjustment are more obvious. Compared with 2018, the Didit of the R&D scale and the capitalization ratio in 2019 increased by 24.22 and 7.37%, respectively. Although the Didit of the R&D staff ratio is less than 0, the growth trend has already appeared. In summary, compared with the brewing period, the policy effects of all dimensions of R&D investment have increased to a certain extent, and the development trend is relatively clear. This manifests that with the gradual strengthening of policy signals and the approaching of credit assessment, the dual-credit policy has become more stable in promoting the expansion of R&D investment.
CONCLUSION AND POLICY IMPLICATIONS
Conclusion
We regard China’ dual-credit policy as a quasi-natural experiment using the DID model to divide Chinese automakers into an experimental group and a control group, and analyzed the phased impacts on the scale, intensity, and the structure of R&D in the brewing period and the implementation period.
We have reached some main conclusions about the dual-credit policy. First, the policy has encouraged automakers to expand the R&D scale and intensity, and promoted the adjustment of the R&D investment structure to “valuing capital more than talents.” It indicates that automakers have begun to actively respond after the release of policy signals. These conclusions are different from the “negative” behaviors of some automakers under the ZEVM, such as delaying the implementation of policies through litigation and political lobbying, or demanding to reduce the credit assessment criteria (Collantes and Sperling, 2008). Second, the heterogeneity of automakers’ scale, profitability, and market orientation has obvious moderating effects on policy effects. This is partly consistent with the research conclusion of Xiong et al. (2018). There is a U-shaped relationship between the enterprise scale and the R&D investment, which is inconsistent with the inverted U-shaped relationship theory of modern enterprise R&D tendency (Hu and Li, 2014). This shows that big automakers and small ones have their own advantages in promoting R&D innovation. Third, the effect of China’s dual-credit policy has phase characteristics. During the brewing period, the dual-credit policy has a significant and stable effect on the R&D scale, R&D intensity, and the capitalization ratio. During the implementation period, the dual-credit policy has a significant and stable effect on the R&D scale, intensity, and the capitalization ratio. The policy effects of various dimensions of the R&D investment show shock adjustments, but the trend of change is basically determined.
Policy Implications
Our research provides important management insights and policy implications as shown below.
Policy-makers in China: 1) Policy-makers need 2consider promoting the transition from accounting to compensation for credit assessment. It has been concluded that the dual-credit policy has significantly promoted the R&D investment of automakers. In order to strengthen the effect of the policy, it is possible to further force automakers to expand R&D investment through the implementation of the credit compensation rules. At the same time, it is necessary to improve the credit trading platform and management system. 2) Policy-makers need to consider adjusting the calculation rules of credits and the scope of assessment objects. It has been concluded that automaker heterogeneity has a significant moderating effect on policy effects. In order to have a wider coverage of the policy effects, more automakers need to be included in the assessment scope. At the same time, taking into account the diversity of NEVs, it is necessary to implement classified guidance and key management for different automakers through flexible credit accounting rules.
Other emerging markets: The dual-credit policy provides important references and practical value to emerging markets facing the same problems. Combined with our conclusions, emerging markets can consider implementing the credit policy in phases, releasing signals to automakers during the brewing period, guiding them to make arrangements in advance, changing from passive compliance to proactiveness, and creating a good industrial foundation for the realization of policy goals during the implementation period.
Future studies: In the future, our research may be further optimized, such as analyzing the difference in the effects on conventional automakers and NEV automakers, which will facilitate more precise policy implementation. In addition, we also need to consider the impact of the revision itself on the effect of the dual-credit policy, which will make the model more complex and bring challenges to the optimization solution. The corresponding research results will help to optimize the dual-credit policy. Finally, some global uncertainties such as the COVID-19 will bring a lot of impacts to our research topics. The income and profits of some automakers may have significantly decreased, and the supply–demand ratio of credits will be tightened in 2021, which will affect the stability and continuity of R&D investment. We also need to consider to control these structural breakpoints or exogenous shocks in the empirical model.
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FOOTNOTES
1New energy vehicles refer to vehicles with new technologies and new structures that use unconventional vehicle fuels as power sources. In China, new energy vehicles mainly refer to hybrid electric vehicle (HEV), battery electric vehicle (BEV), extended-range electric vehicles (EREV), and fuel cell battery electric vehicle (FCBEV).
2Source: https://www.marklines.com
3Every listed company actually includes multiple automakers. For example, the SAIC Group includes Shanghai Volkswagen, Shanghai GM, and SAIC-GM-Wuling, and the GAC Group includes GAC Honda, GAC Toyota, and GAC Mitsubishi.
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China has been promoting garbage classification in its rural areas, yet it lacks financial appropriation and fiscal decentralization to support waste processing projects. Though the existing literature has suggested fiscal decentralization strategies between different local government levels, few of the studies ascertain garbage classification efficiency from a quantitative perspective. To bridge the gap, this study examines the optimal fiscal decentralization strategies for garbage classification. It uses an optimization model while considering decision makers’ requirements regarding the fund allocation amounts at different government levels and the classification ratios in villages as constraints and decisions, respectively. A three-stage heuristic algorithm is applied to determine optimal landfill locations and efficient classification ratios for the garbage processing system in rural China, with an analytical discussion on the propositions and properties of the model. Our analytical results suggest that 1) the theoretically optimal solution is conditionally achievable, 2) the applied algorithm can achieve the optimal solution faster when the relationship between governance costs and classification ratios reaches some mathematical conditions, and 3) there is always a potential for increasing the retained funds between different government levels or for reducing the total appropriation from the county government. The numerical experiment on a primary dataset from 12 towns and 143 villages in the Pingyuan county of Guangdong province, China, does not only affirm the qualitative results, but it also provides insights into the difficulties encountered during the implementation of the garbage classification policy in China’s rural areas.
Keywords: garbage classification, fiscal decentralization, quantitative analysis, optimization, rural area
INTRODUCTION
Under a typical multilevel governance structure, local governments in China—villages, towns and counties—are always authorized specific rights and responsibilities during a garbage processing project. For instance, the village committee is always responsible for hiring cleaning staff to classify and deliver the garbage from each household to the transfer station in town. The town government then transports the waste from the transfer station in town to further treatment sites such as refuse landfills. Efficient allocations of funds between each of two local government levels—that is, fiscal decentralization—are critical to garbage processing efficiency, as well as ensuring consistency between administrative power and financial rights.
However, due to information asymmetry, it is difficult for the central government to design any efficient fiscal decentralization plan to guide subordinate local government levels under a “top-down” scheme. When the supervision costs between each of two different government levels are abnormally high, the fiscal allocation is inefficient. Previous studies have explored factors critical to the financial sustainability of waste management systems (Bartolacci et al., 2018), conceptually proposed specific fiscal decentralization strategies to solve grassroots problems (Gregorio et al., 2019) and evaluated the application of fiscal decentralization principles in practical contexts (Zegras et al., 2013). However, the quantitative examination of the efficiency of decentralization strategies remains scant in the literature.
Considering that garbage classification at the grassroots government level will have a “bottom-top” impact on the fiscal decentralization strategy of the governments at higher levels, inefficient garbage classification at the village level may cause serious financial efficiency and environmental sustainability problems at the town and county levels. For instance, the deregulated classification may lead to a large number of garbage abuses in a village, which will further undermine the local environmental quality. In contrast, an overly strict requirement 1 may lead to excessively high costs for the entire garbage governance system. It could lead to the community surpassing landfill capacity in a relatively short time. Therefore, we argue that an optimized garbage classification ratio not only improves fiscal decentralization through different government levels but also helps to achieve the sustainability goal.
This study optimizes the fiscal decentralization strategy for processing local garbage taking garbage classification as a decision variable. The whole problem is modeled as a location-allocation network, in which the landfill location is also optimized. The requirements of fund flow in this network through different government levels are treated as constraints for the optimization model. Our key findings show that it is possible to improve the fiscal usage efficiency between government levels. We specifically show the impact of garbage production scale on classification decisions and the impact of such decisions on the size of fiscal appropriations.
The remainder of this paper is structured as follows: Literature Review reviews the related literature from three aspects: garbage collection, fiscal decentralization and garbage processing optimization. Setting describes the research problem by specifying the authorities and financial constraints through different government levels. Model, analytical discussion and algorithm development are presented in Modeling and Analysis. Numerical Experiment presents the quantitative experiment and optimization solutions. Conclusion concludes the paper.
LITERATURE REVIEW
The study aims to optimize fiscal decentralization efficiency in garbage processing under a multilevel government structure. Three strands of relevant literature—garbage classification, multilevel governance and operational optimization—are reviewed in this section. Then gaps in the existing literature are identified.
Garbage Classification
Previous studies have discussed different garbage classification methods. For instance, Nie et al. (2018) propose a new Decision Support System on a specific classification method in Shanghai, China. Idowu et al. (2019) address an identifiable and comprehensive academic evaluation of the value of landfill sites on garbage classification. Li et al. (2019) carry out field investigations, questionnaire interviews and factor analysis in the rural area of Hangzhou, China, to detect the efficiency of some new garbage classification methods. The authors compare four methods, including a “2 + T” source method (biodegradable waste, other waste and toxic waste) and three types of source classification and resourcing treatment patterns. Garbage classification, as an end-of-pipe (EOP) treatment, always happens before garbage collection at farm households. Yet landfill classification refers to any waste management system that processes waste before discarding it into the environment (Dutt and King, 2014). Dutt and King (2014) conduct an empirical study to test the contribution of EOP treatment to improve the waste reduction process. Using EOP treatment was found to increase information about process problems and hence could help practitioners identify the root cause of insufficient capacity and facilitate the source reduction of processed waste.
Besides proposing garbage classification methods, researchers have also tried to improve classification efficiency. According to Nguyen et al. (2015), trust, personal perception, moral norms, perceived difficulties and reciprocity are critical factors that explain residents’ intentions in garbage classification separation. Gundupalli et al. (2017) review the automated sorting techniques, including sensors and actuators, and found their contribution to improving garbage processing efficiency. Boonrod et al. (2015) investigate how to design management mechanisms for increasing garbage classification efficiency, and they identified that an economic incentive mechanism, e.g., the community business mechanism, performed best, as it increased separation efficiency by about 58%. According to our pilot experiment, however, higher garbage classification intensity does not necessarily bring about cost reductions, especially for the whole system, since different levels of garbage separation intensity in villages may cause different governance and transportation costs throughout the fiscal decentralization chain.
Through our investigation in the rural areas of Southern China, we find that local garbage is always recommended to be sorted into four classes: organic perishable garbage, hazardous waste, inert trash and others. Most of these types, in terms of classification method, are sorted at the source instead of treatment patterns. In addition to choosing the appropriate classification method, this study suggests that an efficient fiscal decentralization strategy is a critical factor in the successful implementation of rural domestic waste classification and resource management.
Fiscal Decentralization
Gregorio et al. (2019) propose a theoretical framework that combines institutional and policy network approaches to the study of multilevel governance of the climate change problem. These authors provide valuable information with which to identify the institutional framework among different government levels. In line with their framework, which highlights the institutional environment, we focus mostly on fiscal institutions and the efficiency of fiscal decentralization through different government levels. According to Oates (1999), pp. (1120), fiscal decentralization, which is also called fiscal federalism, refers to understanding which functions and instruments are best centralized and which are best placed in the sphere of decentralized levels of government. Fiscal decentralization efficiency and environmental performance are evaluation criteria in rural China. Zhang et al. (2017) point out that fiscal decentralization hurts efficiency (Zhang et al., 2017). Zegras et al. (2013) examine Portugal’s metropolitan transportation sector from the fiscal federalist’s perspective in light of the country’s decentralization efforts and new relevant legislation. Several problems are identified within the local metropolitan transportation system, such as a lack of direct user fees, prices that inadequately reflect costs and a heavy reliance on central government subsidies for public transportation investments and operations. In the rural China, garbage disposal processing is always launched by the higher government level, and undertaken by the subordinates, with structurally spent cost through different levels. However, we found that, based on our spot investigation, the cost may not be entirely come from the higher government levels. The villagers for example, are often charged with the garbage disposal fees.
Optimization in Garbage Processing
Anwar et al. (2018) solve a location problem to identify the configuration of a municipal solid waste (MSW) management system. Balaman and Selim (2014) use mixed-integer programming in the network design model to determine the most appropriate locations for biogas plants and biomass stores. Badran and El-Haggar (2006) use a mixed-integer programming model to solve a waste management problem and discussed the selection strategy for the locations of multiple garbage collection stations at different geographical locations. Tavares et al. (2011) use the spatial multicriteria evaluation method to examine the optimal location of an MSW incineration plant. Since these studies have not considered classification at the endpoint of the garbage processing network, no allocation optimization needs to be implemented. Considering waste transportation and the location problem, Srivastava and Nema (2012) use a fuzzy parametric programming model to address the location-allocation problem for urban waste management. Apart from the studies mentioned above, topics related to the application of multilevel governance in optimization can be found in the operational management literature as well. For instance, Levaggi et al. (2018) construct an N-region network programming model to address a systematic garbage disposal problem. In this model, waste mobility is allowed between nodes, and its effect on the solution was discussed under both centralized and decentralized decision models. In Ma et al. (2018), the authors also used a network optimization method for waste processing issues. In their study, a case from Louisiana, United States, is used, and monetary constraints are considered through different players in the network.
The literature on garbage classification mostly focuses on the classification methods that may improve operational efficiency, the factors that impact the classification behavior/intention and the mechanism design that may increase the policy efficiency (Gundupalli et al., 2017; Nie et al., 2018; Li et al., 2019). Some existing research has discussed the impact of end-of-pipe treatments, such as landfill, on garbage reduction efficiency through the whole process. A few studies have explored the intrinsic connection between end-of-pipe garbage treatment and fiscal decentralization efficiency, incorporating all decision makers in the modeling process. We provide theoretical decision-making suggestions on fiscal decentralization as well as simulate the outcome of the EOP garbage treatment, rather than addressing ex-post discussions on the EOP impact on the participants’ decision quality.
Though some studies have discussed the impact of fiscal decentralization on policy efficiency (Zhang et al., 2017), the regional economy (Gregorio et al., 2019) and some public-service departments (Zegras et al., 2013), few of them, however, have scrutinized the impact of fiscal decentralization efficiency on waste management and garbage processing. The optimization literature usually focuses on the application of related programming or computing methodologies, and few studies integrate the network programming technique with any practical garbage classification problems in specific areas.
We quantitatively optimize fund allocation efficiency through different players within a logistics network. Our study is the first attempt to apply an operational method to a rural garbage processing problem under a multilevel governance mechanism.
SETTING
We consider a multilevel governance framework that consists of the issues of “collection-and-classification in the village, transportation in town and processing in the county” (CAV-TT-PC). To determine an efficient fiscal decentralization strategy that starts from garbage classification within the grassroots government, our study builds a location-allocation optimization network, treating the location of the landfill and classification ratio as the decision variables. To approach the local garbage logistics network, a second-order conic programming model is applied, based on the above two decision variables. To specify the other issues, along with these decision variables and the corresponding constraints on fiscal expenditures at each government level, we make the following assumptions.
Assumptions

(1) The garbage production of each village household and the location of the town’s transfer station are known.
(2) Only the classified garbage needs to be processed at the refuse landfill in the county. The rest is assumed to be disposed of by local households.
(3) The governance cost related to the classification work is the function of the classification ratio. Such information will then be specified in the quantitative experiment.
(4) The cost of garbage collection from each farm household and the transfer of garbage to the transfer station is constant.
(5) The number of refuse landfills in the county is predetermined as being equal to one.
(6) None of the government levels will accept a negative flow of funds.
In addition to assumption (2), we actually imply another assumption here that the disposal process of the garbage is indifferent to classified waste types. In the reality, different garbage disposal processes are often placed together, in order to avoid pollution to the villages. Besides, there is limited available location to position the processing site in the rural area. For theoretical discussion, we social researchers are always lack of specific data regarding of the benefits and cost of classifying out different garbage types. Based on the above, the distance from the origin to the processing site is accordingly assumed to be equal to that between the origin to the landfill in the county. That is, the distance will be indifferent to the classification result.
Stoeva and Alriksson (2017) state that policies and legislation and people’s attitudes could be important factors that affect garbage processing efficiency. In our paper, however, these conditions are implicitly assumed to be satisfied. The local farm households in our area of investigation are always found to have good intentions regarding garbage classification and to follow the guidance of the local government. Thus, in this paper, the implementation quality is assumed to be guaranteed by the incentive mechanism from local governance and the household’s behavior. Although we find from the citations from Dutt and King (2014) that many authors approached the garbage governance problem from the perspective of process quality management, we are mostly interested in process efficiency. In the following subsection, to-be-decided variables that are determined by the authorities at each government level are specified under a CAV-TT-PC framework.
Decision Units and the Variables to be Decided
Village Committee

(1) Classification ratio
The village committee determines the classification ratio during garbage collection.
(2) Amount of retained funds
In addition to the funds used for classifying and collecting domestic garbage, the village committee has to decide on the amount of funds to be retained from the amount allotted by the town government level.
Town Government

(1) Funds allocated to villages
These funds are used by the town government to support the garbage classification and processing work and to cover the governance cost in villages.
(2) Amount of retained funds
The town government has to decide on the amount to be retained from the amount allocated by the county government.
County Government
The county government should choose the refuse landfill location while making a plan for the appropriations budget. These two aspects, in practice, jointly influence the total costs of the garbage processing network and the strategies for fund allocation through to subordinate levels. In other words, the county government must consider the location problem that would be created by different landfill locations, as well as the size of the appropriation that comes from the higher government level. The appropriation will always be treated as both an incentive/authority and a constraint/responsibility for the local government during a garbage processing project. Although the total amount of the allocated appropriation from the central government is closely related to the specific authorities and affairs in the subordinate government levels, few studies have explored the potential of improving fund allocation efficiency within grassroots governance.
Following the implementation of a location strategy, waste transportation routes from the transfer stations to the landfill site will also be optimized. This change, as stated in Peri et al. (2018), will then mitigate the total logistics cost of the whole system. Further modification of the network will be carried out by optimizing the classification of the garbage from each village.
We do not address the location problem for the transfer station in town for two reasons. First, the delivery cost from each farm household to the transfer station is independent of the station’s location, since the salary paid to the cleaning staff is only dependent on the weight of the delivered garbage. Second, the distances from farm households to the transfer station are much smaller than the distance from a transfer station to the landfill in the county. Thus, the transportation cost between farm households to transfer stations has little impact on the total cost. In the following subsection, the requirements of the fund allocation strategy at each government level, superior and subordinate, are specified.
Financial Requirements of Decision Units
Based on the discussion in Decision units and the variables to be decided, the following specifies the requirements from different government levels that can be used as the constraints in programming:
From the village committee’s perspective, its net fiscal revenue from processing rural garbage is equal to the difference between the garbage processing cost and the funds received from the town government. The processing cost in the equation equals the sum of the collection costs and classification-related governance costs. Collection costs are usually paid to the local cleaning staff, while officers always undertake the classification related governance costs at the grassroots government level.
[image: image]
In equation Eq. 1, the cost is generally specified by the village committee itself. The correlation of the garbage processing expenditure, classification-related governance cost and processed garbage volume mainly reflect the fiscal decentralization efficiency between the local and the superior government levels.
Similarly, the net fiscal revenue of the town government—consisting of the funds allocated by the county government, the allocations to village committees and the expenditures for garbage transportation—is listed by equation Eq. 2 as follows:
[image: image]
The net fiscal revenue of the county government is derived by subtracting the allocation funds and transportation costs that occur in the town from the funds received from the central government level. Accordingly, the following equation Eq. 3 is derived:
[image: image]
According to assumption (6), the net fiscal revenue for the county, town and village governments should be nonnegative. If each local government level has a requirement on the minimum funds to be retained, the lower bound should be considered in the constraint as well.
Integrating Decision units and the variables to be decided and Financial requirements of decision units, the following argument is proposed. Although the operational analysis of the garbage processing system is derived from a bottom-up approach, the optimized location of the landfill site in the county and the classification ratio in the village are conducted within the fiscal decentralization strategy that is implemented under a top-down approach. This statement can be graphically depicted in Figure 1, in which the size of the money bag represents the amount of the allocated funds received by the local government. In contrast, the variation in the size represents the outcome of fiscal decentralization through different government levels. For instance, the town’s money bag is bigger than the village’s, since the town government needs to use a part of the funds to transport the garbage from the transfer station to the landfill site before the funds are allocated to the village committee. The reduced size of the garbage bags, in the direction opposite to that of the fiscal decentralization, denotes the outcome of garbage classification. That is, for example, why the town holds less garbage than the household does.
[image: Figure 1]FIGURE 1 | The procedures of garbage processing and final decentralization. Notes: The above figure takes one village as an example. Otherwise, the amount of garbage transported to the landfill (i.e., from right to left) would cumulatively increase.
MODELING AND ANALYSIS
Based on the above discussion, we first build an operational optimization model, then derive the analytical properties and, after that, put forward some propositions for the model.
Notations
All the relevant parameters and variables discussed in this study are listed as follows:
 | 
[image: ] | 
[image: ]The objective function minimizes the total cost, which is the sum of the product between the distance and the assorted garbage from each village. [image: image] denotes the distance from the landfill position in the county to the transfer station in the town. Mathematically, we have [image: image] where [image: image] denotes the norm, with its subscript denoting the degree. Constraint (1) ensures the delivered garbage will not exceed the annual processing capacity (capacity for abbreviation) of the landfill; constraints (2) and (3) guarantee the fund flows through the town government and village committees are nonnegative, respectively. Note that the right term of (2) is a ton-kilometer cost that follows the pricing convention of the logistics industry, taking the product of the marginal transportation rate with the product of weight and distance. In the right first term of constraint (3), the collection cost of the cleaning staff relates to the assorted volume of the household garbage. In the second, the function between the garbage classification and the corresponding governance cost is described as a general form of the decision variable [image: image], as well as the parameter [image: image]. The generalization of this function will have little impact on our analytical discussion. The specific form will be later addressed in the numerical experiment section. Constraint (4) says that the total planned funds over all the towns cannot exceed the appropriation from the county government, and the salary for the cleaning staff in the village is not lower than a lower bound. Such a lower bound always comes from the requirement of the local government or the labor law. The classification ratio is limited by constraint (5), in which [image: image] and [image: image] are the lower and upper bounds, respectively. The two boundaries, naturally, are to be restrained between zero and one to comply with reality. We use [image: image] after 0 since we consider the extreme case that no garbage is transported from the household; constraint (6) makes sure that all the decision variables are nonnegative.
Remark 1
In the objective, [image: image] is used as a classification variable that can be determined by the grassroots government level. Then the problem can be solved through a location-allocation algorithm scheme that was proposed by Cooper (1963) and extended by Wu et al. (2015) and Ma et al. (2018). Related pseudocodes are listed in Algorithm 1 in Supplementary Appendix A. Our version in the current paper is closer to that used by Cooper (1963) and Wu et al. (2015), since Ma et al. (2018) considered a multiobjective scenario.
Proposition 1
The problem equals a location-allocation problem.
Proof of Proposition 1
The proof is evident since we can treat [image: image] as a decision variable, e.g., [image: image] that concerns the delivered garbage value from village [image: image] of town [image: image], determined by the decision of the classification ratio. Then (QP) can be reformulated to [image: image] where [image: image] that represents a total delivered garbage volume from town [image: image]. So far, a standard location-allocation problem is constructed, and the proposition is proved. ■
Proposition 2
Following the scheme that requires [image: image] and [image: image] to be alternately determined, (QP) is convex programming during each iteration round, given [image: image] is convex.
Proof of Proposition 2
Based on Proposition 1, the objective is convex to [image: image] given a fixed [image: image]—since the function is of a linear form, and convex to [image: image] given a fixed [image: image]—because the function is of a second-order conic form. Then we need to prove that all the constraints are convex: constraint (1) is convex due to its linearity; according to the algorithm scheme, constraint (2) is convex; if [image: image] is convex, then constraint (3) is convex. Thus, the proposition can be proved. ■
Remark 2
It can be found from the above that, given that the other conditions are unchanged, the relationship between the governance cost and garbage classification ratio affects the algorithm’s effectiveness and efficiency. Exploration of the specific form of such a relationship and its impact on optimization analysis can be left as an interesting problem for future research.
Proposition 3
The three-stage heuristic algorithm by Cooper (1963), Wu et al. (2015) or Ma et al. (2018) is valid in the current problem for searching the locally optimal solution for programming (QP) in terms of both its decision variables [image: image] and [image: image].
Proof of Proposition 3
To prove this proposition, we have to prove that [image: image] and [image: image], where [image: image]and [image: image] denote the iteration and predetermined maximum iteration times.
Since [image: image] is optimized based on the solution of [image: image] by using [image: image] as a constant, and in turn [image: image] is optimized by using [image: image] as a constant in [image: image], we have [image: image] and [image: image] due to the convexity of each programming. Slightly adjusting the superscripts in the latter inequality, the proposition is proved. ■
Remark 3
In other words, Proposition 3 says that whether we start the iteration from the landfill location or garbage classification, the algorithm makes the objective non-increasing.
Looking into the specific constraints, we have the following proposition:
Proposition
The non-increasing monotonicity of the lower bound of constraint (2) is sufficient, but not necessary, to the improvement of the objective.
Proof of Proposition 4
It can be found that for each index [image: image], the lower found of constraint (2) denotes the total transportation cost for each town. If this cost is non-increasing through the algorithm, the summation of the total cost for all the towns is non-increasing. This causal relationship, however, is irreversible. Thus the proposition can be proved. ■
Remark 4
The reason behind Proposition 4 can be described as follows: the objective function focuses on the total ton-kilometer cost of the whole county, whereas constraint (2) provides a limit to the solution by considering the ton-kilometer cost from each village to the landfill in the county. Therefore, if the component-wise cost is smaller, the total cost will undoubtedly be smaller. But a smaller total cost does not necessarily mean a small component-wise cost.
With further discussion on the constraints, we have the following property:
Property 1
If [image: image] is non-increasing with [image: image], the optimal solution [image: image] is always equal to its lower bound [image: image], and the optimal solution [image: image]can be found by at most two iteration times.
Proof of Property 1
If the iteration begins with an arbitrarily initiated location site, [image: image] can be solved as equal to its lower bound, due to the minimization scenario and non-increasing monotonicity of constraint (3). Then [image: image] can be found, given a fixed [image: image], during the first iteration, which is essentially a location optimization problem. If the iteration, on the contrary, begins with an initiated [image: image], [image: image] can be found for the first iteration and [image: image] can be found for the second. Thus, the property can be proved.
Considering the practical application, [image: image] can be set as a general standard for the whole county, e.g., [image: image]. For this, we have the following discussion:
Remark 5
Although a scalar variable, which can be denoted as [image: image] rather than a matrix (vector) that has been denoted by [image: image] in the modeling, does not violate any of the above propositions and properties; it may cause an intractability problem as we use an equality constraint as (2). Subject to such an equality constraint, intractability may also be caused by not only the inappropriate settings of the total budget [image: image] but also the landfill capacity [image: image] and the initial landfill location. For instance, an increase of the lower bound of constraint (2) may violate this constraint, although (4) is active. Furthermore, we find that satisfying constraint (2) and (3) are not only necessary but also sufficient to a solvable problem. The above observations indicate that, in practice, the appropriation size and local operational work have a mutual impact on each other. For instance, a too-small appropriation amount may cause an undesirable location decision for the landfill, in terms of environmental quality. A lack of financial support may also bring about a household’s negative motivation regarding garbage classification, or worse, a negative motivation regarding the implementation of the whole system.
NUMERICAL EXPERIMENT
Data
The numerical experiment was conducted on a real case from Pingyuan county, China (Figure 2).
[image: Figure 2]FIGURE 2 | Study area.
There are a total of 12 towns and 143 villages in the county. The specific corresponding relationship between the village names and indices [image: image] in practice is reported in Table B-1a in Supplementary Appendix B. Their coordinates are reported in Table B-1b. The entire garbage production from all the villages reached 30,529.25 tons in 2018, which cost 5.44 million RMB3 to pay the cleaning staff. The transfer expenditure undertaken by the town government was 3.16 million RMB. More detailed information derived from the surveyed information, such as the village coordinates, population garbage production for each village and the location of the transfer station in each town, etc., are reported in Tables B-1b, B-1c and B-1c. This information can be used later as a benchmark for comparison with the optimized solution.
To facilitate the analysis, we simplify[image: image] into a linear form, e.g., [image: image], in which [image: image] denotes the marginal governance cost of the classified garbage volume. Here, we denote [image: image] RMB per ton according to the following calculation.
Governance Cost in Villages
Average garbage production per village equals 213.5 tons per year and that the annual salary for the village officer is about 36,000 RMB, according to the provincial standard. Based on our survey of the county, we find about one-quarter of the working time is spent on inspection and the officer usually goes for inspection for twice a time (using 0.5 in the denominator).4 So marginal governance cost is calculated as:
[image: image]
That is to say, to manage the garbage classification work, the village committee needs to pay 58.5 RMB of compensation per ton of garbage to the village officials.
In reality, however, there is no such expenditure paid to village officials. Thus this paper will also contribute to the optimization of a village officer’s salary in terms of fiscal decentralization efficiency.5
Marginal Transportation Cost From Town to County
For the transportation cost, we use 6.18 and 16.10 RMB per ton as the lower and upper bounds. The average distance from the transfer station of a town in Pingyuan county to the landfill site is equal to 7.3 km. Considering that the allocated funds for garbage transportation in that town equal to 340.9 thousand RMB and that the local garbage production equals 4,717 tons, the marginal cost is 9.9 RMB per ton-kilometer, if we only consider using the funds on transporting the garbage. Given the contract value is of 212.7 thousand RMB between that town and the commercial company, the cost equals 6.18 RMB per ton-kilometer. Taking the higher price 16.10 quoted by other companies as reference, we use the smaller value, i.e., 6.18 RMB, as the lower bound, and the sum, i.e., 16.10 RMB, as the upper bound in setting the related parameter. For the numerical experiment, we start from the lower bound to check the result and vary this value from 6.18 to 16.10 RMB in the extension case to see the impact of such a variation on the optimized cost.
Landfill Location
We use the real location of the landfill in Pingyuan County as the initial point to start the algorithm and the benchmark case to compare our results.
Optimized Result
In the numerical experiment, first, we report the result by using Eq. 3 as an inequality constraint with 35,000 tons as the capacity. The actual production of garbage in the study area is 30,529.25 tons per year. Later we vary constraint parametrically up to a constraint of 8,000 tons. We use MATLAB (2010b) to solve the optimization problem.
Result With Inequality Constraint
The specific result with the inequality constraint is listed in Table 1, in which the total classified (outbound) volume is equal to 6,052.33 tons. There is always a gap between the optimized retained amount and the calculated number at either the town government or the village committee. The optimized total appropriation size is also found to be smaller than the predetermined budget [image: image]. The classification ratio for all villages reaches the lower bound, i.e., 0.2.
TABLE 1 | Optimization results given inequality (3) and capacity ≤ 35,000 tons for constraint (1).
[image: Table 1]Result With Equality Constraint and Reduced Capacity
We reduce the capacity to 8,000 tons and replaced constraint (2) to equality in the optimization model. The results listed in Table 2 show that the total transportation cost increases from 640,390.66 to 648,446.40 RMB.
TABLE 2 | Optimization result given equality (3) and capacity = 8,000 tons for constraint (1).
[image: Table 2]Also, the funds from the county to towns, the optimized amount retained in villages, as well as the gap of the retained amount in villages, are larger than those in the previous case, where the inequality constraint is used, and a capacity of 35,000 tons is assumed. The main reason can be attributed to the increased garbage volume delivered. Due to the increment of the garbage processing task, however, we suggest that the retained funds be increased as well. As shown in Figures 3A,B, most of the towns have higher retained funds in the result with an equality constraint and a considerably more amount of delivered garbage than in the result with an equality constraint and a smaller amount of delivered garbage. This is mainly because that more delivered garbage requires larger amount of funds to support, which will, according to our modeling logic, lead to larger amount of retained funds.
[image: Figure 3]FIGURE 3 | Comparison of the retained amount at the villages of each town in the result with a larger amount of delivered garbage and an equality constraint, with that in the result with a smaller amount of delivered garbage and an inequality constraint. (A) optimized result; (B) calculated result by subtracting village cost from the optimized allocated funds from towm to village.
For the location result, it reaches the same position as Datuo town, i.e., (115.9072, 24.5829), despite the variation of the targeted processed garbage, as well as of the appropriation size. This is because no matter how much garbage is transported to the landfill, such a location point will lead to the minimum transportation cost.
For the classification strategy, we find that larger ratios always come from the villages in Datuo town, because it has the most substantial amount of garbage production. We also find that the larger the production the village has, the smaller the classification ratio it has suggested be implemented. Such a finding is graphically depicted in Figures 4A,B. To more clearly display the ratios among different villages, we multiplied the data by 10,000 in Figure 4B. We find it exists in [image: image] of constraint (2)—a small (large) classification ratio is always expected to be accompanied by large (small) garbage volume to reduce the product size.
[image: Figure 4]FIGURE 4 | Comparison of classification ratio and garbage production from the same villages in Datuo town. (A) classification ratio; (B) classification ratio (multiplied by 1000) and garbage production
This result can also be found in the actual situation of our surveyed area, where the classification work is more efficient in villages where garbage production volume is small. For a fiscal decentralization strategy, the numerical result confirms the qualitative analysis.
Sensitivity Analysis
Although some result can be qualitatively derived and numerically testified, e.g., larger garbage production in one town along with shorter distance from the landfill to that town will suggest the result locate landfill near the town etc., we still had some trails, including varying the garbage stock for different towns in order to check the variation of the positioning result, vary the classification techniques (i.e., the bounds of the classification constraints) to check the impact on the solution, and change the marginal transportation cost in order to check the sensitivity of the total cost to the variation etc.
Varied Parameters to Location Result
As we vary some parameters like the appropriation funds amount, transportation marginal cost, as well as collection cost from the village etc., location result is affected little. As we, however, arbitrarily increase the garbage amount of one town in the sensitivity analysis, the result to our expectation shows the variation from Datuo to that town, for instance Dongshi where the position is (115.9600, 24.6786). This makes sense, since no matter how we changed the parameters other than the logistics cost, i.e., the town-kilometer, the location result would not be changed due to the minimization objective of the system. On the contrary, as long as we change that key factor, e.g., the distance from the garbage source to the destination, or the weight of the garbage production, the result would be changed accordingly. In terms of the sensitivity of the model, we claim that the location result is robust to the environment variation of the system.
Impact of Classification Techniques on the Solution
To identify the impact of classification techniques (i.e., the lower and upper bounds of a classification decision) on the solution, we solve the model at different values of [image: image], with the other predetermined parameters fixed. The result is reported given C = 12500 tons and [image: image] million RMB. In the garbage processing practice, the classification ratio is restricted by the real situation, or techniques, at town and county levels. Thus, we address the following analysis to simulate the reality.
We change the lower bound of the classification from 0.0 to 0.1, given the upper bound equals 0.8. Results show that the total transportation cost under such a scenario is lower than that under the scenario in which the lower bound is 0.2. Tapping into the specific allocation solution, we find the garbage following [image: image] = 0 is mainly transported from the four closer towns (Datuo, Shizheng, Retuo, and Hetou).
As we use 0.1 as the lower bound, garbage still mainly comes from three out of the four towns; the exception is Hetou, whose ratio decreases to 0.1. That is because the volume that should have been undertaken by Hetou is distributed to the other towns.
As we change the upper bound of the classification from 0.8 to 0.7, given the lower bound equals 0.2, the result shows that the total cost increases from 815,906.23 RMB (in the benchmark case) to 886,563.37 RMB and the allocated funds from the county to town increases from 80,603,456.25 to 130,656,102.66 RMB. That is because more garbage should be collected from the farther towns, as the classification technique in the closer towns is limited. Thus the ton-kilometer cost increases. For the allocation strategy, only Datuo and Shizheng are advised to send out more garbage, but the other towns are advised to keep the ratio equal to the lower bound. As we then decrease the lower bound from 0.7 to 0.6, the transportation cost increases to 963,000.77 tons, and the allocated funds increase to 256,774,139.17 RMB. Three more towns, Retuo, Hetou and Zhonghang, in addition to the above two, are advised to deliver more garbage than the others. Zhonghang town has the fifth nearest distance to the landfill. When the upper bound ratio decreases from 0.6 to 0.5, there are six major supplying towns, including Datuo, Dongshi, Shinzheng, Retuo, Zhonghang and Hetou. Although the transportation cost increases again, to 1,055,076 16 RMB, the allocated funds decrease sharply from 256,774,139.17 to 5,892,470.16 RMB.
Form a practical perspective, the above solutions indicate that stricter classification requirements (lower bound ratio) result in higher transportation costs but do not necessarily lead to a larger appropriation size. A lower classification technique (upper bound ratio) also results in higher transportation costs but does not lead to lower total appropriations. In summary, the impact of varied classification ratios’ constraints on the fiscal decentralization strategy has less clear direction than the capacity constraints and budget restrictions. Also, it is not very practical to impose strict garbage classification standards from the very beginning, or set up different waste classification ratios for different towns and villages in the same county. Since it will bring us with higher management and government cost. For more efficiently using the government funds, the result implies to further refine government’s waste management categories. so that more specific number regarding the funds retain and allocation can be determined in advance. Based on the variation of funds decentralization against garbage classification rate, a more effective and efficient rate can be found, in order to unify the requirement on each farm household.
About the Convexity
As we find the optimal result, the convexity is found sensitive to some factors, for instance the marginal cost for collecting the garbage in the village, and the transportation cost. For instance, as we increase or decrease the collecting cost around the original data, by a large magnitude as 35 and 85 etc., the objective function will be not convex, and will affect the iteration process of the algorithm; also as we increase the marginal transportation cost, non-convexity can be still found during the iteration. The following table shoes the sensitivity of the objective value, i.e., the total cost of the system, to the variation of the marginal transportation cost. We can tell from the table that the total cost varies a lot due to the small change of the transportation cost.
 | 
[image: ]CONCLUSION
Governments around the world have been promoting garbage classification due to the public’s increased awareness of environmental problems. China started sorting garbage in rural areas, but it suffers from low efficiency in the multilevel governance structure and the fiscal decentralization strategy.
We addressed the fiscal decentralization problem from a quantitative optimization perspective, and we modeled the local garbage processing system into a logistics network. The classification ratio for each village, as well as the location of the landfill for the county, were treated as decision variables in the model. Fund requirements from different government levels are formulated as constraints to characterize the programming and the mechanism by which the governance cost of garbage classification affects the overall system cost was analyzed. The analytical results helped to identify the sufficiency of the constraints to the optimality of the objective. It also helped to derive the classification solution from a qualitative point of view and depict the iteration process in terms of the algorithm’s accessibility to the globally optimal solution. Additionally, we also qualitatively proved that there is always a gap between the optimized funds and calculated expenditures at each government level. If the model is extended, it can also be used in other applied researches, for example, when considering how to build three-level rural logistics network nodes such as the county and rural areas, and how the government supports the development of strategic emerging industries affected by location factors.
The numerical experiment on real cases from the county in rural China shows that larger classification ratios are always placed on smaller, productive villages when the capacity does not exceed some threshold. This result follows the reality that classification is usually easier to implement in the villages with lower garbage production. The extended experiment on varied parameters also shows that strict constraints on garbage classification in a village may result in a prohibitively large appropriation size if such a constraint is required to follow the landfill capacity in the county. However, direct modification of the classification requirement, regardless of the capacity variation, may neither raise the potential of retaining the funds at each government level nor necessarily lead to reductions in total transportation costs in the garbage processing system. The sensitivity analysis based on the numerical result shows that the convexity of the model is impacted a lot by some factors, such as the garbage collecting cost in the village and the marginal transportation cost from town to county etc. Also, we found the total cost is sensitive to the marginal transportation cost.
For future research, specific issues impeding efficiency at each government level throughout the garbage processing system should be identified. Identification of these issues should help to formulate all necessary constraints to build a better cost-minimizing model that captures the effects of fiscal decentralization on garbage sorting.
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FOOTNOTES
1For instance, like in the metropolitan areas of China, garbage is required to be classified before processing.
2The real distance derived by the geographical coordinates is set approximately equal to 157 km per unit, according to the calculation proposed by Ma et al. (2018).
3US$1 = 6.99 RMB (as of 7/20/2020).
4Assume the effective working days in China equal 250, due to weekends and legal holidays.
5As we use 58.5 as a constant in (QP), the optimized salary for each village officer would not be 36,000 RMB per year;
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This article takes Henan Province as the research object and analyzes the relationship between the green energy use, carbon emissions and economic growth in Henan Province by constructing a VAR model. The results show that: 1) There is a long-term equilibrium relationship between the green energy use, carbon emissions and economic growth in Henan Province. The green energy use can simultaneously promote the reduction of carbon dioxide emissions and sustainable growth of economy; 2)The article examines the “creative” effect and “destructive” effect of green energy use on economic structure in Henan Province, and the “creative” effect is greater than the “destructive” effect, so, the green energy use can help Henan Province to achieve green and low-carbon economic growth; 3) Carbon dioxide emission and economic growth are the important factors affecting the green use of energy in Henan Province. Recently, the call of national carbon emission reduction and the pressure of economic development transition have induced Henan Province to change to a clean and green use of energy to some extent; 4) The contribution rate of green energy use to economic growth shows an inverted U-shaped trend, which increases first and then decreases. Carbon emission has influence on both green energy use and economic growth to a certain degree. Finally, targeted recommendations are presented to promote the green energy use and ensure the coordinated and sustainable development of economy and environment of Henan Province.
Keywords: green energy use, carbon dioxide emissions, economic growth, sustainable development, VAR model
INTRODUCTION
Since the reform and opening up, Henan has witnessed rapid economic development. The province’s GDP has exceeded 5 trillion yuan, and the per capita GDP has exceeded 8,000 US dollars. However, its rapid economic development relies heavily on the input and use of fossil energy such as coal. In 2019, the total energy consumption of the province exceeded 22,000 tons of standard coal, with coal accounting for 67.4%. And before 2019, the energy coal accounted for more than 69%. The massive investment and use of energy, especially coal, has promoted the rapid economic development, but it has also led to serious environmental pollution and the emission of a large amount of greenhouse gases such as CO2, which has brought enormous pressure to the environmental governance and carbon emission reduction of Henan Province.
Energy is the cornerstone and pillar of economic development. A large amount of energy investment has promoted the rapid growth of regional economy, but it has led to a large number of greenhouse gas emissions such as CO2 and serious ecological environmental problems, which in turn will affect the economic development. The “Fourteenth Five-Year Plan for National Economic and Social Development of Henan Province and the Outline of the 2035 Long-Term Goals (Draft)” hereinafter referred to as the “Draft Outline,” puts forward the goal of building an ecologically strong province. It points out that we shall form a green way of production and life. And at the same time the carbon emissions shall reach a peak after a steady decline. Meanwhile the man and nature basically realize the modernization of harmonious coexistence. Low-carbon and green have become the keynote of Henan’s economic development. Under this background, the green energy use has become an important measure of carbon emission reduction in Henan Province.
The green energy use can reduce the emission of greenhouse gases such as CO2, but the economic growth of Henan Province is heavily dependent on traditional energy sources such as coal. Therefore, how to rationally arrange the green energy use in the balance between carbon emission reduction and economic growth has become an important research issue. Schumpeter pointed out that “creative destruction” of economic structure is the fundamental driving force of economic growth and the essence of innovation. Green energy use in Henan Province will have a significant impact on the original economic structure of Henan Province: On the one hand, green energy use will have a negative impact on traditional energy production and processing industries with high energy consumption, high pollution and high emission, such as coal, oil and other traditional manufacturing industries, resulting in a “destructive” effect on economic development and growth. However, green energy use will also promote the rise and development of clean energy production and use industries such as new energy batteries, new energy automobiles and other industries, which will bring new sources of growth to economic growth, namely the “creative” effect. Therefore, it is necessary to comprehensively evaluate whether the green energy use in Henan promotes or hinders the economic growth and development of Henan Province. Only when the “creative” effect of the green energy use is greater than the “destructive” effect, the green energy use in Henan Province can be an important measure conducive to the high-quality development of Henan Province.
The outline of the “14th Five-Year Plan” focuses on accelerating the green transformation of development methods, and synergistically promoting high-quality economic development and high-level protection of the ecological environment. The coordinated development of green, low-carbon and high- quality has become the overall background of economic growth. Under the background of national advocacy, it is important for Henan Province to find the balance between the green energy use, carbon emission reduction and economic growth to ensure the coordinated and sustainable development of economy and environment.
Accordingly, in order to study the relationship between the green energy use, carbon emission reduction and economic growth in Henan Province, this article will construct a vector autoregressive (VAR) model to analyze how green energy use can achieve a balance between carbon emission reduction and economic growth. At the same time, the article will further examine whether the requirements of carbon emission reduction and economic growth can promote and induced the green energy use.
The contributions of this paper lie in five aspects: first, it fills the gap in the research on the relationship between the green energy use, carbon emissions and economic growth in Henan Province. Second, it finds out that how the green energy use can achieve a balance between carbon emission reduction and economic growth. Third, it examines the “creative” effect and “destructive” effect of green energy use on economic structure in Henan Province, and provides theoretical support for green energy use in Henan Province. Fourth, it analyzes the effect of green energy use on the economic growth of Henan Province, which provides a reference for the energy development and reform of other countries and regions like Henan Province. Finally, the paper provides relevant countermeasures and suggestions for the green energy use in Henan Province, which has a certain significance for the energy reform in Henan Province.
The rest of this article is structured as follows: Literature review is provided in “Literature review” section. The Research design is established in the “Research design” section, where data source, data processing and model design, are introduced. The results are discussed in the “Empirical analysis” section. In this section, we analyze the relationship between the green energy use, carbon emissions and economic growth in Henan Province. The “Discussion” section shows implications of research results for developing countries and regions. Conclusions and recommendations are drawn in the final section.
LITERATURE REVIEW
Whether green energy use can reduce carbon emissions, most scholars believe that the relationship between the two is positive: for example Fei et al. (2014) conducted research on energy use in Norway and New Zealand and found that clean energy input can help reduce carbon dioxide emissions. Shafiei and Salim (2014) believes that the increase in renewable energy consumption will help reduce carbon dioxide emissions. Dogan and Seker (2016) pointed out that the green use of energy can reduce carbon dioxide emissions. Zoundi (2017) believes that the increase in renewable energy consumption will negatively affect carbon dioxide emissions. Feng and Zou (2008) believe that low-carbon energy structure can positively drive carbon dioxide emissions reduction. Lu et al. (2013) pointed out that greener use of energy structure can restrict carbon dioxide emissions. Zou et al. (2021) pointed out that solar energy, wind energy, hydro energy, nuclear energy and hydrogen energy are the main force of new energy, which will help the power sector to achieve low carbon emissions. “Green hydrogen” is the backup of new energy, helping to further reduce carbon emissions in industrial and transportation sectors.
There is no unified conclusion on the relationship between green energy use and economic growth. Some scholars believe that green energy use will promote economic growth: for instance Apergis and Payne (2012) and Inglesi-Lotz (2016) believe that the increase in renewable energy consumption has promoted positive economic growth. Pao et al. (2014) and Kahia et al. (2017) point out that there is a mutually reinforcing relationship between the use of renewable energy and economic growth. Cang et al. (2020) concluded that the economic growth rate supported by new energy is higher than that supported by traditional energy. Li and Xu (2020) found that renewable energy consumption plays an important role in stimulating economic growth through co-integration test and establishment of VECM model analysis. Xu (2021) pointed out that new energy demonstration cities are an institutional attempt of energy policy. The implementation of such policies has significantly promoted the growth of regional GDP and per capita GDP, and with the deepening of the policy, the effect becomes more significant. However, some scholars believe that the greening of energy use will negatively affect economic growth:for example Ocal and Aslan (2013) and Maji (2015) both believe that the consumption and use of renewable energy hinders economic growth. Qi and Li (2018) point out that the use of renewable energy consumption will have a negative impact on economic growth.
There is not much literature on the combination of green energy use, carbon emissions and economic growth in a unified framework for research: Wang (2020) conducted an empirical study on the relationship between green energy use, carbon emissions and economic growth by establishing a vector autoregressive model (VAR).
The research showed that there is a long-term equilibrium relationship between green energy use, carbon emissions and economic growth in our country. The green energy use not only reduces carbon dioxide emissions but also promotes sustainable economic growth in our country.
In reviewing the relevant literature, it can be found that, in recent years, there is almost no relevant research on the combination of green energy use, carbon emission and economic growth in Henan Province, which relies heavily on traditional fossil energy for economic development. Therefore, this article takes the relationship among the green energy use, carbon emissions and economic growth in Henan Province as the research object, which can fill this gap in the literature. At the same time, it analyzes how the green energy use in Henan Province can achieve a balance between carbon emission reduction and economic growth, which is of great significance for the development of new energy, high-quality economic growth and high-level protection of the ecological environment in Henan Province.
RESEARCH DESIGN
Data Source and Processing
Since this article focuses on the interaction mechanism between the green energy use, carbon emissions and economic growth in Henan Province, this article will take carbon emissions and economic growth as the dependent variables for the analysis, and green energy use as the independent variables to construct a research model. Among them, green energy consumption is measured by the proportion of natural gas, primary power and other energy consumption to total energy consumption, recorded as CE, carbon emissions are measured by the carbon emissions of Henan Province’s primary energy consumption, recorded as CO2, and the economic growth is measured by per capita GDP, recorded as PGDP.
This article selects the relevant data of Henan Province from 1996 to 2019 for analysis. In order to eliminate the impact of inflation, the per capita GDP is converted into constant prices based on 1996. The data related to energy and economic growth are from the 1997–2020 “Henan Statistical Yearbook,” and the carbon emissions data are from calculations. The specific calculation formula is as follows:
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[image: image] is the total amount of carbon dioxide emitted by the combustion of coal, oil, and natural gas, and the unit is ten thousand tons. [image: image], [image: image], [image: image] are the carbon emission coefficients of coal, oil and natural gas, and the unit is 10,000 tons/10,000 tons of standard coal. [image: image], represents the actual consumption of coal, oil, and natural gas.
Since the energy consumption data in the current statistics has been converted into standard coal, it is necessary to convert these data into physical quantities again. For the physical amount of various primary energy consumption, we use the reciprocal of the coefficient of conversion of various types of energy into standard coal announced by the National Development and Reform Commission, that is, 1 ton of standard coal = 1.4 tons of coal = 0.7 tons of oil = 0.5883 tons of natural gas (Shang, 2011). The carbon emissions coefficients of coal, oil and natural gas (Energy Research Institute, National Development and Reform Commission, 2003) are shown in Table 1.
TABLE 1 | Carbon emissions coefficients of three energy sources.
[image: Table 1]Therefore, the final carbon emission calculation formula is:
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Among them, [image: image] are the total energy consumption, the unit is ten thousand tons of standard coal. [image: image], [image: image], [image: image] are respectively the proportion of coal, oil and natural gas in the total energy consumption (%).
In order to eliminate the heteroscedasticity problem that may exist in the data analysis process, the three time series data of CE, CO2, and PGDP are processed by logarithm, and they are recorded as LNCE, LNCO2, and LNPGDP respectively, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Time series diagram of LNCE, LNCO2 and LNPGDP.
Figure 1 shows the change trend of LNCE, LNCO2 and LNPGDP, and it can be concluded that there are three stages in clean energy development in Henan Province: the gentle development stage is from 1996 to 2000, the slow development stage is from 2001 to 2009 and the rapid development stage is from 2010 to 2019. The proportion of clean energy in Henan Province increased from 3.1% in 1996 to 16.8% in 2019, indicating that Henan Province has made remarkable achievements in green energy consumption and energy structure optimization. It can also be seen from Figure 1 that although Henan Province’s carbon dioxide emissions have been increasing year by year, its growth rate has slowed down significantly after 2010, indicating that Henan’s industrial structure upgrade and energy consumption structure optimization and other related measures have achieved certain results and contribute to the decline in the growth rate of carbon emissions. In addition, Henan’s per capita GDP maintained a rapid growth trend from 1996 to 2019.
MODEL DESIGN
The vector autoregressive model (VAR) can effectively predict and judge whether multiple groups of correlated time series variables will affect their future development. Therefore, this paper chooses the VAR model to study the impact of green energy use on carbon emissions and economic growth in Henan Province. The expression of VAR model is as follows:
[image: image]
Where, [image: image] is the k-dimensional endogenous variable, [image: image] is the exogenous variable, [image: image] and [image: image] are the parameter matrix to be estimated, [image: image] is the random error term.
The VAR model is expressed in matrix form as follows:
[image: image]
EMPIRICAL ANALYSIS
The Unit Root Test
Before analyzing the VAR model, it is necessary to perform a unit root test on the data to avoid “false regression” and ensure the stability of the VAR model data. Therefore, this article chooses the ADF unit root test method to test the original logarithmic data LNCE, LNCO2 and LNPGDP for the stationarity. The specific test results are shown in Table 2.
TABLE 2 | ADF unit root test results.
[image: Table 2]According to Table 2, LNCE, LNCO2 and LNPGDP and their first-order difference are all non-stationary series at the significance level of 5%, but their second-order difference series are stationary series at the significance level of 5%, so it is a second-order single integral process.
Cointegration Test
Although the original sequence is not stationary, it is likely that there is a long-term equilibrium relationship between the original sequences. Therefore, this paper uses Johansen co-integration test to determine how many linearly independent co-integration vectors there are between the original sequences. The specific results are shown in Table 3.
TABLE 3 | Johansen tests for cointegration.
[image: Table 3]The cointegration rank trace test (trace statistic) including the constant term and the time trend term shows that there is only one linearly independent cointegration vector (starred in Table 3). However the maximum eigenvalue test (max statistic) shows that the null hypothesis of “cointegration rank is 0” can be rejected at the 5% level, but the null hypothesis of “cointegration rank is 1” can not be rejected. Thus, the corresponding cointegration equation can be drawn as follows:
[image: image]
According to the co-integration Eq. 5, there is a long-term equilibrium relationship between the green energy use and carbon emissions and economic growth in Henan Province. From a long-term perspective, the green energy use in Henan Province can not only reduce carbon dioxide emissions in Henan Province, but also promote Economic growth in Henan Province. we can see that if the proportion of green energy use in Henan province is increased by 1%, the carbon dioxide emission can be reduced by 2.7658%, indicating that the implementation and efforts of Henan Province’s energy clean-up policies and projects such as “coal to gas” have effectively reduced carbon dioxide emissions. In addition, an increase in the proportion of green energy use in Henan Province by 1% can increase per capita GDP by 0.8319%. This shows that the green energy use in Henan Province has indeed promoted the economic growth and development of Henan Province, and at the same time, it also indicates that the win-win economic growth goal of environmental effect and economic benefit is achieved to a certain extent. Therefore, from the perspective of the long-term economic development planning of a province, the “creative” effect of the green energy use in Henan Province is greater than the “destructive” effect, and the green and low-carbon economic growth in Henan Province has been realized. In other words, the sustainable and coordinated development of economy and environment can be realized to some extent. Hence, in the long term, the green energy use is an important measure of energy conservation, emission reduction and sustainable development for Henan Province.
Granger Causality Test
The co-integration test has confirmed that there is a long-term equilibrium relationship between LNCE, LNCO2 and LNPGDP. In order to further determine the causality between the variables, this paper will conduct a Granger causality test on them, and the test results are shown in Table 4.
TABLE 4 | Granger causality test results.
[image: Table 4]It can be seen from Table 4 that both carbon emissions and economic growth are Granger reasons for green energy use, and green energy use is not the Granger reason for carbon emissions and economic growth. It shows that the carbon emissions and economic growth of Henan Province have a great impact on the green energy use in Henan Province. Therefore, the increasing pressure of carbon emission reduction and the unsustainable extensive economic growth mode will force the change of energy use to clean, low-carbon and green in Henan Province.
Impulse Response Analysis
According to the stationary test and co-integration test, LNCO2, LNCE and LNPGDP are all second-order single integration processes, so the VAR model can be constructed. In order to estimate the VAR model, it is necessary to first determine the optimal lag period of the VAR model according to the information criteria. The specific results are shown in Table 5.
TABLE 5 | Optimal lag period of VAR model.
[image: Table 5]It can be seen from Table 5 that the optimal lag order of the VAR model is 2, so the VAR(2) model can be established. The coefficient matrix estimation results are as follows:
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If an effective impulse response analysis is to be carried out, the stability of the VAR model must be ensured. Therefore, the VAR model needs to be tested for stability before impulse response analysis. The test results are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Stability test of VAR model.
As can be seen from Figure 2, all eigenvalues of the model are within the unit circle, so the VAR model is stable and can be analyzed by impulse response analysis and variance decomposition analysis.
Figure 3 is a graph of the impulse response of LNCO2 and LNPGDP to LNCE. In Figure 3, the vertical axis is the value of the relevant response, and the horizontal axis is the period setting. This article is set to 10 periods.
[image: Figure 3]FIGURE 3 | Impulse response of LNCO2 and LNPGDP to LNCE.
It can be seen from Figure 3 that after a positive impact on green energy use, it will lead to a reduction in carbon dioxide emissions and an increase in per capita GDP. The green energy use will continue to negatively affect carbon dioxide emissions. At the same time, it maintains a positive impact on per capita GDP, which indicates that the green energy use in Henan Province can effectively reduce carbon dioxide emissions. Therefore, green energy use is an important measure for carbon emission reduction in Henan Province.
Variance Decomposition Analysis
After the impulse response analysis, the variance decomposition analysis can observe the contribution rate of the green energy use, carbon dioxide emissions and economic growth in Henan Province to the changes of the three variables. Table 6 shows the variance decomposition results of carbon dioxide emissions, and Table 7 shows The results of the variance decomposition of economic growth, Table 8 shows the results of the variance decomposition of green energy use, and the time is set to 10 periods.
TABLE 6 | Variance decomposition of LNCO2.
[image: Table 6]TABLE 7 | Variance decomposition of LNPGDP.
[image: Table 7]TABLE 8 | Variance decomposition of LNCE.
[image: Table 8]It can be seen from Table 6 that carbon dioxide emissions are mainly affected by itself and the green energy use. Until the 10th period, the influence of the two remained above 94.7%. The contribution rate of economic growth to carbon dioxide emissions has also continued to increase and the influence reached 5.3376% in the 10th period. As can be seen from Table 7, economic growth is mainly influenced by itself, followed by carbon dioxide emissions. The contribution rate of green energy use to economic growth shows an inverted U-shaped trend that first rises and then falls, indicating that the impact of green energy use on economic growth increases first and then decreases. The data in Table 8 shows that the green energy use is mainly affected by itself, and its own contribution rate has been maintained at more than 81%. The impact of carbon emissions and economic growth on the green energy use is increasing, indicating that the continuous increase of carbon emissions in Henan Province, the pressure of emission reduction and the continuous growth of economy have promoted the clean and green energy use in Henan Province to some extent.
DISCUSSION
Furthermore, our results suggest that there is a long-term equilibrium relationship between green energy use, carbon emissions, and economic growth for energy, especially coal-dependent developing regions. The article examines the “creative” effect and “destructive” effect of green energy use on economic structure in Henan Province, and the “creative” effect is greater than the “destructive” effect, that is to say the green and low-carbon economic growth in Henan Province has been realized, which provides a reference for the energy development and reform of other countries and regions like Henan Province.
For developing countries and regions like Henan Province with an average annual output value of about 5 trillion yuan, the green energy use will indeed promote carbon emission reduction and sustainable economic growth. Therefore, the green energy use is the progress of the economic development of developing countries and regions, and it is also the inevitable choice of developing countries and regions under the international call of “carbon neutral” and “carbon peak.”
The clean and green energy use can reduce carbon dioxide emissions and promote economic growth for developing energy-dependent countries and regions.
Therefore, when developing countries and regions are faced with the choice between carbon emission reduction and economic growth, the clean and green energy use is a major measure and method. The clean and green energy use can promote the optimization of energy structure and industrial structure in developing countries and regions. And it also can assist developing countries and regions to achieve high-quality economic development and high-level protection of the ecological environment. Hence, the clean and green energy use is imperative for developing countries and regions.
However, this article uses a regional data from Henan Province to conduct the research, and the regional samples are limited. This study will expand on this and select more regional samples to conduct research to verify the long-term equilibrium relationship between green energy use, carbon emissions, and economic growth. At the same time, this article also will find a balance between green energy use, carbon emission reduction and economic growth to ensure the coordinated and sustainable development of the economy and the environment.
CONCLUSIONS AND POLICY RECOMMENDATIONS
This paper takes Henan Province as the research object and analyzes the relationship between the green energy use, carbon emissions and economic growth in Henan Province by constructing a VAR model. The main conclusions are as follows:
1) There is a long-term equilibrium relationship between the green energy use, carbon emissions and economic growth in Henan Province. The co-integration equation also shows that the green energy use in Henan Province can simultaneously promote the reduction of carbon dioxide emissions and the sustainable growth of the economy. The acceleration of green energy use for Henan Province can ensure the realization of its win-win goals for energy conservation, emission reduction and sustainable economic development. Through impulse response analysis, we can still see that the green energy use is an important measure to achieve the carbon emission reduction and economic growth. This is mainly because the “creative” effect of green energy use in Henan Province on economic growth exceeds the “destructive” effect, and finally Henan Province has realized the green and low-carbon economic growth.
2) The Granger causality test shows that carbon dioxide emissions and economic growth are important factors affecting the green energy use in Henan Province. Recently, the call of national carbon emission reduction and the pressure of economic development and transformation have forced Henan Province to change its energy use to a cleaner and greener way to some extent. This is also an important reason for Henan Province to accelerate the optimization and transformation of industrial structure, accelerate the construction of energy saving and emission reduction industrial system and the construction of “coal to gas” project in recent years.
3) According to variance decomposition analysis, the contribution rate of green energy use to carbon dioxide and economic growth is between 5 and 27%, especially its contribution rate to economic growth shows an inverted U-shaped trend that increases first and then decreases. Carbon emissions have a certain influence on both green energy use and economic growth. However, its influence on economic growth is greater than its influence on the greening of energy use. However, although economic growth has a certain influence on the greening of energy use and carbon emissions, the influence is relatively small.
Based on the conclusion, this article proposes the following policy recommendations:
1) The promotion of green energy use in Henan Province is an important measure for Henan Province to reduce the pressure on the ecological environment and promote sustainable and healthy economic development. Therefore, it is suggested that Henan Province should focus on the dual effects of green energy use in reducing carbon emissions and promoting economic growth, and actively promote clean and green energy use in the province. At present, Henan Province ranks fifth in the national economic aggregate rankings. It is a large agricultural province and a populous province in the country. Economic development and employment stability are still the key goals of Henan Province in the future. Therefore, Henan Province can take the following measures in terms of energy transition and greening: In traditional energy-using industries (such as industry), we should promote their transformation to intelligence, accelerate the elimination of backward production capacity, actively introduce energy-saving and emission reduction green equipment, increase the proportion of investment in clean energy and renewable energy, and realize the green use of energy from the production side. For the clean energy production industry, the government should introduce corresponding policies and measures to ensure its construction and smooth production, and provide R&D tax credits and subsidies and other related measures to promote its rapid development to ensure the supply and use of clean energy in the province. For green industries such as new energy vehicles, the government should give strong policy and financial support, including subsidies and R&D tax incentives, to help enterprises go through the initial stage of smoothly promoting the development of green industries such as new energy. In addition, the whole province should pay attention to the construction and bidding of clean and green projects such as coal to gas to ensure the smooth implementation of green projects. Through the implementation of various measures related to energy greening, the process of energy greening and cleaning in Henan Province will continue to advance. After that a green and beautiful Henan will be realized as soon as possible, and the harmonious coexistence between man and nature will be truly realized.
2) The green energy use has forced Henan Province to optimize its energy use structure, which requires Henan Province to change its traditional energy consumption pattern. Its high dependence and high input on high-emission and high-polluting energy sources like coal should be gradually transformed. At the same time, the development and utilization of natural gas, hydropower, and nuclear energy should be accelerated. Henan Province also shall increase the proportion of clean energy in the province’s production and living inputs, and improve the peak shaving capacity of clean energy reserves to expand its utilization range. At the same time, we must also see that the economic development of Henan Province is highly dependent on coal. In the short term, its economic development will still require a large amount of coal energy input. Therefore, Henan Province should speed up the research and application of coal clean and green technologies. For example, coal water slurry technology, carbon storage technology and circulating fluidized bed combustion and other high-efficiency and clean coal combustion and conversion technologies. This can promote the transformation of coal, a black energy source, into a cleaner and greener one.
3) Improve the low-carbon and green-related laws of the energy market, and innovate the incentive system for low-carbon and green energy. Developed countries such as the United States and the United Kingdom have formed relatively complete energy low-carbon and green energy laws and regulations. However, although energy low-carbon and green energy has received certain attention and development in our country, there is still a long way to go. Henan Province’s laws and regulations on low-carbon and green energy have not formed a complete system. Therefore, Henan Province can consider expanding and detailing management measures for low-carbon and green energy use in industrial enterprises on the basis of the Ecological Environment Protection Law. For different types of industrial enterprises, different laws and regulations may be implemented. Henan Province needs to strengthen the regulatory mechanism for low-carbon and green development and operation of energy, and increase the employment rate of green industries. Henan Province can also innovate the incentive system for low-carbon and green use of energy, formulate incentive standards for green energy input and use, reward enterprises that meet the standards, set up good models, and drive the rapid transformation of energy use by enterprises in the province to green and clean energy.
4) Deepen the structural reform of the energy supply side, and give full play to the regulatory effect of the market mechanism in the energy market. With the vigorous development of green energy and green economy in Henan Province, the development of related industries will need a lot of financial support. Therefore, it is suggested that the government and financial institutions do a good job of green credit planning, make good use of green credit financial instruments, and give full play to their maximum effect, so as to meet the capital needs in the process of green energy use.
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The influence of low-carbon energy on economic development is a vital issue. Using the provincial panel data in China from 2000 to 2017, this work investigated the aggregate effects of low-emission electricity. The results showed that 1) when the ratio of low-emission electricity to total electricity increases by 1%, the GDP per capita will increase by 0.16% and CO2 emissions will decrease by 0.848%. In other words, low-emission electricity can achieve the goal of low-carbon economic development; 2) the self-supply of low-emission electricity, rather than trade and efficiency, is the main reason for China’s boosted economic growth; and 3) low-emission electricity increases the regional economic gap in China. The effects of pollution inhibition and economic promotion on low-emission electricity in developed areas are significantly greater than those in less developed areas. Thus, the low-emission electricity policy in China should benefit the economy and avoid the excessive economic gap among regions. Policymakers should vigorously promote the low-emission electricity revolution and pay attention to the inclination of energy policy to the central and western regions.
Keywords: low-emission energy, CO2 emissions, economic growth, regional heterogeneity, balance of development
INTRODUCTION
The 2015 Paris Climate Conference claimed that, in this century, the global temperature rise should be brought to 2°C lower than that before industrialization and ideally should be below 1.5°C (UNFCCC, 2015; Azam et al., 2020; Duan et al., 2021). For its ambitious aim, China’s CO2 emissions and energy consumption should be reduced by more than 90 and 39%, respectively, and China’s cumulative policy costs may reach 2.8–5.7% of its GDP in 2050 (Duan et al., 2021). Duan et al. (2021) implied that the goal of CO2 emission reduction and economic growth may be hard to coordinate due to the enormous costs.
Is it tough for CO2 emission reduction to be compatible with the goal of economic growth1? Furthermore, what are the possible reasons? In response to Duan et al. (2021), we try to offer some details on the effects of low-emission electricity (LEE) on CO2 emission reduction and economic growth. In this article, by employing the clean electricity consumption data of China, we give evidence supporting an answer to the following questions: 1) Can LEE be beneficial to CO2 emission reduction and economic growth? 2) What are the possible mechanisms of LEE on economic development and CO2 emissions? 3) Does the development of LEE in an economically disadvantaged region lead to the difference in regional economic growth?
What we were facing is a paradox. On the one hand, we know the adverse effects of greenhouse gas emissions caused by burning fossil energy on ecosystem activities. On the other hand, energy is an essential engine of economic development, which affects our essential well-being (Mendonç et al., 2020). The novel coronavirus pandemic has had a great impact on the global economy, and the demand for almost all energy products has dropped sharply. However, these negative effects are expected to recover in the short term, and the global energy demand is expected to rise in 2025 (IEA, 2020). Simultaneously, CO2 emissions have increased from 205.18 million tons in 1990 to 32.314 billion tons in 2016 due to fossil fuel consumption and agriculture (IEA, 20182).
Electricity is an integral part of modern energy and plays an essential role in economic growth (Das et al., 2012; Hamida, 2012; Tang and Tan, 2012; Mahfoudh and Amar, 2014). Of course, the acquisition of electricity mostly depends on the transformation of traditional energy (such as fossil fuel). Similar to other fuel-oil energy, electricity consumption faces the contradiction between economic development and environmental protection. Fortunately, this does not constitute an irreconcilable contradiction. Recent studies demonstrated that the application of renewable energy had decreased CO2 emissions (Toumi and Toumi, 2019; Cosmas et al., 2019; Azam et al., 2020). Hydropower- and nuclear-related technologies have similar effects as well (Noorpoor and Kudahi, 2015). Unfortunately, not all countries or regions have enough economic or technological strength to produce electricity.
The electricity production of the world’s highest income countries accounts for almost 70% of the world’s electricity production (BPstats, 2018). The United States and European electric power consumption increased until 2007. Since then, their consumption has been slightly down (BPstats, 2018). From the perspective of electric technology, developed countries such as the United States, Canada, and Japan rely on coal energy less than 35%, while developing countries such as China and India rely on coal energy more than 60%. There is not enough data for third-world countries such as the sub-Saharan countries. As a representative sub-Saharan country, however, South Africa relies on coal energy as high as 87.73% for total electricity production. He et al. (2019) also reported that CO2 emissions in the sub-Saharan region based on fossil fuel were severe.
The development of electricity is unbalanced not only in the world but also within countries. In China, the capacity for developing LEE varies in different regions. For example, northwest China has a vast territory, short rainy seasons, and sufficient light. It has the natural advantage of developing solar energy, wind energy, and biogas. The limitations for these regions are that there are not enough capital and technical advantages. China’s coastal cities have certain technological advantages and can also develop geothermal energy and nuclear energy. For that of China's central region, the comparative advantages are not outstanding. China’s overall level of LEE is constantly improving. For example, the proportion of clean electricity increased from 11.8% in 2013 to 17.4% in 2017, but compared with 66% proposed by Duan et al. (2021), China still needs to make great efforts for clean electricity development.
To our knowledge, current studies care more about the effects of LEE among different countries (Ozturk, 2010; Polemis and Dagoumas, 2013; Alper and Oguz, 2016) or within a country (Lee and Chang, 2005; Ho and Siu, 2007; Ang, 2008; Karanfil, 2008; Zhang and Cheng, 2009). Nevertheless, few pay attention to the heterogeneous effects of LEE on CO2 emission reduction and economic growth in a country with unbalanced development. So, this work investigates the comprehensive effects of clean electricity based on the provincial panel data in China from 2000 to 2017. We found that 1) LEE development contributes to economic growth and carbon emission reduction, and its driving mechanism is internal LEE supply; 2) there are great differences in the impacts of LEE development among the three different regions of China; and 3) from 2000 to 2017, China’s LFE to economic growth and carbon emission reduction is increasingly significant.
The conclusions of this article is a response to the questions of Duan et al. (2021) on China’s energy cost pressure, and this study further offers a valuable paradigm for analyzing the LEE policy of countries with unbalanced economic development. The remainder of this article is arranged as follows. The second part introduces the literature review; the third part is the research design; the fourth part is the empirical analysis, which introduces the relationships among LEE, economic growth, and CO2 emissions; and the last part is the discussions and conclusions.
LITERATURE REVIEW
Discussion on the relationship between LEE, CO2 emissions, and economic growth is rare, while the research studies that involved energy and CO2 emissions have been relatively old. Although there are many inconsistencies in the current conclusions, they provide rich theoretical support for understanding the relationship between LEE, CO2 emissions, and economic growth. The pairwise correlation variables between the primary studies will be discussed in this section.
Energy and Economic Growth
Energy can be the power support of production and can partly replace capital or labor input. So, it is considered one of the significant reasons for promoting economic growth (Ozturk, 2010). Previous studies focus on the causality between traditional electricity consumption and economic growth using various methods, but the results are always different. Some literature found that energy can promote economic growth unidirectionally (Lee and Chang, 2005; Ho & Siu, 2007; Karanfil, 2008). Some demonstrated that economic growth can promote energy use unidirectionally (Ang, 2008; Zhang and Cheng, 2009). At the same time, some others implied that the relationships between economic growth and energy use can be bidirectional (Polemis and Dagoumas, 2013; Ohler and Fetters, 2014). Some researchers showed no relationship between economic development and energy use (Payne, 2009; Menyah and Wolde-Rufael, 2010). In summary, the relationship between energy and economic growth is complex, and the situations vary significantly in different countries (Alper and Oguz, 2016; Ozturk, 2010).
Compared with fossil fuels, LEE is useful for its low carbon emission and renewability. Studies show relevant evidence for the effects of LEE on economic growth. Based on the data from South Korea, Yoo and Jung (2005) found the effects of nuclear energy on economic growth in the short and long terms. Heo et al. (2011) and Wolde-Rufael (2012) also found similar conclusions. Recently, the relationships between LEE and GDP have been exploited in numerous methods. For example, Azam et al. (2020) tried to figure out the impact of natural gas, nuclear energy, and renewable energy on CO2 emissions and economics. They found that the tasks of CO2 emission reduction and economic growth could be more compatible in nuclear and renewable energy. Magazzino et al. (2021) used machine learning to predict the future changes in CO2 in China, India, and the United States. They believe that renewable energy is a vital factor for the decline of CO2 in China and the United States. Abbas et al. (2020) found that renewable energy can help sustain environmental conditions without affecting economic growth among the “Belt and Road” countries.
However, dispute about the causal relationship between nuclear energy consumption and economic growth also exists. For example, national differences may affect the effect of nuclear energy on economic growth (Menyah and Wolde-Rufael, 2010; Chang et al., 2014). Their long-term and short-term single causal relationships may not be stable (Apergis and Payne, 2010).
Energy and CO2 Emissions
Numerous previous studies focused on the long-term relationships between economic growth and energy consumption. Energy consumption relying on burning fossil fuels causes greenhouse gas emissions, leading to climate change and environmental degradation (Ahmad et al., 2018). For example, China's extensive economic development combined with the rapid growth of energy consumption has also led to many greenhouse gas emissions (Riti et al., 2017).
Fortunately, a large number of studies have found evidence that renewable energy reduces pollution shocks. Chen et al. (2019) found that the global level of carbon dioxide emissions has increased due to the increase in the energy demand in recent decades. The primary approach to reduce CO2 emissions is to develop renewable energy. Their study showed that nonrenewable energy and GDP growth increased CO2 emissions, while renewable energy and foreign trade harmed CO2 emissions. A study on carbon emissions in Nigeria showed a significant negative impact of renewable energy on carbon consumption (Cosmas et al., 2019). Zhang and Zhao (2019) believed that the investment in R&D and renewable energy plays a vital role in reducing CO2 emissions in China's geographically advantageous areas. Noorpoor and Kudahi (2015) found that population size, per capita GDP, power intensity, and electricity consumption positively impact CO2 emissions, while hydropower, nuclear power, and other renewable energy have a negative impact. Xu et al. (2019) showed that China’s per capita GDP and oil consumption are positively correlated with CO2 emissions, while natural gas consumption hurts emissions. A considerable part of the research also exhibited that renewable energy consumption increases energy self-sufficiency, stimulates sustainable economic growth, and reduces CO2 emissions (Noorpoor and Kudahi, 2015; Gill et al., 2018; Lin and Raza., 2019). Some studies suggested that there is not much relationship between nuclear energy and carbon emissions (Jaforullah and King, 2015; Cai et al., 2018).
Relevant studies made outstanding contributions on the relationships of energy use, CO2 emissions, and economic growth. To our best knowledge, these studies paid more attention to the effects of LEE among different countries (Polemis and Dagoumas, 2013; Alper and Oguz, 2016; Ozturk, 2010) or within a country (Lee and Chang, 2005; Ho and Siu, 2007; Ang, 2008; Karanfil, 2008; Zhang and Cheng, 2009), which provided solid theoretical support for the research of this article. However, few of them concern the LEE policy, especially electricity in a disadvantaged region; few focused on the possible mechanism of clean electricity boosting economic growth and heterogeneous effects of clean electricity on different areas in a country. These issues all inspired this article.
RESEARCH DESIGN
Empirical Strategy
This article employs two-way fixed-effect model, SYS-GMM (System GMM method, Arellano and Bover, 1995), and panel quantile regression (Koenker, 2004; Harding and Lamarche, 2009) to survey the impacts of LEE on CO2 emissions and economic growth.
1) Two-way fixed effect model
[image: image]
In Eq. 1, [image: image] denotes economic growth or CO2 emissions, [image: image] denotes the key variables and time-variant variables, [image: image] denotes the corresponding coefficient, [image: image] denotes time-invariant variables, and [image: image] denotes the corresponding coefficient. The error term had been divided into two parts: [image: image] a denotes the time-invariant part, while [image: image] represents the time-variant part.
For panel data, we should choose the random effect model (RE) or the fixed effect model (FE) according to the rule of Eq. 2. According to Hausman’s method, if the difference between [image: image] and [image: image] is too large, we should choose [image: image] as it will be relatively correct; otherwise, we should choose [image: image] as it will be fully efficient. If the statistics is larger than the critical value, we should choose the FE model (Wooldridge, 2016),
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The corresponding hypothesis test and the corresponding statistics are shown in Eq. 3,
[image: image]
2) SYS-GMM
To avoid estimate bias by potential endogeneity, we can add the lag term of [image: image] and [image: image], which are the instrumental variables for endogenous variables (LEE), in Eq. 1. Then, Eq. 1 will be transformed into Eq. 4.
[image: image]
Then, based on Eq. 4, we can get the efficient estimator [image: image] by employing the GMM (generalized method of moments) method.
3) Panel quantile regression
To capture the provincial effect of LEE, we use the panel quantile regression model extended by Koenker (2004) and Harding and Lamarche (2009),
[image: image]
In Eq. 5, [image: image] is the individual fixed effect item that does not change with time, [image: image] is the quantile, [image: image] is the independent variable, [image: image] is the individual random disturbance term, and [image: image] is the subsample dependent variable vector of the corresponding quantile [image: image].
Data
This article analyzed the effects of LEE on economic growth and CO2 emissions in China. Some variables can be found in CBS (China Bureau of Statistics, http://www.stats.gov.cn/tjsj/ndsj/), which is the official organization responsible for the collection and publication of China's demographic, political, and economic data. CBS’s official organization can offer variables such as fixed asset investment, employment, and per capita GDP. Other variables can be found in China's environmental statistical yearbook and China energy statistical yearbook, which could be easily found via the following link: https://www.epsnet.com.cn/index.html#/Home. From the two yearbooks, other variables, including CO2 emissions, the production and consumption of clean electricity, the amount of energy available for consumption in the region, the amount of electricity loss, and the total production and consumption of electricity, can be easily found out. Eventually, we obtain relatively complete data of 30 provinces in China from 2000 to 2017.
Variables
The proportion of LEE in total electricity consumption is used to capture the effects of clean electricity, which can overcome the trend of time and reflect the development and change of clean power more truly. To obtain a more efficient estimator of LEE on economic growth and CO2 emission, we controlled the relevant variables, such as total fixed assets investment, the number of people in work, and total electricity consumption.
To avoid time trends on the regression results, we perform panel unit root tests (see table 2) and panel co-integration tests (see table 3) for all key variables. Both LLC and IPS methods show no panel unit root, which indicates that the main variables are stable and there is no strong time trend (see table 2). The Kao, Pedroni, and Westerlund test show that LEE, CO2 emissions, and economic growth have a long-term relationship (see table 3). Next, we will use the panel data and the corresponding estimation methods to capture LEE’s impact on economic growth and CO2 emissions in detail. The description of variables is given in Table 1, the results of the panel unit-root test are shown in Table2, and the panel cointegration test results are outlined in Table 3.
TABLE 1 | Description and definition of variables3.
[image: Table 1]TABLE 2 | Panel unit-root test.
[image: Table 2]TABLE 3 | Panel cointegration test.
[image: Table 3]EMPIRICAL RESULTS AND ANALYSIS
Effects of LEE on Economic Growth
In Table 4, from model 1 to model 4, we can get the positive effect of LEE on economic growth consistently. Hausman statistics in Table 4 is 54.76, which is much larger than the critical value at the 5% significance level. Moreover, the corresponding p value is equal to 0.000, which shows strong support for FE. So, the results of FE are relatively correct. That is to say, keeping other variables fixed, when LEE increases by 1%, the GDP per capita will increase by 0.16%, and the parameter is significant.
TABLE 4 | Effects of LEE on economic growth.
[image: Table 4]However, a contrary effect of economic growth on LEE may exist. We cannot control the key variables, such as innovation, risk, and political reform, which may be the source of endogeneity. So, we restart to estimate the effects of LEE on economic growth by employing SYS-GMM. The results also support our conjecture.To better understand why LEE promotes economic growth, we choose some relevant variables, which are close to the economic function of LEE, from 2000 to 2015 to investigate the potential impact path. The related variables are listed in detail in Table 5. It should be emphasized that the data we found are hard to make a balanced panel. Nevertheless, the estimated results can also give us basic information on how LEE influences economic growth. After controlling the control variables, time effect, province effect, and their interaction, we get basic estimated results of LEE on relevant variables in Table 6. According to model 1 and model 2, LEE development could reduce transfer in the volume of electricity for some provinces in China. So, for some provinces whose economic source is power transmission, the inter provincial export of power will be obviously blocked. The results show that trade may be the short-term path for the effect of LEE on the economy, and it is hard to be the long-term one. To some extent, LEE can get rid of resource constraints for reducing local dependence on foreign electricity. In China, however, the diversity of geography and climate results in the congenital difference of clean resources. Although it is reasonable to develop local LEE, it is more important to give full play to the inherent advantages of resources, promote clean trade among regions, and achieve long-term stable growth (Table 6).
TABLE 5 | Description and definition of relevant variables.
[image: Table 5]TABLE 6 | Effects of LEE on relevant variables.
[image: Table 6]In terms of total LEE production, the quantity of electricity available for local consumption and the quantity of electric energy loss can also vividly demonstrate our ideas. The development of LEE promotes total LEE production and the quantity of electricity available for local consumption, which can partly support electricity's inner need. However, we should focus on the unobvious effects of LEE on the quantity of electric energy loss, which denotes the possible problems if a province only develops inner LEE without using the comparative advantages of other provinces rich in electric energy.
Effects of LEE on CO2 Emissions
In Table 7, although different methods were used to estimate the effects of LEE on CO2 emissions, we consistently obtained the same results. The Hausman test implied that we should choose model 4 as the most effective model. That is to say, ceteris paribus, if LEE increases by 1%, CO2 emissions will approximately decrease by 0.848%. For lack of other control variables or ignorance effects of CO2 emissions on LEE, the estimated coefficient of LEE on CO2 emissions will be biased compared with true one (which means endogeneity probably exists in this study). Considering the potential endogeneity, we used SYS-GMM to capture the effect of LEE on CO2 emissions. The corresponding coefficient is −0.782, which is highly consistent with model 1 to model 4. Thus, an adverse effect of LEE on CO2 emissions may exist.
TABLE 7 | Effects of LEE on CO2 emissions.
[image: Table 7]It is not hard to understand the negative effects of electric energy on CO2 emissions. Its features, such as renewability, environmentally friendliness, circularity, and cost-effectiveness, reduce CO2 emissions.
1) Renewability: Wind power, hydropower, and solar power are renewable energies. As long as they are reasonably used, these energy sources can continuously generate electricity and do not impact the environment.
2) Environmental protection: Promoting LEE can greatly reduce CO2 emissions. For example, construction of large- and medium-sized biogas projects in large- and medium-sized livestock farms produces a large amount of rural energy and solves the pollution of livestock manure.
3) Circularity: Developing LEE will open up new resources for China's economic growth. For example, an animal husbandry farm with an annual output of 100,000 pigs can produce 58,400 tons of feces. When properly processed, these feces—which are currently not only wasted but also disposed of in a manner causing pollution—can become a valuable resource. If these feces can be used for power, it could produce 5.5 million kilowatts per hour, and these energy sources can be applied to production again and again, with endless benefits.
4) Cost-effectiveness: The development of LEE can protect the environment and serve as the chain of the circular economy industry. It can solve the issues related to wastewater, waste residue, and waste gas in the production process of upstream products and use these wastes as the main raw materials of downstream products. It can save a lot of raw materials and has high economic value for production.
Based on the above analysis, the features of LEE and their influence on CO2 emissions are outlined in Figure 1.
[image: Figure 1]FIGURE 1 | Features of LEE and its influences on CO2 emissions.
Discussions on Regional Heterogeneity
From Table 4,7, we find the positive effect of LEE on economic growth, and enough supply for the local province may be the potential path for its effects. Furthermore, we also show the contradiction of the province trade of the prosperous internal supply and the declining external supply of electricity, which will harm the balance of the economy. In this part, panel quantile regression and regression by areas are employed to test the ideas again.
The results of Table 8 demonstrate that the positive influence of LEE on economic growth would increase with the increase in economic growth, especially in Q75 and Q90, which implies that LEE will vigorously promote the economic growth of high-development areas compared to the low-development ones. The corresponding reason is far more likely that the regions that are economically disadvantaged do not have the resources to invest in LEE, while the regions that are economically advantaged do have the resources.
TABLE 8 | Panel quantile regression of LEE on economic growth.
[image: Table 8]As for the results of Table 9, all the models cannot get a significant effect of LEE on CO2 emissions. However, the results show that the province could reduce its CO2 emissions more if its previous CO2 emission is too significant. Moreover, it is not fair in terms of development equity because the high-development areas based on significant CO2 emissions can enjoy more benefits from CO2 emission reduction and economic growth than the low-development ones.
TABLE 9 | Panel quantile regression of LEE on CO2 emissions.
[image: Table 9]The results of regression by areas also support our idea further (see Table 10). Model 1 and model 4 show that LEE can promote the economic growth of western areas but hamper the reduction in CO2 emission. However, model 3 and model 6 indicate that LEE can effectively make economic growth and reduce CO2 emissions together in eastern areas. As for central regions, the impacts of LEE are not significant. The results demonstrate that an LEE policy may benefit the eastern and western regions but makes no difference to central regions. Western areas have rich natural resources for producing low-emission electricity, and eastern areas can take full technological advantage of LEE. Although LEE can promote the economic growth of western and eastern areas, CO2 emissions of constructing LEE facilities could be detained in western areas. Due to the lack of comparative advantages of natural resources and technological innovations, the LEE has no significant impact on the central areas.
TABLE 10 | Regression of LEE on CO2 emissions and economic growth by areas.
[image: Table 10]Discussions on Annual Heterogeneity
Based on Eq. 1, we add the interaction of LEE and time variable4, where [image: image] denotes the coefficient of the corresponding year,
[image: image]
By this way, we can capture the annual effects of LEE on economic growth and CO2 emissions (results estimated are shown in Table 11). β1 and β2 denote the impact of LEE on economic growth and CO2 emissions, while p-value1 and p-value2 are their significance separately (see Table 11).
TABLE 11 | Annual effects of LEE on CO2 emissions and economic growth.
[image: Table 11]Figure 2 captures the annual heterogeneity LEE’s influence on economic growth and CO2 emissions in Table 11. As shown in Figure 2A, β1 is smaller than zero before 2011 but larger than zero after 2011. Although LEE′s annual effects on economic growth are not significant, the corresponding coefficient implies the potential relationships between LEE and economic growth. The previous technology development and infrastructure construction of LEE need high costs. Only when these costs reach a particular scale can LEE promote the economy. After 2011, the positive effect of LEE on economic growth arises, and China maybe jumps into the range of growth benefits. As shown in Figure 2B, β2 becomes smaller and smaller with time and p-value2 is also small, which implies the increasing effects of LEE on CO2 emissions.
[image: Figure 2]FIGURE 2 | Annual effects of LEE on CO2 emissions and economic growth.
DISCUSSIONS AND CONCLUSIONS
Conclusions
Using the provincial panel data from 2000 to 2017 in China, we investigate the effects of LEE on economic growth and CO2 emissions. The results show that LEE development can achieve the reduction in CO2 emissions and economic growth simultaneously. However, we should not ignore the reasons for LEE to regional heterogeneity. For economic growth, LEE can add the supply of LEE and electricity available to local consumption without any help to trade and efficiency. Therefore, the adverse effects of LEE on economic growth may be short-term and regional unbalance.
Then, according to the regional and annual heterogeneity, this work shows further evidence for these ideas. The results of regional heterogeneity exhibited that the effects of LEE on economic growth and CO2 emissions in eastern areas are better than those in western and central areas. Thus, LEE may widen the income gap between different areas. The results of annual heterogeneity imply that the effects of LEE on economic growth arise nowadays. However, the annual effects of LEE may be a little and not significant at the 5% significance level, which denotes the effects of LEE on economic growth, maybe short term.
Policy Implication
It is very unwise to have an economy dependent on finite resources for the trend in fossil fuels is more expensive extraction. The phenomenal growth of light tight oil produced from fracking has produced little profit (Craig, 2020). Second, in many regions, solar energy is now cheaper than coal energy (IEA, 2020). If the global epidemic is under control, the world’s energy demand will recover by 2025 (IEA, 2020), but fossil fuel supply may struggle to keep up in the short term. Under-investment in oil exploration, for example, is a predictor of future oil price shocks (Hacquard et al., 2019). So, China should diversify its energy mix before it is obliged to because of decreasing availability of fossil fuels. Our research may provide valuable shreds of evidence for LEE policy. On the one hand, carrying out an LEE policy can reduce CO2 emissions and promote economic growth. However, on the other hand, regional heterogeneity implies that the policymakers should focus on the details of the policy being carried out. The policy implications are outlined as follows.
First, this article demonstrates that LEE can make CO2 emission reduction and economic growth compatible, but energy efficiency needs to be further enhanced. So, we should pay much attention to the LEE policy in the future. On the one hand, the government needs to strengthen financial investment in LEE and improve energy infrastructure construction; on the other hand, the government should pay attention to the improvement of LEE production technology, strive to improve energy production efficiency, and strive to achieve energy decarbonization as soon as possible.
Second, an LEE policy should be carried out in regions with comparative advantage of resources. Technological advantages of developed areas can be combined with the resource advantages of less developed areas. Even if the developed regions can achieve LEE self-sufficiency, they should also support the less developed regions as far as possible and help them transform their resource advantages into technological and economic advantages.
Third, early construction of LEE needs a lot of human, material, and financial resources and may have a certain degree of negative impact on the environment. Therefore, the development of LEE needs to pay attention to two crucial issues. On the one hand, policymakers should consider whether the current economic situation can support sustainable LEE construction. On the other hand, they should pay more attention to environmental protection in the construction process.
Finally, in developing LEE, those areas that have neither comparative technology advantage nor resource comparative advantage may not enjoy the blessing of LEE. For these areas, the government needs to tap their regional advantages, increase financial strength, and avoid an excessive regional development gap.
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FOOTNOTES
1We also recognize that COVID-19 caused uncertainty in economic growth and the contribution of energy to economic growth may be uncertain. Some studies suggested that energy, especially new energy, contributes to economic growth (Magazzino et al., 2021; Azam et al., 2020). However, there are also studies showing that energy had a negative impact on economic growth. For example, Garcia1 et al. (2020) believed that peak oil production will lead to economic contraction. The article gives compelling evidence that between 2000 and 2017 increasing the proportion of LEE in the energy mix contributed to economic growth and reduced CO2 emissions in some regions of China.
2According to the EPA (https://www.epa.gov/ghgemissions/global-greenhouse-gas-emissions-data) 24% of greenhouse gas emissions come from land use, while all transportation accounts for only 14%.
3Clean electricity here mainly includes nuclear energy, wind energy, and solar energy.
4For avoiding dummy variable trap, 2,000 is not considered.
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The banking and borrowing (BB) system has been developed gradually in the tradable permits market to perform a role as an environmental management tool. One question naturally arises as to how it will impact the behaviors of firms and the efficiency in presence of market power in the permits market. This paper considers market power in two cases: with and without the BB system. The equilibrium behaviors of the firms are identified in two cases. The findings show that the producing and discharging behaviors of firms depend on the permits price elasticity of output price without BB system, while they only depend on the growth rate of the output price in the BB system. Although both cases fail to obtain efficient solutions, the market with a BB system is capable of alleviating the inefficiency arising from market power compared with that without a BB system. The path of permits price satisfies the Hotelling rule in the case of the BB system, while it is closely related to the path of output price and output price elasticity of permits price in the case without the BB system.
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INTRODUCTION
The permits market is a cost-effective way to reduce pollution: the cost efficiency is attainable in a competitive tradable permits system. Generally, the efficiency availability needs two conditions in the case of an intertemporal tradable permits market: costs efficiency across firms and across time (Hagem and Westskog, 1998; Zhu et al., 2017; Jiang, et al., 2018). The banking and borrowing (BB) system enables the agents to move permits across time freely. Permits banking means saving some permits in one period to use or trade in later periods, and borrowing means using more in one period than the current standard amount and paying them back in the future (Kling and Rubin, 1997). The acid rain program in the United States firstly introduced banking. The EU ETS also allowed banking, but ruled out borrowing in phase I (2005–2007) and II (2008–2012). After that, it allowed both banking and borrowing in phase III (2013–2020). More studies consider the relationships between the BB system and costs efficiency. One question we are concerned with here is how the BB system impacts the firms’ behaviors and total costs efficiency when considering market power in an intertemporal tradable permits system.
Cronshaw and Kruse (1996) and Rubin (1996) initially propose a formal analysis associated with the system-wide efficiency in a dynamic tradable permits market. More and more interesting issues were explored by a succession of exploitation work in several cases. Cronshaw and Kruse (1996) demonstrate that a full competitive tradable permits market with banking can lead to the lowest costs without profit regulation using a discrete-time model. Rubin (1996) proposes a model of tradable permits market with the BB system and shows that the decentralized solutions make the costs efficiency attainable under joint-cost minimization. However, the following studies show that a tradable permits market with the BB system does not necessarily mean welfare maximization when considering the negative externality of pollutions (Kling and Rubin, 1997; Leiby and Rubin, 2001) since agents in the market always sub-optimally discharge more in the early period than in future. Leiby and Rubin (2001) show that social welfare optimization can be obtainable if the emissions cap and trading ratio for banking and borrowing are correctly set. The analyses above are confined in the framework of the perfect information. In addition, some theoretical studies examine the influences of uncertainties in several cases (such as demand, abatement cost technologies, and forward trading) on permit prices and banking behavior (Schennach, 2000; Maeda, 2004; Newell et al., 2005). Yates and Cronshaw (2001) consider how to decide the optimal trading ratio in banking and borrowing under asymmetric information. Feng and Zhao (2006) examine the efficiency of permits markets with banking systems involved in both uncertainty and asymmetric information, and they show that welfare improvement by banking depends on the relative magnitude of the information effect and externality effect. A few papers propose empirical analysis of the BB system. Stevens and Rose (2002) show that the most gains are from permits trading across nations, but the gains from the trading market with the BB system are low. Cason and Gangadharan (2004) find that banking can reduce the price volatility arising from the imperfect emissions control but result in more emissions. On the contrary, Bosetti et al. (2009) show that the BB system can not only improve welfare but also reduce more emissions in short term. However, none of these studies have analyzed the market power in the tradable permits market.
The market power in the tradable permits market has been discussed in the seminal work of Hahn (1984). Egteren and Weber (1996), Westskog (1996), and Maeda (2003) also analyze the costs efficiency in various cases following Hahn’s insight. After that, the costs efficiency and firms’ behaviors are well examined by various thermotical models, which both consider the output market and tradable permits market (Sartzetakis, 1997a, Sartzetakis, 1997b; Eshel, 2005; Hatcher, 2012; Hintermann, 2017; Jiang et al., 2016). However, all these papers display an absence of dynamic modeling, namely, they do not consider banking and borrowing in the models. Hagem and Westskog (1998) initially examine market power in the dynamic case and show that both the BB system and durable system incur cost inefficiency since the former distorts the allocation of pollution abatements across firms and the latter distorts that across time. But it is not clear which system is better as it depends upon the conditions. The following study (Hagem and Westskog, 2008) further shows that market power brings about misallocation of permits across time market when allowing banking but rules out borrowing. Liski and Montero (2005) consider the stock and flow allocation between a large firm and a small firm. If the large one receives no stock allocation, it will bank by following the competitive permits price. But they do not supply the general equilibrium path of the firms. Liski and Montero (2006) analyze the impacts of spot trading, stock trading, and forward trading on the market power, and they show the large firm can manipulate the spot market, and the forward trading can alleviate the market power. However, they rule out borrowing in the model as well.
This paper mainly looks into how the firms behave in the tradable permits market with and without the BB system in the presence of market power. Specifically, we suppose that there are two types of firms regulated in a finite planning horizon. They are both price takers in output markets. The large firm is a monopoly seller or buyer in the permits market, and another is a fringe firm, which is considered as a price taker in the permits market. For simplicity, we only consider spot trading and one-to-one intertemporal trading in this paper. This study mainly contributes to characterizing the behaviors of firms’ producing and discharging and price path in uncompetitive carbon market with banking and borrowing and without ones. Our results show that the carbon market with a BB system alleviates distortion arising from the market power compared to that without BB system. Furthermore, we identify the equilibrium behaviors of firms in two cases of without a BB system and with a BB system. The producing and discharging behaviors of firms depend on the permits price elasticity of output price in no BB (carbon permits banking and borrowing) system, while they only depend on the growth rate of output price in the BB system. The path of permits price still satisfies the Hotelling rule in the BB system, but it does not work anymore without the BB system in which the path of permits price is closely related to the path of output price and output price elasticity of permits price.
The rest of the paper is organized as follows. The following section proposes a basic model. In Regulator’s Problem, we present a simple analysis of the behaviors of firms and efficient solutions, which makes the system-wide welfare maximization attainable. In No Banking and Borrowing System, we consider market power in the permits market and characterize the behaviors of firms without a BB system. In Banking and Borrowing System, we will characterize the behaviors of firms in the permits market with a BB system and show how a BB system alleviates the market power. The final section concludes.
BASIC MODEL
We suppose that there are two firms, [image: image], in the output market and permits market. Both firms produce the same production without heterogeneity (such as electricity). They are both considered price takers in the output market1. We set a finite planning horizon of [image: image]without losing generality, and it can be flexible (being long or short time). [image: image] is the output price at time t.
It is inevitable to produce some unexpected productions by the firms, such as pollutions or CO2. The regulator has to curb the emissions by setting an emission cap, [image: image], for the entire planning horizon. [image: image] are the constant flow permits allocated to firm [image: image]. The cost function of firm [image: image] is [image: image], where [image: image] and [image: image] are the number of outputs and emissions at [image: image], respectively. Some assumptions on the cost function are set as follows, [image: image]and [image: image], which means costs increase with yields and decrease with emissions, respectively. [image: image] is joint convex in [image: image]and [image: image]: [image: image]2. In addition, we assume that [image: image], [image: image], [image: image], which means the marginal production costs increase with yields and marginal abatement costs decrease with emissions but increase with yields. The cost functions are common knowledge, and each firm has perfect foresee on the decisions made by any other. For simplicity, the third and higher-order partial derivatives of the cost functions are neglected, but this will not influence the results.
Suppose firm one might exercise its market power to manipulate permits prices to its own advantage. It may be a monopoly seller (or monopoly buyer) at each time, which means that it can credibly manipulate permits price by controlling the number of permits for sale at any time. Firm 2 may be a buyer (or seller) and price taker. In the following, we will only analyze the situation in which firm one is a monopoly seller and firm two is a buyer, while the other situation is easily understood as the analysis is processed in the same way. [image: image] is permits price at [image: image]. [image: image] is trading volume at [image: image] and is nonnegative. Then the profits of firms will be3:
[image: image]
Any firm can transfer the permits across time by banking and borrowing as long as its cumulative emissions on the horizon are less than the total permits it holds. [image: image] denotes the banked or borrowed permits at [image: image]. Specifically, [image: image] implies firm [image: image] banks some permits at [image: image], which can be used or traded in the future. [image: image] implies it borrows some permits at [image: image] from the later periods. Hence [image: image] should be a state variable in such banking and borrowing system. [image: image] is the change rate of the [image: image]:
[image: image]
The total change rate should be [image: image]. Each firm has no bankable permits at the beginning of the horizon, and no one is willing to reserve any permit at the terminal time because MAC (marginal abatement costs) is strictly positive, hence
[image: image]
REGULATOR’S PROBLEM
This section explores the paths of firms that achieve the regulator’s goal, which needs to maximize the total welfare subjects to the emissions cap [image: image] on the horizon. We assume that the regulator owns perfect information about the cost functions of each firm and can completely control the output price. The maximization problem is specified as the paths of the emissions and outputs of firms that should be able to maximize the total welfare subjects to the emissions cap [image: image]. The problem will be
[image: image]
[image: image]
Obviously, the integral term [image: image] is concave associated with [image: image] and [image: image]. The constraint condition is the total emissions at the horizon that cannot exceed the emissions cap. However, according to the optimal theory, the optimal solutions of Eq. 2 should be at the constraint boundary, which means the constraint condition is binding. The present value Lagrange equation is
[image: image]
Lagrange multiplier [image: image] indicates the discounted shadow price of the emission cap. Specifically, it denotes the discounted welfare improvements when the regulator increases the one-unit emission cap. Note that the integrand does not contain [image: image], so the optimal solution [image: image] is independent on [image: image]. Furthermore, Eq. 3 can be reformed as
[image: image]
As [image: image] is fixed, the problem needs to optimize the integrand in each time. The necessary conditions for the optimal solutions are
[image: image]
Eq. 5 implies that the welfare maximization calls for the necessary conditions: Firstly, the MPC (marginal production costs) of firms should equal the output price. Secondly, two firms should have the same MAC at each time, and the discounted MAC at each time should equal the discounted shadow price. Totally differentiating Eq. 5 with respect to [image: image] yields
[image: image]
This specifies the behaviors of emissions and outputs along time of each firm. As [image: image] is positive, the signs of [image: image] and [image: image] are both determined by the numerators. [image: image] denotes growth rate of output price: [image: image]. Define [image: image], [image: image], and [image: image],4 The behaviors in various situations are shown in Table 1.
TABLE 1 | The behaviors of firms for welfare optimization.
[image: Table 1]It can be found that the behaviors of each firm only depend on the growth rate [image: image]. Both the optimal emissions and outputs of firm [image: image] decrease with time if the growth rate is below [image: image]. When the growth rate is in the interval [image: image], the emissions still decrease while the outputs change to increase. If the growth rate is large and exceeds [image: image], they will both increase with time. This implies that the price regulation policy has an impact on the firms’ behaviors of producing and discharging, and the change of the optimal outputs path will precede that of the optimal emissions path when [image: image] keeps rising gradually. What’s more, a positive growth rate of output price can alleviate the negative effect arising from discharging excessively in early periods (Kling and Rubin 1997). Given the growth rate is large enough ([image: image]), total emissions will increase with time, which means that the system-wide banking will happen5.
Eq. 5 shows precisely the necessary conditions for efficient solutions. Next, we will use these conditions to compare the inefficiency arising from market power between having no BB system and having a BB system and identify the behaviors of firms in two cases.
NO BANKING AND BORROWING SYSTEM
We reexamine Hahn’s case (1984) in the dynamic view without a BB system. Either banking or borrowing is illegal in this situation. Therefore, no firms will store any permit, and they will use up all permits they hold each time. Therefore [image: image], which means [image: image], [image: image]. It is simple to analyze the behavior of firms in the output market because both firms are price takers. As stated in Basic Model, firm one is a monopoly seller that can control the number of permits for sale to manipulate permits price, while firm two is a buyer and price taker in the permits market. The cost functions are common knowledge. Firm two completely knows the actions of firm one at any time and then decides to buy or borrow any permits at each time. Firm one also completely knows firm 2’s reflections before its own actions. Therefore, this is a classical Stackelberg game problem each time. We first analyze the actions of firm two and then move back to firm 1. The firms need to pick a path of outputs and trading volume to maximize the integral of the present value of profits [image: image] on the horizon:
[image: image]
The maximization problem requires that the profit each time, [image: image], should be optimized as [image: image] is fixed. The first-order conditions for firm two are
[image: image]
The second-order conditions are shown in Supplementary Appendix A1. Eq. 7 means that the fringe firm has to choose a level of output and the permits needed to buy in each time so as to make MPC equal the output price and make MAC equal the permits price. The following can be derived from Eq. 7:
[image: image]
Because the trading market prohibits the firms from banking and borrowing, firm two does not get any extra permits each time except for buying from the market, and firm one does not gain any revenue from the excessive permits each time except for selling them to firm 2. The permits price thus strictly depends on [image: image] when [image: image] is prescribed exogenously. Move back to firm 1’s problem, and the first-order conditions are
[image: image]
The second-order conditions are also shown in Supplementary Appendix A1. Eq. 9 shows firm one needs to select a level of outputs and permits for sale to make MPC equal the output price each time and make MAC equal the marginal revenue of the permits market. However, Eq. 9 further shows the permits price equals MAC only when the trading volume is zero. Firm one will push up the permits price, which exceeds its MAC if [image: image] (we show that [image: image]in Supplementary Appendix A1). This is essentially consistent with Hahn’s results. Then, we will explore the optimal paths of firms following the basic results. [image: image], [image: image] can be derived from Eqs 8, 9. Subsisting [image: image] to Eq. 8 then we get the permits price in equilibrium, [image: image]. Differentiating [image: image] with respect to [image: image] yields the paths of the permits price:
[image: image]
where [image: image] is the permits price elasticity of the output price. We prove that [image: image] (see the Supplementary Appendix A2), which implies the permits price will be pushed up once the output price rises. Eq. 10 implies that the growth rate of the permits price is [image: image] times the growth rate of the output price. This does not satisfy the Hotelling rule. Totally differentiating Eq. 7 with respect to [image: image] yields the paths of emissions and outputs of firm 2:
[image: image]
If [image: image], the signs of [image: image] and [image: image] only depend on the expressions in the bracket. Then the relationships between [image: image] and [image: image] (or [image: image]) are obtained, as shown in Table 2.
TABLE 2 | The behaviors of firms without a BB system (when [image: image]).
[image: Table 2]The path of the emission of firm one is completely opposite to that of firm 2, [image: image], which can be easily derived from the equations [image: image] and [image: image]. Totally differentiating [image: image] with respect to [image: image] yields the path of outputs of firm 1:
[image: image]
The definitions of [image: image] and [image: image] are defined as that in Regulator’s Problem. Given [image: image], the behaviors are closely related to the magnitude of the elasticity. This is quite different from the system-wide optimization situation in which the optimal paths only depend on the growth rate of output price. The fringe firm will discharge more in the early period than the later period if the permits price is sensitive enough to the output price ([image: image]). The permits price is increasing with output price, so the firm can expect that a slight rising in output price will incur a larger rising in permits price. This means it will suffer a higher MAC in the future (firm two is the price taker). It is therefore reasonable to buy more and discharge more in the early period. Conversely, it will discharge more in the later period if the elasticity is small enough ( [image: image]). The paths of the outputs are the same as those of the emissions except in the case of [image: image]. The outputs of firm one keep increasing given [image: image] (the proof see Supplementary Appendix A2). Moreover, all the paths of the emissions and outputs of each firm will be inverse when [image: image]. It is a static case that is the same as Hahn’s when [image: image].
BANKING AND BORROWING SYSTEM
The firms can transfer the permits freely across time in such banking and borrowing systems. The equilibrium permits price in the intertemporal market with full competition satisfies the Hotelling rule: [image: image], which is from the basic insight from Rubin (1996). The Hotelling rule makes the discounted permits price constant in the entire horizon, [image: image], since any permits price differences between two periods are not optimal for firm 1 (Hagem and Westskog, 1998). We have shown that [image: image] depends on the total permits trading volume at the horizon, [image: image], instead of the trading volume for each time (see the Supplementary Appendix A3). Therefore, the firms need to select [image: image] at the horizon instead of [image: image]. The constraint conditions thereby become: [image: image]. What’s more, the level of outputs and emissions during each time need to be decided by the firms. Then the firms’ problem will be
[image: image]
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The present value Lagrange equation of firm [image: image] is
[image: image]
where [image: image] is a Lagrange multiplier. The first-order conditions of firm two are
[image: image]
As firm two is a price taker in both markets, its MPC still equals output price, and the discounted MAC still equals the discounted permits price. Supplementary Appendix A3 has shown that the discounted permits price is the function of [image: image] and [image: image]:
[image: image]
The first-order conditions of firm 1 are
[image: image]
[image: image]
The left of Eq. 16 is fixed, which means that the discounted MAC of firm one remains the same over time. However, the discounted price will be below the discounted MAC of firm 1 as long as the total sales of permits are not zero. Although a BB system results in inefficiency across firms, it can make the efficient allocation of permits across time. Because a BB system disables and segments the permits markets in two periods, the firm with market power fails to make an independent discrimination price during each time in the BB system. Consequentially, the monopoly firm can only make a uniform discrimination price, which leads to inefficiency across firms but efficiency across time. Therefore, the distortion from the market power cannot be eliminated completely but can be effectively alleviated by a BB system compared with having no BB system. In sum, differentiating Eq. 13 with respect to [image: image] yields
[image: image]
The behaviors of firm two can be obtained from Eq. 17, which has the same form as Eq. 6. As [image: image], then [image: image]. Totally differentiating Eq. 15 with respect to [image: image] yields the path of outputs of firm 1:
[image: image]
As a result, the behaviors of a decentralized equilibrium with a BB system are shown in Table 3. The behaviors of emissions and outputs are just closely related to the growth rate of output price. The behaviors of firm two are the same as the ones of systemwide optimization, but the behaviors of firm one change. If the growth rate of output price is large enough, the emissions and outputs of firm two will both increase over time, and they will both decay if the growth rate is small enough. The optimal path of emissions of firm one is opposite to that of firm 2. However, we do not show the optimal path output of firm 1 as a sign of [image: image] being uncertain when [image: image] changes.
TABLE 3 | The behaviors of decentralized equilibrium with BB system.
[image: Table 3]CONCLUSION
We explored the behaviors of the firms in a finite horizon in two cases in which the firms are allowed to bank and borrow and not to do these in the tradable permits market with a monopoly seller. The behaviors of firms in the market without a BB system depend on the growth rate of output price and the permits price elasticity of the output price. If the permits price elasticity of the output price is large enough and the output price keeps rising, the emissions and outputs of the fringe firm both decrease with time, while the firm with market power discharges more in the later periods and the level of the output increases with the time. The behaviors of firms in the market without a BB system only depend on the growth rate of the output price. The emissions and outputs of firm two will both increase with time if the growth rate of output price is large enough, and they will both decay if the growth rate is small enough. The optimal path of emissions of firm one is opposite to that of firm 2. The growth rate of permits price with a BB system satisfies the Hotelling rule, but it is related to the growth rate of output price and permits price elasticity of output price in the situation without a BB system.
The tradable permits market in both cases leads to heterogeneously inefficient solutions. The fringe firm’s strategy on settling the permits without a BB system is not as flexible as that with a BB system. It cannot get any more permits except for purchasing some from the market. Thereby, the monopoly seller is able to credibly manipulate the permits price each time, and this results in both inefficient allocations across the firms and time. The BB system provides more choices on distributing the permits, and the firms can transfer the permits across time freely. The monopoly firm can only make a uniform discrimination price at the horizon due to failing to segment the market across time. As a result, the market with BB system can alleviate the inefficiency compared with that without BB system.
The basic results proposed provide some policy implications. Firstly, banking and borrowing is a useful instrument to alleviate the distortion of permits price arising from the strategy firms with market power since the free transferability of permits in such a system will make the efficiency attainable across time. Secondly, the regulator can easily control the price of the output market to effectively adjust the behaviors of discharging instead of adjusting the emission cap, which is more complicated to implement in practice. For example, the strategy firm usually discharges more in the current period and less in the latter periods compared to the socially desirable path of discharging in a high growth rate of output price. In this case, the regulator can lower the growth rate to adjust the discharging path of the firm with market power close to the socially desirable path.
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FOOTNOTES
1For example, the electric power sector is the largest CO2 emitter in the region, and the price of electricity is almost regulated by the government such that all firms are price takers.
2[image: image] denotes [image: image], [image: image] denotes [image: image], the same with hereafter.
3For simplicity, we omit the time variable [image: image] in the variables; here, for example, [image: image] denotes [image: image].
4Obviously, [image: image]. [image: image] since the numerator and denominator are both negative.
5The flow allocation for the firms is constant in each time: [image: image], thus some permits must be transferred to the later periods given that [image: image].
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The most important issue related to the establishment of carbon emission trading in China is how to motivate the owners of public buildings to participate. However, Existing research few considered the characteristics of public building owners and the influence of various uncertain factors in carbon emission trading investments. To fill this gap, this study constructs a carbon emission trading investment decision model of public building owners to study the mechanism that encourages them to participate, incorporating these characteristics and uncertain factors. The findings are as follows. First, carbon price is important in adjusting the emission reductions of different owners to minimize the total social cost of emission-reduction measures. Second, the price of carbon-emission permits has a significant impact on the investment threshold and decision-making behavior of public building owners. Finally, reducing the cost of energy-conservation and emission-reduction technologies in public buildings and appropriately subsidizing owners for their emission-reduction investment were effective methods to motivate them to participate in carbon emission trading. The results were used to quantitatively analyze the impact of a carbon emission trading mechanism on the decision-making behavior of public building owners and to construct the carbon emission trading mechanism used in China’s public building industry.
Keywords: carbon emission trading market, public building owner, behavioral selection, carbon price, external coordination mechanism of trading
INTRODUCTION
At present, one of the biggest environmental problems that humans face on a global scale is climate change caused by the high concentration of greenhouse gases (GHG) in the atmosphere from fossil fuels and industrial processes (Burciaga, 2020). Controlling GHG emissions is an important goal for human societies. As early as 1997, the Kyoto Protocol indicated that there are six GHGs of anthropogenic origin that must be reduced: carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), hydrofluorocarbon (HFC), perfluorocarbons (PFC), and sulfur hexafluoride (SF6). In this sense, CO2 is the main anthropogenic GHG, composing approximately 76% of the total GHGs considered by the Kyoto Protocol (IPCC, 2014). Meanwhile, the Kyoto Protocol established a series of innovative cooperation mechanisms with the aim of decreasing the costs of GHG mitigation, namely, International Emission Trade, Joint Implementation, and Clean Development Mechanisms. These three mechanisms involve carbon emission trading between countries (Liu and Dai, 2004). Since then, the carbon emission trading mechanism has become an important means to effectively decrease energy consumption. Internationally, there are large-scale trading platforms, such as the European Union Emissions Trading System (EU-ETS) and the Regional Greenhouse Gas Initiative. Following the official launch of carbon emission trading in China at the end of 2007, the carbon trading market completed 4,340.09 million tons of CO2 trading volume in 2020.
At present, the three fields with the highest energy consumption in China are industry, transportation, and construction. In the construction industry, public buildings consume a relatively large amount of energy. Carbon emissions for the whole process of construction in China amounted to 4.93 billion tCO2, or 51.3% of the national carbon emissions as of 2018. In addition, China’s energy consumption in the building sector increased from 460 million tons to 2.23 billion tons, with an annual growth rate of 9.2% from 2000 to 2018. The rigid growth trend of carbon emissions in the construction sector is obviously higher than the growth rate of energy carbon emissions in industry and transportation (Li et al., 2021; Luo et al., 2021; Luo and Liu, 2021). The energy-consumption permit trading scheme (ECPTS) was proposed by the National Development and Reform Commission and the National Education Association in 2016 to achieve the dual energy control targets, selecting Zhejiang, Fujian, Henan, and Sichuan provinces as the pilot areas. By the end of 2020, nearly 1,000 enterprises in the four pilot provinces had participated in the ECPTS, with a volume of approximately five million tons of standard coal equivalent (Mtce), the value of which exceeded 110 million CNY (Zhang et al., 2021). With continuing urbanization, people’s demand for public services will increase and the area occupied by public buildings will continue to grow. Predictably, the high energy consumption of public buildings will become increasingly severe. Therefore, introducing an appropriate carbon emission trading mechanism into the public building market can effectively decrease energy consumption in this sector. This issue involves the system builder (government), the GHG emission controller (public building owners), and transaction service providers (transaction agency, verification agency, and intermediary). The government is the representative of social interests, and its support for the establishment of the mechanism is self-evident. Service providers will emerge as needed when the mechanism has been established. Since the owners of public buildings are used to the current profit model and their concept of sustainable development is weak, the key issue, particularly at the outset, is to motivate them to participate in the mechanism.
Based on this, we studied the incentive and coordination mechanism of China’s public carbon emission trading market. The rest of this paper is organized as follows. First, the literature review shows the theoretical influence mechanism of the carbon emission trading market. Literature Review presents an economic analysis of the behavioral decisions of public building owners. In this section, we investigate how carbon price affects the decision-making of owners after they enter the carbon emission trading market. Then, considering several uncertain factors, an emission-reduction-investment decision model was established under the constraint of a total amount, which was based on the real-option characteristics and several adjustable uncertain factors of public building owners’ investments in carbon emission trading. This model was applied to further explore the impact of carbon prices on the decision-making behavior of individual public building owners. Economic Analysis of the Behavior Decision-Making of Public Building Owners discusses external coordination mechanisms for carbon emission trading in the public building sector. While also considering effective measures of public building owners who participate in carbon emission trading, this paper establishes a series of external coordination mechanisms. These include a risk-diversification mechanism, a technical-guarantee mechanism for trading media, an incentive-and-restraint mechanism for trading behaviors, and a policy-support mechanism for trading activities. These tools ensure smooth progress in the decision-making of owners to the final transactions. Finally, Conclusion and Outlook concludes the paper and offers future research prospects. The research framework of this study is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Research framework.
LITERATURE REVIEW
Since 1968, when Dales (2002) first proposed the “emission market” to address global climate change, many scholars have suggested that the use of market trading can better lead to a reduction of pollution emissions. For example, using economics theory, Montgomery (1972) proved that the carbon emission trading market can optimize the allocation of environmental resources and thus minimize total emission costs for society. Chen and Tseng (2008), Chèze et al. (2009), and Anger (2010) analyzed carbon emission market mechanisms in the fields of power, industry, and aviation, respectively. Since 2010, an increasing number of scholars has focused on the carbon emission trading framework and its concrete operation. Based on issues in the US market, Kumarappan et al. (2011) constructed the carbon market trading framework.
Perino and Willner (2017) examined the impact of the market stability reserve (MSR) on the price and emission path of the EU emission trading system. They showed that the MSR will adjust the quota of the auction according to the surplus size, shifting the quota issue date to the future for large surpluses. Cansino et al. (2016) used the structural decomposition model to study the influencing factors of Spanish carbon emissions, and obtained six factors, including technology, energy intensity, and consumption mode. Jin et al. (2021) studied the impact of carbon trading prices on emissions and emission efficiency, and addressed the problem with a classic six-unit system. At the same time, with the expansion of building energy consumption, an increasing number of scholars are paying more attention to carbon emission trading in the field of building construction. For example, Chen et al. (2015) showed that carbon emission trading can promote building energy conservation and emission reduction, and further proposed steps to establish the carbon emission trading market in construction. Song et al. (2018) found the probability of local prosecution, the punishment of violations, and the loss of the owner’s reputation to be the key factors affecting the owner’s behavior. Their multi-objective model provides a quantitative theoretical basis for promoting the construction of the ETS market in the construction industry.
Despite these contributions, few studies have addressed the investment decision-making behavior of carbon emission trading entities in China and internationally. However, research on the investment decision-making behaviors of energy conservation entities is similar to studies of the investment decision-making behaviors of carbon emission trading entities, such as the incentive policies for new buildings and analyses of stakeholders in energy-conservation renovations of existing buildings. This involves energy-saving building-renovation entities, energy-saving building developers, and energy-saving building consumers. Their willingness to participate is based on the investment income ratio (e.g., cost distribution and profit sharing). Therefore, research on the investment behaviors of public building owners participating in the carbon emission trading mechanism is of great significance. Qi et al. (2021), using the differentiation model and a series of robustness tests, examined whether the carbon trading market would produce the Porter effect. Astiaso Garcia et al. (2016) focused on the cost–benefit idea and explored the effects of different interventions (e.g., active or passive energy-conservation technologies) on different types of public buildings. Furthermore, they investigated the feasibility of an integrated power grid, new energy, and renewable energy for public buildings. Based on life-cycle costs, energy savings, carbon emissions, and indoor comfort, the energy-conservation renovation scheme was optimized to ensure the active application of energy-conservation technologies by different stakeholders, such as governments, developers, and consumers (Liu et al., 2020; Luo et al., 2021).
Compared with general carbon emissions trading, relatively little research has addressed the carbon emissions trading mechanism in the public building sector. The available research mainly focuses on theoretical explanations of the proposals and the feasibility of the trading framework in the construction sector. Essentially, scholars in this field have studied how to incorporate buildings into carbon emission trading from the perspective of the trading mechanism; however, they lack a quantitative analysis of the influence of this mechanism on public building owners’ decision-making. The researchers also do not offer specific solutions for current problems in the field of public building energy conservation. In addition, domestic research on the investment decisions of public building owners tends to focus on a cost–benefit analysis. Most use traditional technical economic indicators, such as the net present value, the internal rate of return, and the dynamic investment payback period. However, few have considered the option characteristics of energy-conservation and emission-reduction investment based on total control. Furthermore, few have clarified public building owners’ investment decision-making behavior under the influence of various uncertain factors.
Therefore, this paper analyzes the influence of social and economic factors on carbon emission trading to illustrate the importance of this practice in Chinese cities from the macro perspective. Furthermore, we use economics to analyze how the carbon price affects the carbon emission trading market from the macro perspective. Then, from the micro perspective, a carbon-emission-reduction investment model is built, and a numerical analysis of public building owners is applied under the constraint of a total amount. This is done to further explore the impact of carbon price on individual public building owners’ emission-reduction-investment decision-making, and it provides a theoretical basis for the construction of carbon emission trading mechanisms for public buildings. Combined with the analysis of effective incentives to promote the participation of public building owners in carbon emission trading, an external coordination mechanism of carbon emission trading for public buildings is constructed. The findings contribute to the quantitative analysis of the influence of the carbon emission trading mechanism on public building owners’ decision-making behaviors. Furthermore, the carbon emissions trading mechanism in the public building sector in China is constructed.
ECONOMIC ANALYSIS OF THE BEHAVIOR DECISION-MAKING OF PUBLIC BUILDING OWNERS
Behavioral Decision-Making of Owner Groups Based on a Macro Perspective
Normally, the energy consumption of public buildings varies, and the cost of energy conservation per unit also differs. If carbon-emission permits can be transferred for a fee, public building owners, who are subject to relatively low costs of energy conservation and emission reduction, may be willing to engage in substantial transfers, thus benefiting from selling surplus carbon-emission permits. Consequently, they are economically motivated. Public building owners with relatively high costs of energy conservation and emission reduction must purchase carbon-emission permits because the cost of taking steps to improve energy conservation is higher than that of purchasing the permits. Therefore, they are economically constrained. Carbon price can be used as an important means for the government to regulate motivation and constrain energy-consumption management during the operation of public buildings. The specific behavioral strategies of public building owners based on carbon emission trading are illustrated in Figure 2.
[image: Figure 2]FIGURE 2 | Behavioral strategies of owner groups in carbon emissions permit trading in the public building sector.
In Figure 2, the horizontal axis represents the energy-conservation and emission-reduction amount of each public building owner, while the vertical axis represents the marginal cost of energy conservation and emission reduction. The figure assumes that AC + BC = CD (i.e., QQ1 + QQ2 = Q3Q), and that the carbon-emission market consists of three public building owners (1, 2, and 3), with carbon-emission permits traded between them. Based on the research on the marginal cost of emission reduction in China (Li et al., 2021), their marginal cost curves can be assumed as MAC1, MAC2, and MAC3, respectively. According to the atmospheric environment quality requirements, the volume of energy conservation and emission reduction should be 3Q. Initially, the government equally allocates carbon-emission permits to the three owners. Therefore, the three owners hold 3Q fewer carbon-emission permits than their current carbon emissions.
According to Figure 2, the behavioral strategies of the public building owner group are categorized as three cases based on different carbon prices:
• Case 1: Carbon price of P1. P1 is higher than the marginal cost of public building Owners 2 and 3 when the amount of energy conservation and emission reduction is Q. Owners 2 and 3 are willing to decrease their carbon emissions and sell their carbon-emission permits. For Owner 1, P1 is equal to the marginal cost when the amount of energy conservation and emission reduction is Q; therefore, the owner does not need to purchase carbon-emission permits.
• Case 2: Carbon price of P3. P3 is lower than the marginal cost of public building Owners 1 and 2 when the amount of energy conservation and emission reduction is Q. Owners 1 and 2 are willing to purchase carbon-emission permits. For Owner 3, P3 is equal to the marginal cost when the amount of energy conservation and emission reduction is Q, and Owner 3 will not decrease more to sell the carbon-emission permit.
• Case 3: Carbon price of P2. P2 is lower than the marginal cost of public building Owners 1 and 2 when the amount of energy conservation and emission reduction is Q. Owners 1 and 2 will decrease emissions Q1 and Q2, respectively. The carbon-emission permits they purchase from the trading market are QQ1 and QQ2, respectively. For Owner 3, P2 is higher than the marginal cost when the amount of energy conservation and emission reduction is Q3; therefore, the owner is willing to decrease emissions Q3 and sell carbon-emission permits Q3–Q. Consequently, QQ1 + QQ2 = Q3Q. At this point, the carbon emission trading market of the public building sector reaches a balance between supply and demand.
Further analysis of the abatement costs and social costs undertaken by the public building owners in the above three cases is presented in Table 1, which compares the abatement costs in the case of carbon emission trading and non-carbon emission trading.
TABLE 1 | Comparison of carbon-emission reduction between owner participating in trade and not participating in trade.
[image: Table 1]Consequently,
[image: image]
If the price of carbon-emission permits fluctuates around P2 between P1 and P3, the emission reduction of different owners can be adjusted by the carbon price. Thus, the total social cost of emission reduction is minimized. From the macro perspective of the public building owner group, price fluctuation indicates the process of regulating the supply and demand of carbon-emission permits among public building owners in the trading market. During this process, the allocation of permits in the field of public building energy conservation is continuously optimized.
Behavioral Decision-Making of Individual Owners Based on a Micro Perspective
The carbon-emission-reduction investment of public building owners, under the constraint of a total amount, has clear real-option characteristics. Individual owners have two main ways to reduce emissions: one is to purchase carbon-emission permits from the market, and the other is to voluntarily reduce emissions. If owners adopt energy-conservation technology to decrease carbon emissions, they need to invest in technology, which is an investment choice. Its realization is affected by the income of future carbon emission trading (return), which, in turn, is affected by further uncertainties. Therefore, this section considers uncertain factors by using the real option theory. An emission-reduction-investment decision model of public building owners is established under the constraint of a total amount. This further explores the impact of carbon price on the investment behavior of individual owners.
The following presents the variable settings and basic assumptions:
1) The investment cost of public building owners’ emission reduction measures is [image: image], where Ci (i = 1, 2, 3, … , n) represents the costs of public buildings that participate in carbon emission trading. This includes the information cost to obtain information on potential trading partners, market supply and demand, prices, negotiation cost for bargaining, GHG emissions monitoring, and verification cost. Cj (j = 1, 2, 3, … , m) represents the costs incurred throughout the life cycle of public building energy-conservation technology. This includes the cost of pre-planning, design and feasibility studies for energy-conservation and emission-reduction technology, building energy-conservation technology, equipment construction and installation cost, and equipment maintenance and management cost.
2) The proportion of government subsidies for emission reduction is θ, and the probability is λ. The government switches between implementing subsidies and not implementing subsidies. This process fits a Poisson distribution with the parameter λ (i.e., during the period of dt→0, the probability of governmental implementation of subsidies is λdt).
3) The carbon-emission reduction is Qc = Qc0 − Qc1, where Qc0 represents the carbon emissions before the emission-reduction measures are implemented, and Qc1 represents the carbon emissions after the measures are implemented.
4) The price of a carbon emissions permit is Pc. We assume that it obeys a Brownian motion (i.e., dPc = μcPcdc + бcPcdWc, where μc represents the carbon price growth rate, and бc represents the carbon price volatility).
5) r represents the risk-free interest rate of public building owners’ carbon-emission reduction investment: r > 0.
According to the above variable settings and assumptions, the value function V of the carbon-emission reduction investment of public building owners is:
[image: image]
The impact of the amount of emission reduction on the owners’ investment income is clear, and a positive correlation exists between them. To simplify calculations, the carbon price is used to characterize the income of carbon-emission reduction investment. Let Qc = Qc0 − Qc1 = 1 and [image: image]; the above equation can be simplified as:
[image: image]
In this equation, C does not change with time, and the emission-reduction investment is equal at any time. Pc obeys the Brownian motion:
[image: image]
Therefore, the investment value can be expressed as:
[image: image]
The Bellman equation of Eq. 5 is:
[image: image]
where E(dV) represents expectations. From the above, the probability that the government subsidizes the emission-reduction behavior of public building owners is λdt. Using Ito to develop E(dV) yields:
[image: image]
The Bellman equation of [image: image] can be expressed as:
[image: image]
The corresponding characteristic equation of Eq. 8 is:
[image: image]
Let T = 0, and the positive solution of the characteristic equation is:
[image: image]
Then, the general form of the solution of Eq. 8 can be expressed as:
[image: image]
Assuming value matching and smooth conditions:
[image: image]
Equations 11, 12 yield:
[image: image]
Equation 13 shows that, only when the permit price [image: image] will public building owners choose to invest in emission reduction. Thus, [image: image] indicates the investment decision point of public building owners. A larger [image: image] indicates a higher threshold of owners’ emission-reduction investment, and their decision-making behavior tends to delay investment. In contrast, a smaller [image: image] indicates a lower threshold for the owners’ emission-reduction investment, and their decision-making behavior tends to accelerate investment. According to Eqs. 10, 13, the value of the investment decision point is related to the risk-free interest rate r, the expected rate of return [image: image], the proportion of governmental subsidy θ, the technical investment costs of unit energy savings C, the government subsidy probability [image: image], and the carbon price volatility [image: image].
Numerical Analysis of the Influencing Factors of Owners’ Behavioral Decision-Making
Based on the investment decision model established above, this section uses data from real cases to illustrate the influence of various uncertain factors, such as carbon price volatility, technology emission-reduction cost C, government subsidy proportion, and government subsidy probability, on the investment decision point of emission reduction.
The investment for the renovation of solar water heating technology for a public building in Xi’an is used as example. The initial investment cost, corresponding to unit power savings, is about 1.459 yuan/kwh (calculated via the total initial emission-reduction investment divided by the annual electricity savings). The annual electricity savings are 870,254 kwh, and the annual carbon-emission reduction is 823 t of CO2. The adopted electricity price is the first level of public building electricity price in Xi’an in 2016. With regard to the setting of parameter values of μc and бc0, please refer to the relevant literature (Gülay Zorer Gedik et al., 2017; Xu and Wang, 2018; Luo Xi, et al., 2019). The initial values of each parameter are listed in Table 2.
TABLE 2 | Values of parameters in the carbon-emission reduction investment model of public building owners.
[image: Table 2]Matlab (R2012a) was used to simulate the carbon-emission reduction investment model of public building owners and to assess the impact of various uncertain factors on the investment decision point. The model-building process is shown in Figure 3, and the results are shown in Figures 4–7.
[image: Figure 3]FIGURE 3 | Model-building process.
[image: Figure 4]FIGURE 4 | Curve of [image: image]
[image: Figure 5]FIGURE 5 | Curve of [image: image]
[image: Figure 6]FIGURE 6 | Curve of [image: image]
[image: Figure 7]FIGURE 7 | Curve of [image: image]
The Impact of Carbon Price Volatility on Investment Decisions
Let C0 = 1,543, r = 0.059, μc = 0.01, θ0 = 0, and λ0 = 0 to explore the impact of carbon price volatility (бc) on public building owners’ carbon-emission reduction investment decision point. The variation of the decision point [image: image] (carbon price) with бc is shown in Figure 4. When бc = 0.03, the carbon price is 95 yuan/t of CO2; when бc increases to 0.07, the carbon price increases to approximately 105 yuan/t of CO2. With the increasing volatility of the carbon price, the decision point [image: image] increases continuously, which indicates that large fluctuations of carbon price will increase the threshold for investment by public building owners. This hinders owners from investing in carbon emission reduction.
The Impact of Carbon-Emission Reduction Technology Cost on Investment Decisions
Let r = 0.059, μc = 0.01, θ = 0, and λ = 0; the impact of different technology costs on the decision point for owners’ carbon emission-reduction investment is explored in the case of carbon price fluctuations. The variation of the decision point [image: image] (carbon price) with C is shown in Figure 5. When бc = 0.01, technology costs are 1,500 yuan, 1,700 yuan, and 1,900 yuan. The corresponding carbon prices are 89 yuan/t of CO2, 101 yuan/t of CO2, and 113 yuan/t of CO2, respectively. With increasing carbon emission-reduction technology costs, the decision point [image: image] continues to increase, indicating that higher technology costs will increase the threshold for the investment of public building owners. This hinders owners from investing in carbon emission reduction.
The Impact of Government Subsidy Proportion on Investment Decisions
Let C = 1,543, r = 0.059, μc = 0.01, and λ = 0.1; the impact of different government subsidy proportions on the decision point for owners’ carbon emission-reduction investment is explored in the case of carbon price fluctuations. The variation of the decision point [image: image] (carbon price) with θ is shown in Figure 6. When бc = 0.01, the government subsidy proportions (θ) are 0.1, 0.2, and 0.3, and the corresponding carbon prices are 83 yuan/t of CO2, 74 yuan/t of CO2, and 64 yuan/t of CO2, respectively. With increasing government subsidy proportions, the decision point [image: image] decreases. This indicates that the increase in government subsidies of carbon emission reduction will decrease the threshold for owners’ investment. This encourages public building owners to invest in carbon-emission reduction.
The Impact of Government Subsidy Probability on Investment Decisions
Let r = 0.059, μc = 0.01, and бc = 0.1; the impact of government subsidy probability (λ) on the decision point for owners’ emission-reduction investment is explored in the case of simultaneous changes in government subsidy probability and subsidy proportion. The variation of the decision point [image: image] (carbon price) with λ is shown in Figure 7. With an increasing probability of government subsidies, the decision point [image: image] decreases, indicating that increasing the probability of government subsidies will decrease the risk expectations of owners for investment in emission reduction. This lowers the threshold for public building owners’ investment and encourages them to invest in carbon-emission reduction.
Effective Measures to Stimulate and Restrict Public Building Owners’ Participation in Carbon Emissions Trading
The above analysis of the impact of carbon price on public building owners’ trading behaviors and emission-reduction investment decisions from macro and micro perspectives indicates that the uncertainties affecting owners’ decision-making in emission-reduction investment can be identified. The following presents a summary of the effective measures to stimulate and restrict owners’ participation in carbon emissions trading.
Ensure Small Fluctuations of the Carbon Price Within a Reasonable Range
Large carbon price fluctuations will cause public building owners to expect higher risks in the emission trading market, thus raising the threshold for emission-reduction investment and hindering both energy conservation and emission reduction of public buildings. Therefore, corresponding management measures should be taken to regulate the carbon price, which will ensure that fluctuations remain within a reasonable range. The aim is to reduce the risk expectations of public building owners in carbon-emission reduction investment to promote investment and applications of energy-conservation and emission-reduction technologies.
Reduce the Cost of Energy-Conservation and Emission-Reduction Technologies
Reducing the cost of energy-conservation and emission-reduction technologies can lower the decision point of owners with regard to emission-reduction investment. Consequently, they are still willing to invest in emission reduction at a lower carbon price. Furthermore, to utilize the energy-conservation potential of public buildings, conserve energy, and improve energy efficiency, the model relies heavily on energy-conservation technologies. These can significantly improve energy efficiency, decrease energy consumption, reduce costs, and increase the possibility that public building owners will participate in the emission trading market. Moreover, imitative innovation plays an important role in emission reduction, while the introduction of technology does not work very well, and original innovation even increases carbon emissions.
Appropriately Subsidize Owners for Their Carbon-Emission Reduction Investment
Providing government subsidies to public building owners who invest in energy conservation and emission reduction can decrease their investment decision point. Consequently, they can invest at a lower carbon price. The greater the probability of the government’s subsidies, the more likely owners will be to have good expectations for emission-reduction investment, leading them to make investment decisions accordingly. However, excessive governmental subsidies create fiscal pressures for the government; therefore, subsidies should remain within a reasonable range to encourage owners to implement market-oriented energy conservation and emission reduction.
For the above measures to effectively stimulate and restrict public building owners, a corresponding management mechanism is required, as shown in Figure 8. Based on the decision-making pattern of owners, all management mechanisms should stimulate their participation in emissions trading.
[image: Figure 8]FIGURE 8 | Management mechanism to stimulate public building owners to participate in carbon emissions permit trading.
EXTERNAL COORDINATION MECHANISMS FOR CARBON EMISSION TRADING IN THE PUBLIC BUILDING SECTOR
Risk Dispersion Mechanism of Public Building Owners’ Trading Decisions
Investment Risk Dispersion
Uncertainties affect both the application of energy-conservation and emission-reduction technologies and the participation of public building owners in carbon emission trading. The discount period for the incremental cost of carbon emission reduction and carbon emission trading (the incremental benefits, in particular) can be extended to about 50 years or more. This puts many public building owners at significant investment risk. To disperse these risks, owners should count on the capital advantages of financial institutions, such as banks, investment companies, insurance companies, and fund securities companies, to jointly disperse the investment risks.
The first method is to provide a wealth of financial services. First, financial institutions jointly provide loans for large-scale energy-conservation and emission-reduction projects with promising potential. After the carbon emission trading has been completed, the benefits can be used to pay for the costs of carbon emission-reduction measures and for carbon emission trading activities. Then, financial institutions can allow owners to pledge the carbon-emission-reduction benefits to be earned. They can also be provided with early funds to help smaller public building projects overcome problems associated with front-end investment. The specific model is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Pattern of dispersing carbon-emission reduction investment and transaction risk of financial institutions.
The second method is to encourage energy service companies to participate in carbon emission trading, which is a new type of financing mode. These companies provide energy-conservation renovation services for public building owners, gain benefits by selling the remaining carbon-emission permits, and then invest the money in the renovation project to overcome the funding problem. To promote this trading model and attract participants, the investment risk dispersion model, after adding the energy service company, is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Pattern of dispersing carbon-emission reduction investment and transaction risk of financial institutions and energy service companies.
The third method is to cultivate carbon finance professionals in the public building sector. To propose a reasonable and effective carbon finance policy, it is necessary to have a good grasp of public building energy conservation, carbon emission trading, and financial knowledge. However, the introduction of carbon emission trading mechanisms to the public building sector is still new, and professional talents are rare. Therefore, both the energy-conservation-management department and the carbon-emission-trading-management department should jointly organize training programs and offer opportunities to study at mature international carbon financial institutions. Consequently, professional talents could be cultivated to provide personnel support for making financial policies, enriching financial services, and innovating financial instruments and products.
Emission Reduction Risk Dispersion
Unlike industrial buildings, it is more complicated for public buildings to measure energy consumption and determine energy savings. Thus, owners need to take great risks. Therefore, to reduce this uncertainty, first, methodology should be developed with regard to carbon emission trading in the field of public building energy conservation. The existing Kyoto Protocol framework treats energy conservation in the public building sector and other industrial fields as equal. However, this approach is questionable because the basic methods of energy use and emission reduction differ; they cannot simply be treated as equal. It should be noted that public building energy conservation is the combined result of various technical factors. Using the government’s energy-conservation and energy-consumption standards as a reference, appropriate methods should be adopted to develop methodologies to determine the baseline of energy consumption for public buildings and calculate emission reductions. Second, professional energy-conservation-monitoring agencies should be established to provide accurate energy-consumption data and energy-savings data for owners.
Technical-Guarantee Mechanisms for the Trading Medium of Public Building Owners
The medium with which public building owners can conduct carbon emission trading is the carbon emissions permit (i.e., a quota). The determination of such a carbon emissions permit is closely related to the energy-consumption levels of public buildings. Therefore, to protect the carbon emission permit to which public building owners are entitled, it is necessary to monitor energy-consumption levels of public buildings accurately and scientifically using the appropriate energy-consumption monitoring technology.
This requires the full utilization of the energy-consumption monitoring platform of public buildings; it is also important to establish energy consumption data monitoring platforms in various provinces and cities, and achieve real-time monitoring of equipment with high energy consumption in public buildings. Via remote transmission, the energy consumption data can be collected, classified (e.g., electricity, gas, and water), and itemized (air conditioning electricity, lighting socket electricity, power electricity, and electricity for special uses), as shown in Figure 11. Regular surveys of public buildings need to be conducted, and online monitoring and dynamic analysis of energy consumption need to be realized to achieve accurate control of energy consumption and to optimize energy management. Work needs to be coordinated with public building owners, property sectors, and energy departments to improve data reporting efficiency, strengthen energy-consumption data management, and provide both accurate and reliable data for trading through manual and digital collections.
[image: Figure 11]FIGURE 11 | Topological graph of the energy-consumption monitoring system. Source: Energy-consumption monitoring platform of Xi’an
Stimulation-And-Restriction Mechanism for the Trading Behaviors of Public Building Owners
As a post-evaluation system for the entire trading activity, the stimulation-and-restriction mechanisms evaluate public building owners’ trading behavior after a certain performance period. The government rewards owners who follow the transaction rules, and it punishes those who do not. It also allocates quotas for the next performance period based on their performance according to the contract. In this way, the carbon emission trading market will play a significant role in the stimulation and restriction of public building owners’ behavior in emissions reduction.
Diversified Stimulation Methods
When the benefits from the carbon emission trading market are inadequate to appropriately stimulate the participation of traders, the government can apply different stimulating measures for the public building energy-conservation stakeholders who are involved in carbon emission trading. With the applied measures and the “profit-driven” effect, the carbon emission trading market in the public building sector can function smoothly.
The first measure is to issue goal-oriented stimulation policies that aim to formulate targeted carbon emission trading incentive policies in the public building sector. Successful examples from other countries indicate that, instead of being generalized and mutually contradictory, all policies of emission reduction and energy conservation are independent and aimed to achieve corresponding goals. The British carbon fund, for example, was established to undertake the responsibilities as outlined in the Kyoto Protocol to reduce GHG emissions. Therefore, supportive documents about finance, regulation, stimulation, and inspection should be presented prior to introducing the carbon emission trading mechanism in the public building sector. This will clarify the obligations and responsibilities of carbon emission trading stakeholders, such as public building owners, property sectors, construction units, materials and equipment suppliers, design units, and government regulatory agencies.
The second measure establishes special funds for carbon emission trading in the public building sector. Here, trading participants who are actively engaged in energy conservation and emission reductions should receive priority when subsidizing. These can be identified through energy-conservation renovation, construction of green buildings, green low-carbon technologies, and use of renewable energy. Currently, the application of energy-conservation technologies introduced by local governments is subsidized by area. For example, the subsidy for solar energy projects is 200 yuan/m2 by the collector area. For demonstration projects of renewable energy buildings that use ground source heat pump technology, the subsidy is 30 yuan/m2 by the load area. This subsidy method is not based on energy savings; therefore, when subsidizing public buildings that are involved in carbon emission trading, the energy savings and costs of related energy-conservation technologies need to be considered.
For public building owners, the appropriate subsidy amount can be estimated by the energy-conservation and emission-reduction-investment decision model established as Eq. 14:
[image: image]
The solar water heating technology of a public building in Xi’an is used as an example. The proportion of subsidy that the government should provide for the owners when the carbon price is fixed is calculated. Let [image: image] of CO2, r = 0.059, [image: image], бc = 0.1, [image: image], C = 1,543 yuan, and [image: image]; therefore, the subsidy amount (yuan/kwh) that the government should give to the public building owners who invest in energy-conservation technologies can be calculated. It can be expressed as a subsidy amount (yuan/kwh), which is equal to the cost of energy savings per unit (yuan/kwh) times the subsidy proportion.
According to Eq. 14, the subsidy amount is related to the carbon price and the technology-based emission-reduction cost. Let C = 1,543 yuan, and observe the change of θ with Pc. The results are shown in Table 3. When the carbon price decreases, higher government subsidies are required to encourage emission-reduction investment by public building owners. However, when the carbon price increases to a certain level, the owners will be willing to invest and participate in the carbon emission trading even without governmental subsidies.
TABLE 3 | The proportion of government giving subsidies to owner for investment of carbon-emission reduction under different carbon prices.
[image: Table 3]Let Pc = 80 yuan/t of CO2; the change of θ with C is shown in Table 4. After the costs of technology-based emission reduction have been lowered to a certain level, even without government subsidies, public building owners will still choose to invest in emission reduction and participate in carbon emission trading.
TABLE 4 | The proportion of government giving subsidies to owner for investment of carbon-emission reduction under different technical costs.
[image: Table 4]The construction-related management department shall, in combination with the carbon emission trading management department, conduct research on the costs corresponding to energy savings per unit of various energy-conservation technologies. Relevant standards should be introduced so that public building owners can better invest in emission reduction and make appropriate trading decisions.
The third method is to provide tax preference or convenient loan services. Proper tax preference or subsidies should be directed to owners who are actively engaged in carbon emission trading and who invest in emission reductions. Alternatively, subsidized funds can be used to help trading agents purchase quotas for their participation in carbon emission trading. This not only stimulates the demands of the trading market, but also realizes subsidization. Furthermore, financial institutions are encouraged to provide loans to public building owners or energy service companies that actively participate in carbon-emission reduction.
Multi-Level Punitive Measures
The carbon emission trading mechanism for public buildings is still in its pilot stage, which lacks the protection of laws and regulations. Therefore, to achieve the goals of energy conservation and emission reduction, the policies, regulations, laws, rules, and systems concerning public building energy conservation must be comprehensively considered, and corresponding punitive measures must be taken.
The first measure is to impose a fine. For those who do not participate in carbon emission trading and who are responsible for illegal emissions, a penalty is specified based on the amount of illegal discharge. A bonus penalty strategy should be adopted (e.g., grading pricing is implemented for the part of carbon emissions that exceeds the emission quota). The higher the amount of excessive emissions, the higher the price will be. Suppose the average carbon price of the trading market is [image: image] over a period of time; then, the total carbon-emission quota of a public building owner is Q0, and the total carbon-emission amount of public buildings is Q. According to the bonus penalty strategy, different fines are imposed. As shown in Table 5, the ranges of A, B, and C directly reflect the degree of punishment of the public building owners. The larger the range of B and C, the greater the punishment imposed on owners who fail to perform as required.
TABLE 5 | Bonus penalty strategy.
[image: Table 5]Moreover, the typical carbon emission trading systems in foreign countries can be used as examples. For instance, in the EU market, if the carbon emissions of a trader exceed the assigned quota, the trader will be punished for excessive portions. The excess will be deducted from the quota of the next year. In New Zealand, if a trader who is forced to reduce carbon emissions intentionally fails to fulfill their obligations, they will be subject to legal accountability. Failing obligations due to negligence will be punished with a fine, which will be doubled if non-compliance occurs again. These negative incentives can effectively force public building owners to actively reduce energy consumption.
The second measure is to cause loss of reputation. Disclosure of public building owners who do not participate in carbon emission trading and who violate emission rules can cause loss of reputation and encourage financial institutions to cancel their loans.
A Policy-Support Mechanism for Trading Activities of Public Building Owners
Due to the large number of public building owners and various interest demands, their trading behaviors differ greatly. To guarantee the rights of traders, relevant policies and regulations are required to guide and protect them. The carbon emission trading market is strongly policy-oriented, highly risky, and professional, involving issues of environmental property rights. Only a sound legal and regulatory policy system can appropriately contribute to the formation of a carbon emission trading market; such a system would regulate and restrict the operation of the market to ensure fair and equitable trading. Therefore, prior to the formation of a national public building carbon emission trading market, relevant laws and regulations need to be issued. These include detailed rules for quota allocation, transaction procedures, verification methods, regulatory measures, incentive measures, and punitive measures. Legislation needs to come first and serve as a legal reference for trading behaviors, thus reducing poor trading behaviors.
CONCLUSION AND OUTLOOK
Based on the high energy consumption of the operation of public buildings, this paper uses the real option theory to construct a carbon-emission reduction investment decision model for public building owners from both macro and micro perspectives, and it assesses the impact of the characteristics of public buildings and various uncertainties on carbon trading investment. Furthermore, an external coordination mechanism for carbon emission trading in the public building sector is established to ensure efficiency for owners from decision-making to the close of transactions. Through this analysis, the following conclusions have been reached.
First, carbon price is important in adjusting the emission reduction of different owners to minimize the total social cost of emission-reduction measures. By applying economic theories from a macro perspective, this paper analyzed the impact of carbon price as an incentive for and constraint on the decision-making behavior of property owners after they enter the carbon emission trading market. Price fluctuations indicate the process of regulating the supply and demand of the carbon-emission permit among public building owners in the trading market. During this process, the allocation of carbon emission trading in the field of public building energy conservation is continuously optimized.
Second, the price of carbon-emission permits has a significant impact on the investment threshold and decision-making behavior of public building owners. Considering several uncertain factors, an emission-reduction investment-decision model was established under the constraint of a total amount, which was based on the micro perspective. Meanwhile, combined with a case study, this paper simulated and analyzed the factors of public building owners’ behavior decisions and explored the influence of carbon price on the emission-reduction-investment decision-making behavior of public building owners.
Third, based on the macro and micro perspectives of the impact of carbon price on the main trading behavior and emission-reduction-investment decisions, we identified effective means to encourage and restrain public building owners to participate in carbon emission trading. That is, to ensure the small fluctuation of carbon prices within a reasonable range, reduce the technical cost of energy conservation and emission reduction of public buildings and appropriately subsidize the owners’ emission-reduction investment.
Moreover, this paper constructs an external coordination mechanism for carbon emission trading for public buildings while fully considering the incentive and restraint behavior of the building owners. The includes the risk-analysis mechanism, the technical-guarantee mechanism, and the policy-support mechanism. Based on the current research results, the following issues can be further studied in the future. First, this study enables a comparative analysis of the behavioral strategies of public building owners who participate in carbon emission trading of different types, in different countries, and in different regions, according to prevailing socio-techno-economic conditions. Due to case limits, this paper only used one case to numerically analyze the behavioral strategies of these owners. However, conducting further comparative studies on owners’ decisions will help to set different carbon emission trading policies (Fu et al., 2020; Li et al., 2021). Also needed is an in-depth study of the risks associated with the introduction of carbon emission trading market mechanisms in the public building sector. The relationship between macro economy and carbon trading market still needs to be studied in the future. During the early phase of the carbon emissions trading market, environmental investment is associated with higher risk, and its payback period can reach 100 years or more. In contrast to general investment projects, the risk greatly impacts the formation of the carbon emissions trading market in the public building sector. Therefore, it is necessary to classify the risks that are introduced with the implementation of a carbon emission trading mechanism in the public building sector. Furthermore, to analyze the possible impacts in detail, a risk aversion system needs to be formulated, a basis for the government to formulate relevant policies needs to be provided, and public building owners require help to make investment decisions scientifically.
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Energy transition, especially in the power industry, will lead to a significant promotion in energy sustainable development. Lots of emphases have been focused on the impact of policy on the energy transition; however, there were little studies on the role of the market. This paper will be devoted to the theoretical basis of market design comprehensively and discusses the obstacles restricting China’s energy transition by using an Institution-Economics-Technology-Behavior (IETB) analysis framework (four dimensions including Institution, Economics, Technology, and Behavior). In addition, the paper provides an overview of research findings on some available market designs related to the energy transition. Of note, power spot market, power capacity market, power futures market, carbon emission market, and Tradable Green Certificate (TGC) market are highlighted and discussed with emphasis. And the effects of implementing each market on overcoming those obstacles in the energy transition process are analyzed. The review results show that the market design is as important as the policy-making; hence, it is unwise for energy transition to focus on policies and ignore markets, and the market design should be pertinent and objective. Finally, some policy recommendations and market design suggestions are put forward.
Keywords: energy transition, IETB analysis framework, obstacles to transition, market design, Sustainable development
INTRODUCTION
Many industrialized countries are pursuing energy transition, but their focuses are different, which has led to differences in the approaches they take. For example, the United States promotes its energy transition by making some preferential policies on the development of fossil energy (shale gas resources) and renewable energy, and the European countries are more inclined to implement a series of policies, plans, and schemes to develop a renewable economy, while Japan demonstrates a commitment to clean energy, such as the nuclear power and the offshore wind power, by improving the policy framework. Since the beginning of the 1990s, the major industrialized countries in the world have successively carried out a series of Electricity Market Reform or Power Market Liberalization Reform effectively in response to the obstacles to developing the energy and power sector (Grubb and Newbery, 2018; Letova et al., 2018). Since 2002, China has implemented two rounds of power system optimization and adjustment which are defined as China’s Power System Reformation (Yang, 2015). Especially in the second round of China’s Power System Reform, one of the priorities is to build a competitive market environment (Wang, 2019). While exploring ways to allocate power resources efficiently, China has ushered in another profound change—energy transition—a gradual and long-term process (Li and Wang, 2019). Currently, China is still in the low efficient and poor benefit Coal Age (Zhang and Jiao, 2018). Because of the difference with most other countries in the resource endowments, the economic-social development, and the goals of energy transition, China needs to achieve a leapfrog development from the Coal Era to the Renewables Era directly without experiencing the Oil Era (Li and Wang, 2019). Especially under the dual pressure of energy security and environmental protection, how to promote the sustainable energy transition has become a hot issue for China and even all the countries around the world (Sun, 2017; Yang et al., 2020). Meanwhile, the energy development mode with “sustainable transition” as the core has attracted the attention of governments, enterprises, and scholars of various countries (Shi and Wang, 2015; Staden, 2017; Safari et al., 2019). As the energy strategic thinking of “Four Revolutions” (Energy Consumption Revolution, Energy Supply Revolution, Energy Technology Revolution, and Energy System Revolution) has been improved since 2014, the Chinese government attaches great importance to the task of energy transition. In 2015, China put forward the five development concepts of “Innovation, Coordination, Green, Openness, and Sharing” which pointed out the direction for solving the worldwide problems of energy resources shortage and environmental constraints. From the perspective of institutional change, both market design and energy transition have become two parallel systems that China’s power sector must adapt to at this stage. These two systems have brought both opportunities and challenges for the development of China’s power industry from different levels.
In order to demonstrate the above problems, we first use the Institution-Economics-Technology-Behavior (IETB) analysis framework to study the obstacles to China’s energy transition from the aspects of Institution, Economics, Technology, and Behavior (Liu and Wang, 2019; Zhang and Andrews-Speed, 2020). We also analyze the five market mechanisms including the power spot market, the power capacity market, the power futures market, the carbon emission market, and the Tradable Green Certificate (TGC) market and then consider the effects of implementing those five markets focusing on whether the five markets mentioned in this article can solve the obstacles encountered in China’s energy transition process. At the same time, we hope that this research can provide some practical methods and approaches for the sustainable development of power industry.
LITERATURE REVIEW
Worldwide, there are many mechanisms for promoting the energy transition (especially for advancing clean energy development). Some of the experienced countries pin their hopes on the electric power market design since the issue of clean energy consumption has already been fully considered in the design process of power markets (Shi et al., 2017). However, most of the current research on the driving factors of energy transition just focuses on the supporting policies (Matthew and Jennie, 2017; Shi, 2017; Munro and Cairney, 2020). For example, in terms of investment and financing policies, Fan and Hao (2020) studied the relationship between investment and renewable energy consumption by the Vector Error-Correction Model, believing that targeted direct investment will make a significant boost on renewable energy and accelerate China’s energy transition process (Fan and Hao, 2020). Will and Strachan (2012) focused on the relationship between energy investments and energy service demands by adopting the Two-stage Stochastic Energy System Model, pointing out that large energy investments will be required in the United Kingdom to meet the needs for new energy in the future development process (Will and Strachan, 2012). Based on the subsidy, by considering the 92 renewable energy listed enterprises of China between 2007 and 2016 as samples, Yang et al. (2019) used the Panel Threshold Effect Model to explore the effects and differences regarding both government subsidy types and enterprise sizes, proving that government subsidies are the main force supporting China’s energy transition (Yang et al., 2019). Monasterolo and Raberto (2019) also had a discussion on the negative socioeconomic and environmental externalities associated with fossil fuel subsidies, finding that renewable subsidies contribute to foster the low-carbon transition (Monasterolo and Raberto, 2019). With respect to the tax policy, Lin and Jia (2019) used the dynamic recursive Computable General Equilibrium model to analyze the impact of the energy tax on the energy-economy-environment (3E) system, showing that taxes on energy production sectors may be an effective way to reduce CO2 emissions, and promote clean energy development (Lin and Jia, 2019). Wang et al. (2019) used a Differential Game Model to conduct a research on the possibility of the carbon tax affecting the strategy and performance of low-carbon technology sharing among enterprises, believing that carbon tax policy is the key to China’s emission reduction and energy transition (Wang et al., 2019a). In addition, some scholars discussed the impact of price support policies on energy transition as well. For example, Wei and Dong (2016) summarized the historical experience of energy transition in the past three decades, finding that the price of energy services played a crucial role in creating the incentives to stimulate energy transition (Wei and Dong, 2016). Li et al. (2018) exemplified China’s eight economic zones, quantified the impact of energy prices on carbon emissions, and proved that energy prices can suppress carbon emissions through some relevant factors which include economic development, industrial structure, energy efficiency, energy investment, and energy consumption (Li et al., 2018).
To make the research objective clear, we must consider the following four points: 1) “Energy Transition” is aimed at solving the energy security and environmental protection issue to promote high-quality economic and social development (Jin, 2016). 2) “Energy Transition” is supposed to promote a steady increase in the shares of new energy production and consumption in the total energy output and the total consumption (Xie et al., 2017). 3) “Energy Transition” should rationally enhance the cost advantage or the competitive advantage of renewable energy (Sun, 2018). 4) While the process exhibits the attributes of permanency, systematicness, and complexity (Solano-Rodríguez et al., 2018), “Energy Transition” should also make a difference to a synergistic, orderly, and high-quality development of energy sector (Baležentis and Štreimikienė, 2019). In addition, even if we can effectively intervene in the transition through policies, China still faces problems, such as high power consumption, large infrastructure investment, unreasonable energy structure, and high reform costs (Shi et al., 2017), which directly lead to the difficulty of accelerating the pace in the short term. Therefore, a market-oriented optimization for adjusting energy structure, reducing inefficient supplies, and expanding effective demands will become the consensus. At the same time, from the long-term perspective of China’s institutional changes and social development, both the market design and the related institutional arrangements have become an important tool to promote the power transition and advance the synergistic, orderly, and high-quality development.
The remainder of this paper is organized as follows: Section 3 presents the development status of China’s power market and some current obstacles to China’s energy transition. The emphasis is laid in Section 4 which discusses the five market mechanisms and their implementation effects to reflect the importance of market design on promoting the energy transition. At last, Section 5 displays the conclusions and policy recommendations.
Current Situation
Development Status
The most active transaction mode in China has gradually shifted from the medium- and long-term contract transactions to the power spot (day-ahead) market transactions already. The transaction volume via China’s power market (including power generation trading volume) totaled 2.1 trillion kWh with a 29% year-on-year growth in 2018 and reached 2.8 trillion kWh in 2019. Figure 1 shows the transaction volume in China’s power market from 2016 to 2019.
[image: Figure 1]FIGURE 1 | 2016–2019 power market traded electricity and its share in the nation’s power consumption (unit: trillion kWh, %).
Power spot market: At the beginning of the Reform, the Chinese government tentatively selected eight provinces as the power spot market pilots which have been put into operation in June 2019. Among all the pilots, Guangdong Province has made the fastest progress, releasing its spot market design scheme in August 2018. China’s cross-regional spot markets for renewable energy have started to operate since 2017, but the transaction scale of renewable energy is relatively small. In 2017, the spot market for renewable energy achieved 6.0 billion kWh of renewable power transaction (the electricity consumption of the whole society in 2017 was 6.3 trillion kWh). In particular, Gansu Province is the largest trader with electricity sales of 2.4 billion kWh in the first half of 2018.
Electricity capacity market: There are some countries, such as the United States, the United Kingdom, and France, which have launched the electricity capacity market transactions. At present, China is also actively building the power capacity market, starting from the basic national conditions of China’s market construction (Chen et al., 2020). Therefore, China is trying to learn the successful experience from those industrialized countries and construct the capacity market as soon as possible. This is not only a solution to the reduction in the reform costs but also a requirement to ensure the long-term safe supply of electricity in the future (Chen, 2018 ).
Power futures market: At present, the development of China’s power futures market is still in the preliminary stage. The common view in politics, academia, and business is that China’s power futures market will be helpful to reduce the risk of energy transition. Currently, the focus on China’s power futures market is mainly about the operation principle, unfortunately without enough research or practice on the power market futures trading mechanism, rules, or risk management (Du et al., 2018).
Carbon emissions market: In 2012, the Chinese department of National Development and Reform Commission (NDRC) decided to launch carbon emissions trading (ET) pilots across the country, and identified Beijing City, Tianjin City, Shanghai City, Chongqing City, Guangdong Province, Hubei Province, and Shenzhen City as the seven carbon ET pilots. In 2013, Shenzhen took the lead in launching actual transactions. Subsequently, other pilot provinces and cities also started the operation as well. As of the end of October 2019, the trading volume of carbon emission allowances in the pilots reached 347 million tons of carbon dioxide equivalent, with a transaction volume of approximately $1,077 million1. On December 19, 2017, the NDRC issued the “National Carbon Emissions Trading Market Construction Plan (Power Generation Industry)” which officially launched the construction process of the carbon ET market.
TGC market: As early as around 2012, China began to conceive of this market as well as the Renewable Portfolio Standard. In 2017, China established a voluntary subscription market for Green Certificates, but there was no renewable energy quota system supporting the voluntary subscription market. As of February 2020, China has issued a total of 27,161,607 green certificates. In particular, wind power projects issued a total of 23,315,779 wind power green certificates, and photovoltaic projects issued a total of 3,845,828 photovoltaic green certificates.
Barriers to Transition
Liu et al. (2019) built an IETB analysis framework (Figure 2) for discussing the energy transition issue (Liu et al., 2019). The institutional is the driving core for energy transition, which is mainly reflected in investment policies, development planning, and other strategies. In addition, the institutional guarantee also constitutes an important link connecting the technical support, the economic principle, and the behavioral coordination. The technical support and the economic principle form the driving foundation of energy transition, and both of them have a significant interaction relationship. The behavioral coordination, as the driving method of energy transition, not only can reflect the effect of the technical support, the economic principle, and the institutional guarantee but also can feedback the driving dimension of three of them.
[image: Figure 2]FIGURE 2 | IETB conceptual analysis framework.
Institutional Barrier

1) Supervision of industry is not sufficient (Ding, 2020). The “Renewable Energy Law of the People’s Republic of China” (2006) stipulates the rights and obligations of the related government departments and the enterprises concerned (power grid enterprises, gas and heat pipe network enterprises, and oil sales enterprises). However, due to the ineffective supervision of the main responsibilities (Ding, 2020), it is difficult to impose fines on those irresponsible enterprises in the specific implementation. Since the implementation of this Law, no administrative penalty has been given to either the enterprises or the relevant departments for violation of the Law.
2) The enduring-effect system is not perfect (Li and Cai, 2016). At this stage, in the renewables’ development, some renewables enterprises have always been pursuing high returns on investment blindly owing to the lag in electricity price adjustment and the deficiency in market function, which makes the irrational investment issues become increasingly prominent (Ding, 2020). Some localities have not effectively controlled the scale of renewable energy development in accordance with national plans, which leads to lots of difficulties for some renewable energy enterprises to operate without government subsidies.
3) The ability to plan as a whole is poor (Cao and Zhou, 2017). Without constraints on renewables development goals or overall plans, some localities have been misled by not strictly following the national target for the development and utilization of renewables. Some development goals of local plans exceed the development goal of the superior plan. And even the construction scale, the industrial layout, and the development speed are also inconsistent with the superior planning (Ding, 2020). For example, the national “13th Five-Year Plan (2016–2020)” determined that the wind power development target in the Xinjiang Uygur Autonomous Region should be 18 million kilowatts, while the local “Xinjiang’s Renewable Energy 13th Five-Year Plan” (2016–2020) determined that wind power development target should be 36.5 million kilowatts.
4) The interprovincial transactions are not smooth (Wu et al., 2019). The barriers are mainly formed by institution, system, and the like. The interprovincial barriers to power trading not only hinder the cross-regional flow of power resources but also lead to the bad phenomenon of local segregation and market blockade (Zhou, 2019). In 2017, the share of new energy curtailment caused by the interprovincial barriers accounted for more than 40% of the total curtailment. Specifically in 2018, the total electricity quantity traded in the national power market was about 2.1 trillion kWh. The electricity quantity traded in the provincial market was 1,688.5 billion kWh, while the quantity traded in the interprovincial (including the cross-regional) market was 347.1 billion kWh (accounting for 16.8% of the total quantity traded in the national market). Hence, there is still a large room for interprovincial electricity transactions. The interprovincial barriers have resulted in the division of power markets in various provinces, which is greatly restricting the unified development.
Economic Barrier

1) The government finance is overburdened (Cao and Zhou, 2017). The rapid increase in installed capacity of wind power and photovoltaic power has caused a huge gap in the renewable energy development fund. China’s renewable energy subsidy gap has exceeded $9.815 billion in 2016, $14.022 billion in 2017, and $16.827 billion in 2018 and has further expanded in 2019. During 2016–2020, more than 90 percent of the subsidies for new renewables projects have not yet been implemented. Without the timely support of government transfer payment, the financial difficulties have plagued the survival and development of renewables enterprises, which makes the energy transition suffer badly.
2) The investment in power supply is insufficient (Zhang and Tang, 2016). There always are power shortages or power surpluses during the evolution of China’s power system. Policymakers, businessmen, and experts always have certain concerns; that is, if the market system changes from fair dispatch to economic dispatch rapidly, the existing coal-fired power plants in the system will bear great pressure. Meanwhile, such a change may also lead to insufficient power investment in the future, and thus a systemic power shortage will occur again. China’s power investment would be $743.182 billion during the “12th Five-Year Plan period” (2011–2015) and $813.229 billion during the “13th Five-Year Plan period” (2016–2020), which means that the “13th Five-Year Plan” investment increased just by 9.4% compared with the “12th Five-Year Plan” one. How to maintain sufficient investment in the power system with a high share of renewables is an important task to ensure the sustainability of China’s energy transition.
3) The private capital is active without rational reasons (Lin, 2016). Since 2009, the Chinese government has continuously launched a series of support policies for new energy, which fully reflects the government’s ambition to develop the new energy industry. However, these policies have also led to the rapid growth of private investment in the new energy sector, which has caused a disorderly development of new energy to a certain extent. For example, the great majority of investment projects are directly in the wind power plants and the solar power plants, while the minority of investment projects is in the biomass power and others. Enthusiastic private capital, in the absence of rational regulation, is easy to cause imbalance in the development and utilization of new energy (Zhao, 2016a).
4) The new mode of economic development could bring new challenges (Ma and Li, 2019). Data from 1991 to 2015 as a sample show that the growth of new energy consumption has a positive relationship with China’s economic growth (Xu, 2017). China’s economic development mode has shifted from the extensive growth of scale and speed to the intensive growth of quality and efficiency. And the economic growth rate has rationally slowed down. However, the new energy industry needs huge capital and labor input in the early stage of construction. Therefore, the high costs and low benefits will inevitably become the biggest obstacle restricting the further energy transition of China’s new energy industry (Chen, 2015).
Technical Barrier

1) The ability of power system access and grid connection is still weak (Sun et al., 2017). China’s current electricity pricing mechanism requires that the Grid Corporation should pay a local-benchmark electricity-price-based feed-in tariff to the grid-connected wind power plants and the photovoltaic power ones, and the governments make up the difference between the subsidized renewable electricity price and the coal-fired electricity price. Therefore, the Grid Corporation cannot increase its profitability by absorbing more renewables. On the contrary, receiving volatile renewable energy connecting the grid may affect the stability and safety of grid operation. Wind power and photovoltaic power generation have strong volatility and unpredictability. Hence, the wind/photovoltaic power generation technology conflicts with the current China’s power system under strong constraints on power demand and transmission lines (Yin et al., 2015).
2) Power grid construction lags behind the renewable energy development (Li, 2019). The unsynchronized construction progress leads to the insufficient scale of transmission channels. Meanwhile, the capacity of some transmission channels has not reached the desired level, which hinders the output of renewable energy power (Guo et al., 2020). For example, at the end of 2018, the installed capacity of new energy in China’s Three North Regions (Northeast China, North China, Northwest China) reached 230 million kilowatts. However, due to the limited local market, it was difficult to fully accommodate so much new energy power generation in the short term. Even though the load could be transmitted across regions, the transmission capacity was only 42 million kilowatts which accounted for only 18% of the total new energy installed capacity. And what was worse, the ratio of flexible power supply in power grid is unreasonably low, while the planning and construction of storage power stations is lagging, which affects not only the stability of power grid but also the accommodation of renewable energy (Ding, 2020).
3) The issue of new energy generation curtailment is outstanding in a bad way (Li and Wang, 2019). According to the data from the China Statistics Bureau (2019), on the power supply side, China’s average wind curtailment rate reached 8.7% in 2018, solar curtailment rate 3.6%, and hydro curtailment rate 5.2%. In particular, the wind and the solar curtailment have become worst in Xinjiang Uygur Autonomous Region and Gansu Province. Yunnan and Sichuan provinces have the most serious water curtailment (with the rates reaching 37.6 and 20.2%, respectively). The nationwide renewable curtailment not only caused a huge waste of energy resources but also increased the cost of new energy power generation. It objectively impeded the progress of energy transition.
Behavioral Barrier

1) The contradiction between the central government and local governments has gradually emerged (Zhou, 2019). China’s thermal power projects are mature in technology and efficient in economy; hence, lots of provinces are vigorously promoting the construction of thermal power projects, which makes the current coal-fired power generation capacity severely surplus. At the same time, these projects cannot be replaced by new energy power generation projects in a short time because the newly-built coal-fired power projects are still in the debt repayment period. Additionally, the unreasonable policy incentives system and the uneven distribution of interests among governments are also the main reasons for the large deviations between the central and local energy systems. Such policy deviations also make the energy transition difficult in terms of national planning, local dispatching, and energy pricing (Cao and Zhou, 2017).
2) The conflict of interests between enterprises and governments is unsettled (Xie et al., 2014). Usually, the local governments will transfer the contradiction to the power enterprises. The sharp rise in coal prices has compressed the profitability of coal-fired power plants, thereby further increasing the contradiction between coal-fired power generation enterprises and renewable energy power generation enterprises (Ni, 2018). Some local power grid firms refused to get the new energy access to the grid just to reduce short-term investment, resulting in the fact that the nonfossil energy power output cannot be used timely and effectively. Due to the information asymmetry, some of the renewable energy power generation could get subsidized without being consumed, which not only wasted national finances but also violated the original intention of subsidy policy.
ANALYSIS AND DISCUSSION
Energy clean transition is a huge systematic project, which requires us to give full play to the role of the market in resource allocation and jointly promote the transformation of energy production and consumption patterns. By constructing a reasonable power market mechanism, it can fully tap the entire grid’s consumption space, encourage traditional thermal power to undergo flexible transformation, release power-side regulation capabilities, change users’ energy consumption habits, promote clean energy consumption, and promote energy-efficient transformation (Niu et al., 2014). This section will focus on analyzing the practical significance of the following five power market trading mechanisms, and discussing how market mechanisms can solve the obstacles in the process of China’s energy transition.
Power Spot Market
The power spot market (Figure 3) in the market design framework is the core module, referring to a resource allocation platform where power suppliers and demanders search the power price and the equilibrium quantity (Gong et al., 2018). The power spot market operation system is mainly composed of the day-ahead market, balance mechanism, market risk control, and system management subsystems. It can provide an auxiliary service market subsystem, which is suitable for areas that develop auxiliary service markets such as frequency modulation and backup. Established on the basis of certain economic transactions, the power spot market design must strictly abide by the principles of mutual benefit and fair competition (Tang and Zhang, 2020). Since this type of power trading venue in the power system can connect the transmission side, distribution side, and power consumption side effectively, the power spot market will be able to guarantee the demand for energy transition in terms of new energy accommodation and energy structure adjustment (Zhou et al., 2019).
1) Breaking down the interprovincial trading barriers and solving the volatility issue of new energy access to grid: The main role of the intraday market in the power spot market system is to provide a trading platform for market participants. After the closure of the day-ahead market, the intraday market can fine-tune the power generation plan. In addition, the intraday market can cope with various intraday forecast deviations and unplanned problems, although the transaction size is often small (Ma et al., 2019). As more intermittent renewable energy sources are connected to power grid, the uncertainty of the renewable power generation capacities within the day will also increase greatly. The existence of the intraday market can provide institutional support for such renewable energy to participate in market competition (Zhou et al., 2019). A market-oriented renewable energy utilization mechanism can be formed by improving the mechanism design of spot market and expanding the scale of renewable energy power transactions (Ge et al., 2019). At the same time, the power spot market plays a decisive role in the allocation of resources. It can not only fully explore the interprovincial accommodation capacity of renewable energy through market competition but also alleviate the more serious problems of renewable curtailment (Zhang et al., 2018). Since the State Grid Corporation officially launched the interregional and interprovincial surplus renewable energy power spot trading pilot (2017), China’s renewable energy spot market has traded six billion kW hours of renewable energy power generation in 2017. And by the end of 2018, the cumulative trading volume exceeded nine billion kWh. Hence, the power spot market can provide a commercial platform for the cross-provincial flow of new energy as well.
2) Adjusting the energy structure: The power spot market is an important module of a complete power market transaction system and also a vital measure of price discovery and resource optimization (Gong, 2018). At the end of 2017, the NDRC announced that the FIT for photovoltaic power trading in the market was $0.091 to $0.119/kWh, and the FIT for wind power trading was $0.056 to $0.08/kWh. In contrast, the FIT of thermal power was generally maintained at $0.042–0.07/kWh. In such a situation, the renewable power plants selling photovoltaic or wind power at higher prices naturally would rather generate more clean electricity after ensuring that their generation can be sold through the spot market. Hence, the power spot market can achieve the purpose of expanding a clean energy market and squeezing the thermal power market, which has already been proven that the power spot market can promote the development of energy structure toward a green and clean direction through the price-driven user interaction (Peng and Tao, 2018).
[image: Figure 3]FIGURE 3 | Operating system diagram of the power spot market.
Power Capacity Market
The power capacity market becomes the assistant module designed to ensure the available power load capacity during the market design. In that case, the power capacity market is an incentive mechanism (Ashokkumar Parmar and Pranav B Darji, 2020) in which a reliable power supply commitment can be offered by load demanders providing stable contract payments to capacity providers to encourage the continued investment in capacity at an affordable price (Figure 4). The structure design of the capacity market includes five stages: capacity quota, qualification and auction, transaction, delivery, and payment. The government conducts market guidance in the capacity quota and delivery stage, and the realization of qualifications, auctions, and transactions is completely subject to market competition. Theoretically, the power capacity market will promote a sustainable energy transition by meeting the needs of power investment incentives and promoting the optimal allocation of incremental power generation resources (Chen et al.,2020 ).
1) Meeting the needs of power investment incentives: It will lead to huge power generation risks if the electric quantity market is used to regulate the shortfall of power generation capacity without the coordination with the capacity market (Li et al., 2019). The advantages of capacity market are characterized by using the investment as a variable and replacing the short-term prices with the long-term equilibrium costs, which can effectively reduce market risks (Lockwood et al., 2019). The capacity market is a mechanism that grants certain subsidies and investment recovery based on the generation capacity of power generation enterprises. Such a market mechanism is able to ensure sufficient investment in power generation capacity, avoid the risk of investment uncertainty caused by the long power construction period, and correspondingly increase the investment enthusiasm of power generation enterprises (Brown, 2018). The United Kingdom’s transmission grid operator, National Grid Great Britain, needs to determine the capacity demand 3 years in advance. In December 2014, the National Grid Great Britain auctioned the 1-year reserve capacity demand starting from October 2018. In this auction, the United Kingdom government obtained 49.26 GW of capacity at a clearance price of $24.39/(kW a)2. Such a mechanism stimulates new investment to build new capacities (Hou et al., 2015). As a lesson learned from the successful experience of the United Kingdom’s capacity market, the power capacity market can provide solutions and ideas for solving the problem of insufficient investment in the energy transition process.
2) Optimizing the incremental resource allocation and solving the power safety problem caused by the connection of volatile new energy to the grid: For a long time, China’s power generation resource allocation has mainly relied on the planned economy mode. Even the “Plant-Grid Separation” scheme was basically realized during 2005–2012, the FIT of power generation enterprises still generally implemented a benchmark electricity pricing mechanism or an approved pricing model. The existence of such a situation not only makes the power generation industry blindly seek investment regardless of its own needs and interests but also objectively leads to a phased excess production capacity of power supply. On the contrary, introducing market competition through the construction of a sound capacity market will help discover the true cost of incremental power generation resources, guide the incremental power generation resources for optimal allocation, and ultimately achieve the goal of saving the overall energy cost of society. In addition, by scientifically and rationally planning the total amount and structure of power capacity demand, the capacity market is also able to guide the transition of power supply to a green and low-carbon direction (Chen, 2018 ). The rapid development of renewable energy sources has put forward higher requirements for the system’s reserve capacity of power supply, so the capacity market is one of the mainstream methods to optimize the allocation of power generation resources and increase the share of volatile new energy in power generation resources (Ashokkumar Parmar and Pranav B Darji, 2020).
[image: Figure 4]FIGURE 4 | Capacity market stage diagram.
Power Futures Market
The power futures transaction is a secondary market expressed as a type of risk management mechanism in which a specific quantity and quality of electricity commodity standard contracts can be delivered (Figure 5). In the trading process of power futures trading, auction trading is often used, which is also the basic trading method in the process of power futures trading. In the process of bidding transactions, a large number of trading members, including both sellers and buyers, are gathered on the trading platform. Then, under the guidance of the rules and regulations of the exchange, bidding transactions are completed separately for various types of power futures. Developed on the basis of electricity forward contract transactions, the power futures contracts are highly standardized during power futures trading (Spodniak and Bertsch, 2020). An advanced power futures market always has comprehensive functions of price discovery, resource allocation optimization, and risk aversion (Matthäus, 2010; Kalantzis and Milonas, 2013), and thus, it will guarantee China’s energy transition in terms of energy structure optimization and market risk control (Zhang and Farnoosh, 2019).
1) Controlling the risks and ensuring the energy security: A mature and perfect power market should include the power futures market which is an effective supplement to the existing wholesale and retail power markets (Wang et al., 2019b). The power futures market can provide a platform for the price fluctuation management and the risk reduction in power market transactions (Nakajima, 2019). Of note, the development of futures trading in the power market will play a positive role in the risk management and control, which can help enterprises avoid risks to a certain extent through hedging and other applications (Du et al., 2018). The power futures market has the market function of price discovery which can guide the power market investment rationally (Nakajima, 2019). In addition, both the electricity producers and the consumers can have a relatively accurate estimate of both the future production costs and the future consumption costs since participants can sign long-term power futures contracts in advance. This trading mechanism reduces the risks of production and consumption to a certain extent and will help improve the safety of the entire power system. For example, Singapore Power Futures has helped competitive electricity users reduce the cost of retail electricity contracts by more than 10% since it began operations in April 2015. At the same time, the construction of power futures market is of great significance to the energy security.
2) Optimizing the energy structure: A single price in the spot market can easily deviate from its actual value, and it cannot achieve the effects of energy conservation, emission reduction, and resource allocation optimization efficiently (Stephanía and Nursimulu, 2019). The power grid system can use the price discovery function of the power futures market to scientifically and reasonably budget and plan the future power spot market (Kallabis et al., 2016). In the context of overall oversupply in the power market, low-efficiency generators can still obtain some of the planned power generation, which prevents those high-efficiency environment-protection generators from obtaining chances with a high power generation when the overall electricity consumption decreases. As a result, the utilization rate of efficient coal-fired generators is reduced. In the power futures market, the high-efficiency generators have the attributes of low coal consumption, low fuel costs, and advantages in the quotations, so they will be given priority in concentrated bidding transactions. The transaction order of low-efficiency generators should be in the back, and their transaction volume is not guaranteed, which make the low-efficiency generators gradually withdraw from the market competition (Ren, 2019). This shows that the power futures market can finally achieve the purpose of saving coal, reducing emissions, and optimizing power structure through market-oriented means.
[image: Figure 5]FIGURE 5 | Trading process in the power futures market.
Carbon Emission Market
The carbon emission market in the market design framework is a kind of auxiliary module in which the carbon emission right accepting the guidance and supervision with specific environmental protection objectives can be exchanged and circulated as valuable assets and scarce commodities (Figure 6). In the carbon emission market, carbon emission regulators set relevant carbon dioxide emission cap standards for thermal power manufacturers. Among thermal power manufacturers, those whose carbon emissions are lower than the upper limit of carbon dioxide emissions prescribed by the regulator are suppliers of carbon emission rights certificates; those whose carbon emissions are higher than the upper limit of carbon dioxide emissions prescribed by the regulators are those who demand carbon emission rights certificates. Suppliers of carbon emission rights certificates sell their surplus carbon emission rights certificates and obtain corresponding benefits at the same time, while carbon emission rights certificate demanders must choose to purchase corresponding carbon emission rights certificates in the carbon emission rights certificate market to meet the requirements of regulators. The essence of carbon ET is to realize the re-distribution of carbon emission responsibilities in a market-oriented way (Lin and Jia, 2020). The carbon emission market is of great significance for advancing the adjustment of energy structure and promoting the accommodation of new energy (Weng and Xu, 2018).
1) Adjusting the energy structure: The establishment of the carbon trading mechanism not only helps to mobilize the enthusiasm of enterprises to produce clean power but also can promote the continuous increase in the share of clean energy power generation (Zhu, 2019). In terms of the carbon emission right, the implementation of carbon emission right trading system can increase the generation costs of traditional energy power generation plants, which in turn will reduce the investment in the traditional energy sector (Feng, 2016). Accordingly, the carbon emission market is conducive to the energy transition by adjusting the power supply structure and reducing carbon emissions. Some evidence suggests that the implementation of carbon trading can significantly promote the structural transformation of high-carbon energy markets and the carbon emission market can also gradually reduce the coal consumption (Yi et al., 2019). With the reduction in low-efficiency coal resource consumption and the widespread use of clean energy, the efficiency of energy use will be further improved, which is more conducive to achieving the goal of energy-saving as well as emission reduction and promoting the energy market reform (Zhang et al., 2020).
2) Promoting the accommodation of new energy: In the carbon trading mechanism, enterprises using traditional fossil energy are required to pay carbon emission taxes which can force high-energy-consuming enterprises to use clean energy to a certain extent. This mandatory carbon emission tax payment mechanism can also control the total regional energy consumption and transform the energy demand into clean energy consumption (Feng, 2016; Lin and Jia, 2020; Zhang et al., 2020). Shanghai Stock Exchange is the largest carbon trading exchange in China. In 2012, the Shanghai Stock Exchange realized a carbon trading volume of more than $981.5 million. In particular, the number of individual accounts opened for voluntary carbon emission reduction projects exceeded 210,000, and the trading volume accounted for about 70% of the national trading market. As of the end of 2018, China’s cumulative carbon ET volume was close to 800 million tons, and its cumulative carbon ET volume exceeded $1.542 billion. The successful implementation of the carbon emission market will help the traditional fossil energy consumers transform their energy needs into clean energy (Wang et al., 2019c).
[image: Figure 6]FIGURE 6 | Operation process of the carbon emissions emission mechanism.
TGC Market
The TGC market is another auxiliary module in which the TGC issued by the government is to realize both the renewable power production and the consumption as planned and expected (Song et al., 2020). Generally, a green certificate trading system is composed of green certificates, issuing agencies, transaction management agencies, management systems, and registration agencies. In the trading system, the regulator first stipulates the relevant quota standards for thermal power manufacturers, and then renewable energy generators put green certificates equivalent to their own electricity production on the green certificate market for sales; in order to meet the quota requirements of the regulatory agencies, thermal power manufacturers can either choose to purchase a corresponding number of green certificates in the green certificate market or choose to pay a certain fine to the government. Through the voluntary subscription transactions of TGC, power enterprises can complete their obligations in the TGC market (Figure 7) based on the Renewable Portfolio Standard (RPS) (Hustveit et al., 2015). Theoretically, the TGC market will help promote China’s energy transition by reducing the government’s financial burden and optimizing resource allocation (Finjord et al., 2018).
1) Reducing the government’s financial burden: Both the implementation of RPS and the establishment of the TGC market are conducive to reducing the regulatory costs and reducing the government’s financial burden (Zhao, 2016b). The introduction of market-based measures can enable the TGCs to be traded freely, which means that the government no longer needs to directly transfer the financial subsidies to support the renewable energy industry (An et al., 2019). The TGC system is a major measure to improve some renewable energy support policies and even construct some renewables development mechanisms (Tang, 2017). The TGC market not only is conducive to promoting the efficient use of clean energy and reducing the direct subsidy intensity of national financial funds but also has a positive significance for consolidating social consensus and promoting energy transition. Some research results showed that the TGC program can not only achieve the goal of renewable electricity but also reduce both the regulatory costs and the financial burden (Ciarreta et al., 2017). As of the end of May 2018, the cumulative number of China’s TGC issued was 22 million, and the cumulative number of subscriptions reached 27,190. Such an achievement directly helped the government retain $0.645 million by saving the renewable energy subsidies.
2) Optimizing the resource allocation and alleviating the contradiction between coal-fired power generation and renewable one: If the government only adopts the RPS system without implementing the TGC transactions to stimulate the development of renewable energy market, this kind of imperfection will lead to a significant increase in the cost of enterprises. In a policy system simply implementing the RPS, all related enterprises and market entities will be assigned consistent quotas but not allowed to trade them. At this time, different power enterprises with different marginal costs will inevitably cause terrible waste, market inefficiency. After the establishment of the TGC market, the external costs of the power industry will be internalized, and the total cost becomes the sum of production costs and external costs (Liu, 2017). Meanwhile, the equilibrium price in the power market can truly reflect the actual value of electricity commodities, which can effectively solve the problem of inefficient resource allocation. The mutual conversion of renewable energy power generation and TGCs will be able to encourage the enthusiasm of those superior renewable energy enterprises and make those disadvantaged renewable energy enterprises complete the quotas at a lower cost (Jiang et al., 2014). In addition, the very small scale of mandatory quotas can easily cause the underutilization of resources. On the contrary, the TGC market can accurately avoid such a problem and ease the contradiction between the coal-fired plants and the renewable ones. The establishment of a TGC market can promote the accommodation of renewables and increase the revenue of power generators significantly (Helgesen and Tomasgard, 2018). According to the real-time statistics of the TGC’s subscription platform, as of May 31, 2019, in China, a total of 2,138 participants had subscribed for a total of 33,140 TGCs, and each TGC representing 1,000 kWh green electric power came from either the onshore wind power project or photovoltaic power plant project.
[image: Figure 7]FIGURE 7 | Operation process of TGC trading mechanism.
CONCLUSION AND POLICY IMPLICATION
This article comprehensively analyzed the theoretical basis of market design for promoting the energy transition and then discussed the goals and the obstacles related to China’s energy transition. Accordingly, the function and role of market design have been discussed on five typical markets. In summary, the conclusions are as follows:
1) The market design is as important as the policy-making; hence, it is unwise for energy transition to focus on policies and ignore markets. The energy transition is characterized by permanency, systematicness, and complexity. The Chinese government has already successively issued a series of policies; however, China’s energy transition still lack the necessary market incentives due to the imbalance in the distribution of energy endowments, the expansion of fiscal subsidy gap, the high cost of new energy technology, and especially the difficulty in implementing the policies. Many scholars and enterprises have proved the role of market design which shows a much more stable and durable effect than the role of policy-making. Of note, the market design for energy transition in electric power industry is not only to promote the vigorous development of new energy (such as the power spot market, the power futures market, and the TGC market) but also to advance the sustainable and clean evolution of traditional energy (such as the power capacity market and the carbon emission market).
2) Market design should be pertinent and objective; hence, there are at least five types of markets that can promote the energy transition of electric power sector. There are four main sources of obstacles to China’s energy transition. In particular, the institutional barriers have always been the principal contradictions, and the economic barriers and the technical barriers are the core troubles, while the behavioral barriers are the important links. The spot market is an effective way to solve the volatility of new energy and realize the economic dispatch of renewables in the meantime and it can fully exploit the interprovincial accommodation space through market competition to alleviate the increasingly serious issue of renewable curtailment. The power capacity market can meet the needs of power investment incentives and promote the optimal allocation of incremental power generation resources. The power futures market is able to optimize the energy structure and control risks. The carbon emission market is an effective way to arrange the energy structure scientifically and promote the accommodation of new energy rationally. The TGC market can reduce the government’s financial burden and optimize the resource allocation.
3) As far as the current situation of China’s energy development is concerned, it is still far from the achievement of China’s energy development goals. China should pay more attention to promoting the energy transition to not only innovate on the basis of the characteristics of its own development but also draw on the advanced experience of other industrialized countries in the field of market design. The share of nonfossil energy in primary energy consumption is a very core indicator in the process of China’s energy transition, and the realization of that indicator mainly depends on the nonfossil energy power generation in the power system. Therefore, to achieve the goal of China’s national energy transition, the power system must be sustainably transformed first.
Based on the conclusions above, we offer the following recommendations:
In the market design, China firstly should explore the establishment of a diversified market structure that includes a competitive power market, a cross-regional and interprovincial power trading market, and an ancillary service market. Secondly, sufficient market choices and space should be provided for the profitability of both the new energy and the conventional power sources. Finally, the design should be to promote the energy transition in electric power industry in light of a high share of new energy access. In the design of specific market rules, the volatility, uncertainty, and marginal cost of new energy power generation should be fully considered. On the one hand, it is possible to mobilize the enthusiasm of various types of power investment, especially of the flexible power supply investment, through a reasonable investment protection mechanism to ensure the long-term, safe, and reliable operation of the power system. On the other hand, the potential of flexible resources can be fully mobilized through the design of rules during the operation phase. The research on the market design is supposed to help the energy transition by providing some management, mechanism, and policy guarantees in building a formal and unified power market trading system.
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The Resource Tax Law was officially implemented on September 1, 2020, in China. This law presents the “Fee-to-Tax” reform of water resources. This article compares the effects of the “Fee-to-Tax” reform under asymmetric duopoly conditions with perfect information. The mechanisms of the two policies are different when all firms simultaneously respond to water resources: the water resource fee affects output by reducing market size, while the water resource tax reduces output by amplifying the weighted cost difference effects between companies. Water resource taxes work better than fees for eliminating backward production capacity. A comparison of the situation when companies respond sequentially is also carried out. When a low-cost firm is in the leading position, the collection of fees actually reduces the output difference, whereas the tax improves it. When a high-cost firm acts as a leader, the effects depend on the cost difference. When the cost difference between firms is small, the first-move advantage of high-cost firms dominates the cost advantages of low-cost firms. Therefore, a higher tax rate yields a smaller output difference. When cost differences are relatively larger, the cost advantage of low-cost firms dominates the first-move advantage of high-cost firms. As the operational cost for reducing water consumption increases, the reduced water consumption first increases and then decreases.
Keywords: fee-to-tax reform, policy effect, asymmetric duopoly, water resource tax, water consumption
INTRODUCTION
On August 26, 2019, after the twelfth meeting of the Standing Committee of the Thirteenth National People’s Congress, the Resource Tax Law was officially adopted and was officially implemented on September 1, 2020. For the first time, the Resource Tax Law explicitly levies water resource taxes on a trial basis for industries and individuals who use surface water or groundwater. As the water resource tax is levied, the collection of water resource fees will cease. China’s water resources are very scarce, and the per capita water resources are only one-fourth of the world average. Water resources are unevenly distributed in space and time, and there are problems such as water pollution, waste, the excessive exploitation of groundwater, and weak citizen protection awareness. With the development of the construction of an ecological civilization, the importance of water resources to human society is constantly increasing; therefore, a general trend is to include water resources in the scope of resource tax collection.
China began collecting water resource fees in 1980. In 1988, China officially promulgated and implemented the “Water Law of the People’s Republic of China”, which explicitly included the collection of water resource fees into the legal scope. The collection of water resource fees has serious problems, such as multisector collection, low actual collection rates, and irregular use management. To promote the construction of resource-saving and environmentally friendly cities, increase citizens’ awareness of water resource protection and water efficiency, and improve water resources, China has included water resources in the scope of resource tax collection.
Although country characteristics must necessarily shape practical policy advice, theory provides some fairly specific guidance. This paper aims to analyze the theoretical basis that underlies the Fee-to-Tax reformation of water resources.
When studying the effect of the reform of water resource fees and taxes, scholars hold different opinions. Mushtaq et al. (2008) questioned the effectiveness and feasibility of a water Fee-to-Tax reform and noted that this reform is likely to cause serious difficulties in agricultural production. Ma, Zhao and Ni (2018) indicated that tax reform is conducive to reducing not only arbitrary charges but also the burden on enterprises, and the collection and use of a water resource tax is more reasonable and transparent, which is helpful for the state to control the source and use of the water resource tax and to reduce corruption. Some researchers established the computable general equilibrium model (CGE) of the economy with water as an explicit factor of production. Qin et al. (2012) used the CGE model to assess the economic impact of water pricing in China. Li et al. (2019) calculated a reasonable tax rate of water resources in Yunnan Province with the CGE model; Tian (2021) also calculated the optimal tax rate of water resources in Hebei Province. Beyond these studies, there are few articles on the economic principles of water resource tax fee shifting.
To avoid increasing the corporate tax burden, a general rule is presented that the tax fee after the reform equals the original water resource fee in the Fee-to-Tax reform. In this particular situation, the collection of water resource fees can be seen as a special type of unit tax before the Fee-to-Tax reform. Considering this, the model that studies ad valorem and unit taxes can be adapted to analyze the effect of the Fee-to-Tax reform on water resources.
The comparison between these two types of taxes is a classic topic that has been the subject of ongoing discussion and development in public finance (Skeath, 1994; Blackorby and Murty, 2007; Vetter, 2017). The study of differentiated duopolies or oligopolies was developed by Dixit (1979), Singh and Vives (1984), Häckner (1999) and other scholars. Wang and Zhao (2007) compared the welfare effects of cost reductions in differentiated Bertrand and Cournot oligopolies but did not take taxation into account. It was indicated that in asymmetric and differentiated oligopolies, unit taxation could be welfare-superior to ad valorem taxation if the goods are sufficiently differentiated under either Cournot or Bertrand competition (Wang and Zhao, 2009). Lapan and Hennessy (2011) extended the analysis to multimarket oligopolies. For a linear demand system, it is also demonstrated that the marginal cost of public funds for ad valorem taxes is generally lower than that for unit taxes (Häckner and Herzing, 2016). Arguably, policy designers favor the use of ad valorem taxes over unit taxes in oligopolies. However, the anticompetitive effects of the two taxes on firms’ strategic interactions favor unit taxes over ad valorem taxes (Vetter, 2014). Given decreasing returns to scale, an ad valorem tax regime unambiguously Pareto dominates a unit tax regime (Hoffmann and Runkel, 2016). Griffith and Nesheim et al. (2018) noted that by considering the use of tax policy, utility is linear in the consumption of the outside good. A specific tax results in larger reductions than an ad valorem tax but at a greater cost to consumers.
The vast majority of applications focus on how these theories help us to explain economic situations in real life (Nie and Chen, 2012; Nie et al, 2018; Tao et al, 2018). Such theories are also applied to discuss clean and dirty technology competition (Chen et al, 2015; Acemoglu et al, 2016), the impacts of subsidies and taxation (Chen et al, 2017; Golosov et al, 2014; Wang et al, 2017; Yang et al, 2018; Dong et al, 2018), and other related social economic issues (Bloch and Demange, 2018; Fuest et al, 2018; Wang and Wright, 2017).
In this paper, the model of ad valorem and unit taxes is further developed to study the effect of the Fee-to-Tax reform under an asymmetric duopoly by investigating the total outputs and the difference in the outputs in the two collection regimes.
The remainder of this paper is organized as follows. Model Establishment introduces the model. The model is discussed in Model Analysis under two different circumstances: (1) all firms simultaneously respond to the policy; (2) different firms respond to policy change sequentially. Finally, concluding remarks are presented in Concluding Remarks.
MODEL ESTABLISHMENT
By taking water resource policy into account, a duopoly model is adopted for the following study. In an industry, two asymmetric firms exist (the marginal production costs are different) that compete in quantity. For convenience, denote the two firms as [image: image]. The marginal costs of the two firms are constants, [image: image], which satisfies [image: image]. Assume that the two firms’ outputs are [image: image] and that prices are [image: image]. The inverse demand function satisfies
[image: image]
In Eq. 1, [image: image] means that the market size and [image: image] represents product substitutability. High product substitutability manifests in similar functions offered by the products of the two firms. A larger [image: image] means higher product substitutability; thus, in the extreme case, [image: image] indicates that the products of the two firms have the same function, whereas [image: image] means that each firm has a monopoly on a different product. This type of inverse demand function is widely adopted in economics and in industrial organizations (Chen et al, 2018a; Chen et al, 2018b). Considering the water resource policy, both firms’ profits are listed as follows:
[image: image]
In Eq. 2, [image: image] is the collection rate based on price when the water resource fee is collected, and [image: image] is the taxation rate according to the outputs when the water resource tax is collected (Lapan and Hennessy, 2011). For Eq. 2, the term [image: image] is revenues, and [image: image] is payment for water resources. When the water resource fee is collected, [image: image]. When the water resource tax is collected, [image: image]. We do not consider subsidies and always assume the taxation intensity to be nonnegative. (1) and (2), along with the tax function and fee function, constitute the asymmetric duopoly model with water resource usage payments.
In the following section, the above model is used to analyze the economic and environmental effects of the Fee-to-Tax reform in the situation when all firms respond to the policy change simultaneously and sequentially.
MODEL ANALYSIS
Firms Respond to the Policy Simultaneously
First, we are concerned with the case in which all firms respond to the policy simultaneously, and then the model is discussed under Cournot competition.
When the water resource fee is collected, Eq. 2 is also concave, and the unique equilibrium is determined by the first-order optimal condition. The equilibrium is outlined by the following equations:
[image: image]
The equilibrium is
[image: image]
When water resource fees are collected, both firms reduce outputs, and the two firms reduce output identically. The output gap and corresponding price and profits are
[image: image]
[image: image]
[image: image]
Before the Fee-to-Tax reform, the water resource fee reduced the total outputs and producer surplus. The corresponding price increases with the fee collection intensity. The output difference remains constant regardless of the amount of payment per unit, which means that such a policy places an identical effect on the outputs of the two firms. From Eq. 4, we have [image: image]. Therefore, it is also found that higher product substitutability yields a larger output gap.
When the water resource tax is collected, the payment is [image: image]. Thus, the equilibrium is outlined by the following equations:
[image: image]
The equilibrium is
[image: image]
To measure the cost difference, we refer to the definition of WCD (weighted cost difference) combined with product substitutability.
Definition 1. WCD (weighted cost difference) is defined as [image: image].According to Eq. 9 and [image: image], both firms reduce outputs under [image: image]. Moreover, when the cost difference is small, the high-efficiency firm reduces fewer outputs than the low-efficiency firm. Under [image: image], the water resource tax improves the outputs of high-efficiency firms and reduces the outputs of low-efficiency firms. The output gap is
[image: image]
The corresponding price and profits are given as follows:
[image: image]
[image: image]
From Eq. 9, we have [image: image] Therefore, the water resource tax has a greater effect on high-cost firms than on low-cost firms. Moreover, [image: image]. Higher product substitutability yields a larger output gap. Thus, we draw the following conclusions about subsidies.
Proposition 1. When all firms respond to the policy change simultaneously, (1) The water resource fee does not change the output difference. (2) The water resource tax reduces total outputs and increases the output gap. (3) With small cost differences, the water resource tax reduces the outputs and profits of both firms. (4) Under large cost differences, the water resource tax improves the outputs and profits of high-efficiency firms while reducing the outputs and profits of low-efficiency firms.
Proof. See in Supplementary Appendix SA.
Remarks. Based on the above analysis, we argue that the implementation of water resource taxes improves prices while reducing total output and product surplus. Higher taxes mean higher prices and lower outputs.
Obviously, product substitutability increases the opponent’s costs in the WCD. When [image: image], the opponent’s costs have no effect on the firm’s decisions. This definition reflects the interaction of both the opponent’s costs and product substitutability. In practice, firms care much more about the WCD than the cost difference.
Based on Definition 1, we can intuitively draw the following conclusions. Under Cournot competition, collecting the water resource fee affects equilibrium by reducing the market size, while collecting the water resource tax affects equilibrium by amplifying the effects of the WCD. Both the water resource fee and tax affect the market equilibrium, and the affecting mechanisms differ. Water resource fees reduce the market size and then reduce firms’ outputs and profits. In contrast, collecting a tax amplifies the effects of the WCD and then affects the output difference and profits. The above conclusions capture the action mechanism of the different taxes.
When conducting the Fee-to-Tax reform, a general rule is assumed that the amount of payment remains unchanged during the reform. Thus, a comparison of the outputs is conducted under this basic rule. That is,
[image: image]
Eq. 13 is restated as
[image: image]
For the output effects of the two types of policy, we have the following relationship:
[image: image]
Under a fixed total amount of payment, we draw the following conclusions. Proposition 2 (1)[image: image], [image: image] (2) Under [image: image], the water resource fee yields more output than the water resource tax yield. Otherwise, the water resource fee leads to fewer outputs than the water resource tax.
Proof. See Supplementary Appendix SB.
Remarks. This proposition demonstrates that low-cost firms experience a larger loss in outputs than high-cost firms experience. After the reform, it is more advantageous to phase out backward production capacity. By levying water resource taxes, the government participates in the distribution of benefits from the development of state-owned water resources, can also adjust the distribution of benefits between resource occupiers and nonresource occupiers, and at the same time promote equal competition among water companies.
Interestingly, the distinguishing effects on the output difference are the result of the two policies’ action mechanisms. Collecting the water resource fee affects the equilibrium by reducing the market size. Such a tax affects outputs by amplifying the effects of the WCD. After using tax leverage to increase the cost of water use, companies will naturally adjust their production behavior to promote water conservation.
Firms Respond to the Policy Sequentially: Low-Cost Firm as the Leader
Next, this article discusses the second case: assuming that not all firms respond to the policy synchronously, then the model is discussed under Stackelberg competition. Once the outputs are obtained, the analysis of prices and profits under Stackelberg competition is similar to that under Cournot competition. Thus, in the following section, we mainly focus on outputs. We first address the case in which the low-cost firm plays the leading position, and the high-cost firm acts as a follower.
By taking a backward induction approach, we immediately obtain the following equilibrium when the water fee is collected.
[image: image]
The output gap of the two firms is
[image: image]
Under Stackelberg competition, collecting the water resource fee affects the output gap, which is different from the result under Cournot competition. Moreover, [image: image].
After the Fee-to-Tax reform, the equilibrium is given as follows.
[image: image]
Similarly, the output gap is
[image: image]
[image: image]
Based on the above analysis, we have the following conclusions.
Proposition 3. Collecting the water resource fee reduces the output difference between firms. When a low-cost firm acts as the leader, the output difference is larger than that under the circumstance when the water resource fee is collected. Based on the above conclusion, high-cost firms may prefer water resource fees, and low-cost firms may favor water resource taxes.
Proof. See Supplementary Appendix SC.
Remarks. The output difference when not all firms respond simultaneously is larger than the output difference under the Cournot game. Accordingly, when low-cost firms respond first to the policy reform, these firms possess both cost and first-move advantages. These advantages yield larger output differences than those when firms act at the same time. First, on the basis of their own cost advantages, the first mover has the opportunity to limit its competitor to achieve sales and achieve cost advantages through economies of scale and learning effects. Second, the forerunner creates switching costs for customers who use it, and it is difficult for the latecomer to seize it from the forerunner. Third, the first-move company can build important brand loyalty, but the latter is difficult to break. In all, when firms do not respond simultaneously, the effects of the policy reform that supports phasing out of backward production capacity are strengthened.
Furthermore, an analysis of the environmental benefits of the “Fee-to-Tax” reform will be discussed. For the ith firm under consideration: [image: image], where [image: image] means the present value of the original production cost; [image: image] means the increased operational cost (i.e., cost increased as a result of renewed technology for reducing water consumption).
To measure the reducing water consumption, we introduce the definition of [image: image] (reducing water consumption) combined with the increased operational cost: [image: image], in which [image: image] stands for the ratio of reducing water consumption over the original water consumption per unit product.
When the low-cost firm (firm A) plays the leading position, its production cost increases: [image: image]. The cost of high-cost firm (firm B) stays unchanged.
By taking a backward induction approach, we immediately obtain the following equilibrium when the water fee is collected.
[image: image]
[image: image]
After the tax reform, the water tax was collected.
[image: image]
Proposition 4. As the operational cost for saving water consumption increases, the reducing water consumption increases at first, and then decreases.
Remarks. The first-move company invests in water saving technology. Thus, the actual cost of its product includes the original cost and the increased operational cost for reducing water consumption. As a company increases its investment in saving water, the reduced water consumption increases as well. However, when the operational cost increases beyond the extreme point, the actual cost will become so high that it will cause the sales of the product to decline dramatically, hinder the company’s commercial competition, and thus eventually decrease the reducing water consumption. Figure 1 shows numerical simulations of [image: image] when [image: image]. This figure shows that [image: image] first increases and then decreases as the operational cost for saving water of the leader firm increases, which is consistent with Proposition 4.
[image: Figure 1]FIGURE 1 | Numerical simulations of[image: image].
Firms Respond to the Policy Sequentially: High-Cost Firm as the Leader
Then, we consider the other case in which the high-cost firm leads, while the low-cost firm follows.
When a high-cost firm (firm [image: image]) acts as a leader, the problem is also solved by a backward induction approach. We first consider the situation when the water resource fee was collected.
[image: image]
The output gap is
[image: image]
Similar conclusions to those drawn in Concluding Remarks also hold. That is,
[image: image]
Moreover, a small cost difference between the two firms implies that [image: image], and a large cost difference indicates that [image: image]. Thus, we draw the following conclusion. When a high-cost firm acts as the leader, with a small cost difference, the first-move advantage of firm [image: image] dominates the cost advantages of firm [image: image]. Therefore, for small cost differences, a higher tax rate yields a smaller output difference. When cost differences are relatively larger, the cost advantage of firm [image: image] dominates the first-move advantage of firm [image: image], and a higher fee rate yields larger output differences. In this way, the water resource fee promotes output differences. Moreover, the total outputs under the water resource fee satisfy the relationships
[image: image]
Apparently, [image: image]. Similarly, we also have the relationship [image: image].
In the situation when the water resource tax is collected, the equilibrium is given as follows:
[image: image]
Similarly, the output gap is
[image: image]
Based on Eq. 26, we have the relationships [image: image]and [image: image]. The corresponding price is
[image: image]
Based on the above analysis, we obtain the following conclusions:
Proposition 5. When the high-cost firm leads the investment in water savings according to the “Fee-to-Tax” reform, the output of the high-cost firm is higher than its output under the situation when two firms respond simultaneously. The outputs of the latecomer are lower than the outputs under other circumstances. The total output of two firms is higher than the output when two firms respond simultaneously. More specifically, the proposition can be delivered in the following inequality:
[image: image]
Proof. See Supplementary Appendix SD.
Remarks. Under the Stackelberg game, firm [image: image] possesses both a cost advantage and a second-move disadvantage. This disadvantage yields a smaller output difference than that under the Cournot game. Furthermore, the total outputs when the low-cost firm plays a leading position are higher than the total outputs when the high-cost firm acts as a leader. The outputs under Stackelberg competition are higher than the outputs under Cournot competition because the leading firm produces more under Stackelberg than under Cournot to hinder entrants. High outputs are regarded as a strategy.
Accordingly, the implementation of the tax reduces the outputs of both firms. The tax reduces the outputs of high-cost firms more than the outputs of low-cost firms. When two firms respond at the same time, collecting water resource fees reduces outputs symmetrically. However, the implementation of a water resource tax has an asymmetric reduction effect on firms’ output. In other cases, when two firms do not respond to the policy reform simultaneously, both policies have an asymmetric reduction effect on firms’ outputs. However, the effect of taxes on the leading firm in such situations is more severe than the effect of taxes on the corresponding firm when they respond simultaneously.
CONCLUDING REMARKS
This article addresses the effects of the “Fee-to-Tax” reform of China’s water resources under asymmetric duopoly conditions. The impacting mechanisms of water resource taxes and water resource fees differ. Collecting water resource fees reduces the market size, while taxes amplify the WCD (weighted cost difference) effects between industries. When all firms in the market respond to the policy simultaneously, the water resource fee reduces firms’ outputs identically, while the water resource tax affects high-cost firms more than low-cost firms. Furthermore, when firms respond sequentially, the implementation of fees asymmetrically affects the equilibrium of firms. However, the tax affects the leading firm more than it affects the corresponding firm when all firms act synchronously. Additionally, the effect of the tax is more severe for leading firms than for followers. Surprisingly, it is also proven that the outputs are higher under Stackelberg competition than under Cournot competition because the leading firm under Stackelberg produces more than the leading firm under Cournot produces to hinder entrants. As the operational cost for reducing water consumption increases, the reduced water consumption first increases and then decreases. Therefore, the “Fee-to-Tax” reform provides some benefits to maintain the environmental development of some water mining or related industries.
Based on the above analysis, taxes can act as an efficient regulative tool to support and shape industrial development. Some policy implications can be proposed according to the findings in this analysis. Specifically, the adoption of special taxes in some industries can help to eliminate backward production capacity. Because the collection of taxes has asymmetric effects on output, it works better to phase out backward production capacity than the collection of fees. Additionally, when the government decides on a tax pattern, the market characteristics of different firms should be fully considered.
In this article, the effect of the “Fee-to-Tax” reform under asymmetric duopoly conditions with perfect information is discussed. Some further research topics arise. On the one hand, the market response under incomplete information is worth discussing. Incomplete information deters both government and industry decisions, and it is also important to study the mechanisms in such situations. On the other hand, in analyzing tax reforms, it is worth considering deterring the different production characteristics of different industries. In this way, an optimal tax regime can be proposed. It is crucial to design a tax regime that considers the long-term effects for some industries with externalities that involve energy, the environment and food safety. Chen and Nie, 2016.
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Based on the perspective of political economics analysis, this article conducts research on the national new energy strategy as the economic situation changes differently from the past. Under the socialist market economy system with Chinese characteristics, the new energy strategy is not only an inevitable choice for China as a responsible major country, but also a key measure to promoting high-quality economic development. Through the analysis of the main dilemmas faced by China’s implementation of new energy strategy, this article proposes to design policies in terms of core technology research, innovative industry financing, cultivating professional talents, and continuous expansion of opening up, to originate a high-quality development path for China.
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CHAPTER 1. NATIONAL POLITICAL ECONOMICS OF NEW ENERGY STRATEGY
On September 22, 2020, Chinese President Xi Jinping made a statement at the general debate of the 75th session of the United Nations General Assembly, stressed that: “China will scale up its Intended Nationally Determined Contributions by adopting more vigorous policies and measures. We aim to have CO2 emissions peak before 2030 and achieve carbon neutrality before 2060.”1 This is a major strategic decision made by China based on the internal requirements of promoting a shared future for building a human community and achieving sustainable development. Afterwards, at the Third Paris Peace Forum, the Twelfth Meeting of the Leaders of the BRICS Countries, the Leaders’ Side Event on Safeguarding Planet of G20 Riyadh Summit, and the World Economic Forum Virtual Event of the Davos Agenda, General Secretary Xi has mentioned the goal of achieving carbon peak and carbon neutralization many times, reflecting China’s determination to actively respond to climate change.
As showed in Figure 1, since the 21st century, global carbon emissions have increased rapidly. From 2000 to 2019, the emissions of carbon dioxide increased by 40%. According to the data from the “World Energy Statistical Yearbook (70th Edition)” released by BP, global carbon emissions have continued to grow since 2013. In 2019, this indicator even reached 34.36 billion tons, hitting a historical high. As the world’s largest developing country, China should shoulder the responsibility of energy saving and emission reduction in the world economic development, actively respond to climate change, and look forward to global cooperation.
[image: Figure 1]FIGURE 1 | Trends in global carbon emissions (2013–2019). Data Sources: BP “World Energy Statistical Yearbook (70th Edition)”.
At the same time, China’s 14th Five-Year Plan listed carbon peaking and carbon neutrality as important tasks for China’s economic and social development in the next 5 years. 2021–2025 is a critical period and window period for carbon peaking, the “14th Five-Year Plan (2021–2025) for National Economic and Social Development and the Long-Range Objectives Through the Year 2035” clearly states that China should implement the nationally determined contribution target for climate change in 2030 with a more active attitude, and specifically formulate action plans for peak carbon emissions to reduce carbon emission intensity, support qualified localities and industries to take the lead in reaching the peak of carbon emissions, improve the carbon sink capacity of the ecosystem, and strive to achieve carbon neutrality by 2060. To this end, the “14th Five-Year Plan” also noted that China should focus on the development of new energy and other strategic emerging industries, promote the application of core technologies, and cultivate new growth momentum for industrial development.
New energy industry is also an important engine to promote the establishment of a “dual circulation” development pattern. The main characteristics of this pattern is that it has two circulations, the domestic economic cycle plays a leading role and the domestic and international economic cycles mutually encourage each other. From the perspective of internal circulation, China’s economy is gradually transforming from high-speed development to high-quality development. The transformation and upgrading of the energy structure will help ensure domestic energy security (Andrew, 2010), and deepen supply-side reforms, and create a dynamic balance of demand-driven supply and supply-creating demand. From the perspective of external circulation, Europe is currently China’s second largest trading partner, the most important source of imports and the second largest export destination. The upgrading process of the European new energy industry is in line with China’s improvement of the strategic position of the new energy industry, which will help the two parties become important strategic partners, promote the strengthening of the chain of China’s new energy industry, expand the opening up against the background of the external economic cycle, and form a strong attraction to global resource elements.
Under the socialist market economy system with Chinese characteristics, it is not only a national strategy to promote the development of the new energy industry, but also an important starting point for accelerating high-speed and high-quality economic development. The growth of the new energy industry helps to alleviate the impact on China’s healthy operation of the economy caused by the limited traditional energy reserves and large price fluctuations; at the same time, in order to have CO2 emissions peak before 2030 and achieve carbon neutrality before 2060, form new international competitive advantages and create new economic growth points, China should continue to stimulate the development of a low-carbon economy and place new energy industries in an important strategic position for economic growth (Xiliang et al., 2016). Finally, new energy industries can help moderate the over-reliance on petroleum and coal for the advancement of various industries for a very long time, and rationalize the industrial structure. Transformation and upgrading will help areas that are currently relatively underdeveloped to adapt to local conditions, give full play to the advantages of solar and wind energy, form economies of scale, and drive regional economic development.
CHAPTER 2. NEW ENERGY STRATEGY BOOSTS HIGH-QUALITY ECONOMIC DEVELOPMENT
Respond to the Energy Crisis Actively
There are three aspects of main problems exists in China’s energy currently.
Firstly, China’s energy is relatively scarce, and the reserves of traditional energy are limited, which cause the serious insufficiency per capita. Based on the situation, China is facing a severe energy crisis and challenge. If new energy industry can’t be developed and utilized as soon as possible, China’s economic structure and development will be greatly affected.
Secondly, China is provided with unbalanced energy structure. Most of the energy used in China is coal, which create a condition that overall utilization of traditional energy is inefficient, making it difficult to meet the needs of high-quality economic development in the new era (Xiangzhong and Yue, 2019).
Figure 2 shows the proportion of coal, crude oil and natural gas consumption in total energy consumption of China from 2003 to 2018. As the most important energy source for China’s economic development, coal consumption accounts for more than 50% of total energy consumption in the past 16 years, in particular years, 2005 and 2006, this proportion was as high as 72.4%. In recent years, with the proposing of requirements about developing high-quality economic, China’s dependence on coal energy has been reduced, and the proportion of coal consumption in total energy consumption fell below 60% for the first time in 2018. Corresponding to the reduction is the increase in the proportion of natural gas energy consumption, but this increase is lower than the decline in coal consumption, which indicate that China’s consumption of other alternative energy sources is also increasing. On the whole, although the proportion of coal consumption is declining, China’s economic development is still restricted by the heavy dependence on coal energy. It means that China needs to implement a new energy strategy to promote high-quality economic development urgently.
[image: Figure 2]FIGURE 2 | The percentage of China’s energy consumption (2003–2018). Data Sources: China Statistical Yearbook 2004–2019.
Thirdly, China lacks the dominance over energy prices. As the second largest oil consumer in the world, China does not have a dominant advantage in oil trading and pricing. It will not only bring a large unknown risk to the country, but also transmit the influence to the domestic bulk market and related energy industries through the price linkage mechanism, affecting the speed of the development of various domestic industries and hinder the growth of GDP.
It can be seen from Figure 2 that the proportion of China’s crude oil consumption to total energy consumption remained basically unchanged from 2003 to 2018, and has maintained at about 20%. Combined with the total oil consumption shown in Figure 3, the consumption of crude oil in China is increasing year by year, which shows that with the development of economy, China’s energy demand is also expanding. However, reviewing the quantity of import and export of China’s petroleum resources from 2003 to 2018, this paper found out that about 50% of China’s crude oil consumption needs to be obtained from abroad. These data reveal the fact that China does not have a dominant advantage in oil trade and pricing, and the domestic economic development could be easily affected by fluctuations in international oil prices.
[image: Figure 3]FIGURE 3 | China’s crude oil consumption, import and export data (2003–2018). Data Sources:China Statistical Yearbook 2004–2019.
The development of new energy is an effective way to solve the problem of energy shortages and restriction. China needs to resolutely promote reforms in the energy sector, accelerate the establishment of systems and mechanisms which is conducive to the development of energy science and technology, improve the energy development environment, and advance changes in energy production and utilization methods (Ying, 2021). The development of new energy can play an important role in adjusting energy structure, reducing greenhouse gas emissions, and promoting the development of strategic emerging industries. New energy resources are rich in reserves, have renewable characteristics, and can be used permanently by humankinds, besides, new energy resources do not contain carbon or have a small carbon content, which make them more environmentally friendly. Therefore, the development of new energy industries can not only open up different energy supply channels and effectively increase the purveyance of energy, but also reduce environmental pollution, promoting economic green and low-carbon development (Qiao and Hongtao, 2021). At the same time, the development of new energy will help reduce the proportion of fossil energy in China’s energy demand, solve the problem of China’s economic development’s heavy dependence on imported energy, relieve energy pressure, diversify the energy structure, reduce the risks brought by the weakening of the inherent energy structure, ensure national energy security, and fundamentally solve China’s energy problems.
Promote the Development of Low-Carbon Economy
Low-carbon economy is conducive to enhancing core competitiveness. The essence of low-carbon economy is an economic system of efficient use of energy, development of clean energy, and pursuit of green GDP. Its core characteristics lie in the innovation of energy technology and emission reduction technology, the innovation of industrial structure and systems, and the fundamental transformation of the concept of human survival and development. A low-carbon economy is an inevitable choice to achieve economic development and protect resources and the environment. The development of low-carbon economy and the smooth advancement of energy conservation and emission reduction are inseparable from technical support (Yan and Lian, 2013). With the adjustment of energy supply and consumption structure, the intensity of China’s demand for green, low-carbon, smart energy and new technologies will continue to grow.
Compared with developed countries, China has a certain gap in some advanced core technologies, carbon storage technologies and other key new energy technologies such as energy saving and emission reduction technologies. However, in other areas, such as solar and wind energy development and commercial operations, China is in a leading position in the world. At the same time, China’s relatively abundant labor force makes it more cost-effective to develop a low-carbon economy. With the help of the development in the fields mentioned above, China will form a new competitive advantage in international competition, thereby changing the low-end image of the “world factory”, starting to move towards the production of high value-added industries, and enhancing home country’s core competitiveness.
In order to promote the development of the low-carbon economy, China has continuously increased its R&D investment in mining and washing of coal, extraction of petroleum and natural gas industries in recent years. As shown in Figure 4, with the exception of slight declines in some years, the overall upward trend in R&D expenditures for the two types of industries is obvious. This fact indicate that China is increasing investment in key new energy technologies such as advanced core technologies and carbon storage technologies, which shows China’s determination to develop a low-carbon economy and implement a new energy strategy.
[image: Figure 4]FIGURE 4 | R&D investment in mining and washing of coal, extraction of petroleum and natural gas industries (2008–2019). Data Sources: China Statistical Yearbook 2009–2020.
A low-carbon economy can help to realize the leapfrog development of China’s economy. In the process of development, the low-carbon economy can continuously improve its own institutional framework, related policies and measures to promote the research and development, practice of energy-efficient science and technology, energy-saving and renewable energy technologies, and greenhouse gas emission reduction technologies. Moreover, the development of a low-carbon economy is bound to change the past extensive economic growth mode, optimize and upgrade the industrial structure and economic structure, avoid the influence of the “lock-in effect”, and promote the development of related industries such as the new energy and the promotion and application of its products (Ming and Xiaowen, 2015). In addition, the rapid development of low-carbon technology in developed countries will push low-carbon products to the market, stimulate the progress of China’s low-carbon technology, and further optimize China’s economic development structure (Jing et al., 2016). The development of a large number of new energy projects in China will create more jobs, promote green employment, reduce China’s employment pressure, ease social contradictions, industrial structure transformation and economic development model adjustments will be promoted, and China’s economic development will achieve leapfrog development.
The rapid development of a low-carbon economy in the international community will prompt the establishment of new rules for the world’s economic pattern. It is an urgent requirement and strategy for achieving scientific, harmonious, green and low-cost development to develop a low-carbon economy, build a low-carbon society, and encourage the fundamental transformation of China’s economic development from a high-carbon energy economy to a low-carbon and carbon-free energy economy (Caineng, 2021). At present, although China has late-comer advantages in the aspects of globalization, institutional arrangements, industrial structure, and technological revolution, it still also be constrained by the dominant international rules of developed countries. In order to Break through the constraints, China should develop the low-carbon economy to cooperate with developed countries in terms of new technology research and development (Zheng-Xin et al., 2017), enjoy the latest technological achievements, and get the opportunity to discuss and formulate new rules of the game, grasp the initiative of the country’s low-carbon economic development, and promote the sustained and rapid development of the country’s economy.
Contribute to the High-Quality Development of the National Economy
China’s economy has shifted from a stage of rapid growth to a brand-new level of high-quality development. Under the background of achieving carbon peaking and carbon neutrality goals, the rapid growth of the new economy represented by the new energy industry has accelerated the release of the huge potential of economic development and continued to consolidate China’s economic growth. The foundation of high-quality development has made China’s economy more solid in its green transition.
It can be seen from Figure 5 that as China’s GDP continues to increase, the value of contract deals of new energy and power saving in domestic technical markets has also increased, that is, there is a positive correlation between China’s GDP and the output value of new energy and high-efficiency energy-saving industries. In 2010, the turnover of the contract deals of new energy and power saving in domestic technical markets in China was 544,696.9 billion yuan. By 2019, it has grown to 28,135,523, achieving a growth rate of 416.54%. Therefore, in the process of China’s economic transition to high-quality development, the new energy industry is also facing the historic development opportunities, and its potential value is closely connected with China’s economy.
[image: Figure 5]FIGURE 5 | China’s GDP and the value of contract deals of new energy and power saving in domestic technical markets (2010–2019). Data Sources: China Statistical Yearbook 2011–2020.
Developing new energy industry will bring about greater economic benefits. The rise of new energy has greatly promoted the development and upgrading of China’s new energy companies, while technological research and development and manufacturing of advanced equipment require a large amount of comprehensive consumption of human and material resources, will help stimulate domestic consumption growth and provide more jobs Vacancies for the society. That is, the development of emerging industries such as new energy can add new breakthrough points and growth points to the country’s economic growth (Dingbang, 2020; Qian, 2021). At the same time, environmental pollution control is a long-term process. High cost and insignificant effect are the difficulties for countries to control environmental pollution, which have always hindered the economic development of a country, while the characteristics of renewable, pollution-free, and low emissions that new energy could be used to solve the problem of environmental pollution. Gradually, new energy will reduce the state’s investment in environmental governance, and promote economic development to a certain extent. Finally, new energy is an important guarantee for the national energy security strategy in the new era. It has a broad international market and the market-oriented development of the new energy industry will inevitably produce huge economic benefits, playing a vital role in the country’s economic growth.
New energy industry will contribute to sustainable economic development. The development of new energy, replacing biochemical resources with new energy, and give birth to a new industrial revolution, is not only out of consideration of protecting the environment and coping with climate change (Chu et al., 2020), but also for the purpose of achieving sustainable development of the national economy. Due to its geographical location and topographic features, China has favorable conditions for the development of new energy sources such as hydropower, solar energy, and wind energy, which has laid a solid foundation for the use of new energy sources to achieve high-quality economic development. The development of the economy requires the drive of the industry, and the production of the different industries must consume a variety of energy, so after the extensive and in-depth use of new energy, when the economic production capacity remains in the same level of production compared with normal years, the lower energy cost will inevitably increase economic output in a Continuously stable way. The development and application of new energy belongs to the development of sustainable energy, and because of the high reuse rate of sustainable energy, after long-term use, energy development costs will be greatly reduced, economic energy consumption costs will be diluted, and the average cost of energy consumption will be hugely cut down, which means a substantial increase in the ratio of production capacity, and the profit margin of economic production capacity will be significantly improved. Moreover, in China’s energy consumption, with the increase in the proportion of new energy sources and the progress of energy-saving technologies produced, the ability of China’s economic sustainable development will be gradually improved (Bin and Boqiang, 2017).
New energy accelerates the pace of upgrading the national industrial structure (Xiaoxiao, 2015). New energy is the strategic commanding height of the new round of international competition. Developed countries and regions in the world regard the advancement of new energy as an important measure to conform to the trend of science and technology and promote the adjustment of industrial structure. The development and utilization of new energy will not only affect the energy consumption structure and production structure of the enterprise, promoting the transformation of the production mode of the enterprise, but will also stimulate the development of emerging industries in the “new energy economy”. As a result, the improvement of the current industrial structure and economic structure dominated by heavy chemical industry has played an important role in driving the development of a series of related industries and improving the ability of economic operation to resist risks (Yu, 2020). Moreover, vigorously promoting the development of new energy economy is an important development strategy opportunity. Cultivating new energy industries into characteristic industries and new economic growth points will effectively motivate the healthy, rapid development of China’s economy. And developing new energy industry will become an important way to effectively respond to challenges and seize development opportunities (Ahmed and Ozturk, 2018). In addition, in social and economic activities, the development of new energy industries can greatly limit and improve the production and operation of China’s existing high-energy-consuming and high-polluting enterprises, prompting traditional enterprises to move closer to the development path of energy conservation and environmental protection, achieving the revolution of high energy consumption smoothly, and transforming and implement China’s industrial restructuring policy.
CHAPTER 3. DEVELOPMENT PATH OF CHINA’S NEW ENERGY STRATEGY
Strengthen International Cooperation
Set up the system of exchanges and cooperation about new energy technology with other countries around the world by Taking the building of a human community with a shared future of mankind as starting point.
Form a normalized high-end theme forum to demonstrate China’s attitude and sense of responsibility for participating in international ecological environment governance.
Improve Independent Innovation Capabilities
Encourage enterprises to increase investment in basic and core technology research and development, to form a batch of core technologies and independent brands with strong international competitiveness in the global economy.
Give a full play of market forces to develop constructions such as key laboratories, engineering research centers, industrial innovation centers, and enterprise technology centers.
Promote joint innovation of industry, university and research and encourage upstream and downstream enterprises to set up a joint innovation platform to stimulate the coordinated development of innovation across the industry chain and increase the conversion rate of scientific and technological achievements.
Improve Financing Channels
Innovative financial services and develop targeted financial support methods according to the rules of new energy industry technology research and development.
Strengthen cooperation between various financial institutions from the perspective of the entire industry chain, give full play to the expertise of different financial institutions in the fields of credit, trust, insurance, etc. Innovate financial products creatively to achieve full coverage of financial products in the new energy industry chain and to boost the development of the new energy industry through improving Economic efficiency.
ENHANCE TALENT TRAINING
Strengthen the talent cultivation. optimize the professional setting of universities and the new energy talent training plan. And improve the vocational qualification certification system from all aspects of every level.
Advance the introduction of talents. introduce outstanding talents from all over the world actively, and provide talents with more powerful Incentives from equity, salary and benefits.
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Coal is a major source of energy in China. Quantifying China’s coal supply sustainability is essential to track China’s efforts towards sustainable development and achieve carbon neutrality goals. In this research, in addition to availability, economic sustainability, environmental sustainability and technological sustainability, we specially considered health and security, and transport sustainability of China’s coal supply. We select 19 indicators from the above six dimensions to build a coal supply sustainability index and construct a novel optimized comprehensive evaluation model with level difference maximization to evaluate China’s coal supply sustainability. The results showed that the policies issued by the Chinese government have effectively improved coal supply sustainability. China’s coal supply sustainability level has improved significantly, with the figure nearly doubling from 0.338 in 2000 to 0.7004 in 2019. To improve the sustainability of China’s coal supply further fundamentally, it is still necessary to improve energy diversification. Since phasing out China’s coal reliance requires considerable time, the Chinese government needs to introduce more positive and effective policies to such as increase the research and development support for carbon capture, utilization and storage technology, etc. to improve the sustainability of coal supply. The results of this research presented in this paper will have reference value for both promoting the sustainable development of China and other coal-consuming countries in the world.
Keywords: coal supply, sustainability, optimization, comprehensive evaluation, carbon neutral
INTRODUCTION
Climate change is regarded as one of the greatest challenges that human society is facing in the 21st century. Facing increasingly severe climate situation, the Paris Agreement in 2016 proposed to control the global temperature rise within 2°C comparing with the level before industrialization, and do utmost to limit within 1.5°C (Wei et al., 2020). China aims to reach CO2 emissions peak before 2030 and achieve carbon neutrality before 2060, Chinese President Xi Jinping said to United Nations General Assembly on September 22nd in 2020 (Wang and Zhang, 2020). Carbon neutrality has great significance in improving the ecological environment, coping with climate change, and promoting high-quality development.
Coal is the foundation of China’s energy security, as well as the key to achieve carbon neutrality. Up to now, the quantity of China’s carbon emissions accounts for 30% of global total and China generates more than 50% global coal-fired power (Oberschelp et al., 2019; Duan et al., 2021; Cui et al., 2021; Oberschelp et al., 2019; Cui et al., 2021; Duan et al., 2021). Although many policies has adopted to limit coal consumption for years, Chinese government has also imposed stricter requirements on coal consumption control after the carbon neutral target was put forward. However, China will not eliminate coal in the short term and coal will still play an important role in ensuring China’s energy security for a long period of time in the future (Zhang et al., 2020). Over the years, the Chinese government has put forward a number of measures such as the Guidance on Deepening the Reform of the Coal Marke to ensure the safety of coal supply (Yang et al., 2018). In July 2021, the National Development and Reform Commission held a special meeting on the establishment of a long-term coal supply guarantee mechanism, in this meeting the Chinese government required all localities and central enterprises to stick to the bottom line thinking, focus on building a long-term coal supply guarantee mechanism, continue to accelerate the construction of government coal reserve facilities, and promote the formation of a coal reserve system with flexible adjustments and strong guarantees. This fully reflects the importance the Chinese government attaches to ensuring the balance of coal supply and demand in China. China has more than 200 new coal-fired power stations planned or under construction that coal-fired power is an important strategic reserve in China’s energy transition (Mallapaty, 2020). To achieve the goal of carbon neutrality, it is necessary to transform the development model of coal industry in order to achieve low-carbon, decarbonized, and clean development, as well as safe and sustainable development. Therefore, studying the sustainability of China’s coal supply is significant in achieving the goal of carbon neutrality to China as well as to the world.
LITERATURE REVIEW
Since the concept of sustainable development was introduced, the issue of sustainable energy has attracted the attention of many organizations and scholars. It has also achieved rich and systematic research results. Coal is an important component of the energy supply system in China and in the world, and has also been the focus of many scholars’ interest over the years. However, compared with the study of energy sustainability, coal supply sustainability research is still relatively lacking. Therefore, this section presents a systematic review of energy sustainability research as well as research on the sustainability issues of coal.
From the perspective of energy sustainability research, the term “sustainable energy” derives from the concept of sustainable development used in the Brantland Commission report (Our Common Future, 1987). “Sustainable development” and “resources” have become the two most common keywords related to the concept of green economy in scientific literature from 1990 (Merino-Saum et al., 2018). Munasinghe (1994) introduced the concept of sustainable energy development. They believe that the implementation of a series of energy supply and demand management policies can ultimately lead to the realization of the sustainable development of energy (sustainable Energy Development, 1995). Following these seminal work, organizations and scholars started focusing on the environmental sustainability of energy security and the relationship between energy security and energy sustainability. The European Commission (2001) stressed the importance of sustainability and environmental concerns related to energy security (Green, 2001). In 2004, the “Global Energy Assessment” published by the United Nations introduced the concept of sustainability into energy security, emphasizing environmental sustainability (Meghan, 2013). (Sovacool et al., 2011) points out that energy security is almost synonymous with energy sustainability (Sovacool et al., 2011). According to the World Energy Council (2013) (Wyman, 2013) energy security, energy equity, and environmental sustainability are the three major challenges to global energy sustainability. With more and more in-depth and extensive research, scholars construct different energy sustainability indexes that incorporate various dimensions to evaluate the sustainability of the energy system in recent years (listed in Table 1).
TABLE 1 | Selected research on energy sustainability comprehensive evaluation.
[image: Table 1]Table 1 shows that the comprehensive evaluation method is a representative method for scholars to study the sustainability of the energy system. In addition to its environmental sustainability, factors such as equity, efficiency, economy, and society are also included in the study of energy sustainability. Energy technology sustainability, energy ecurity sustainability, and energy development sustainability have all been studied thoroughly by scholars. However, few scholars have thus far considered factors such as health, security, and transportation. Moreover, there is a lack of in-depth research on the sustainability of specific energy systems, such as coal, oil, or natural gas.
From the perspective of coal sustainability research, the concept of coal sustainability rarely concerned scholars and social organisations before 2000. In 2000, while Joyce and Thomson clarified social permission, the broader concept of sustainable development started attracting attention in the mining industry Since then, sustainable development has become the main management objective of the global mining industry. With the deepening of energy sustainability research, scholars started paying attention to the relationship between coal and sustainable development from 2000 to 2010 (Breaking, 2002) (Botin, 2009). Many of these scholars proposed the importance of considering the factors related to sustainable development in the mining sector (Corder et al., 2010). After 2010, more in-depth research on risk management and the social impact on the process of coal mining was done. Risk management and accident prevention in coal mining became the foremost concerns of scholars. (Kowalska, 2014) and (Kemp et al., 2016) both assessed the social risks of the coal mining process and the operation mode of social risk in the coal industry based on a case studies method and a literature review, respectively (Kowalska, 2014; Kemp et al., 2016). (Wang et al., 2013a) used a modified curve-fitting model to forecast China’s coal production capacity (CPC), and analyzed its influence on China’s economy and CO2 emissions. (Yuan et al., 2016) and (Feng et al., 2018) quantify the rational capacity and potential investment of coal power in China, and analyzed their influence on China’s low-carbon energy transition. Wang et al. (2018a) proposes a system dynamic (SD) model to forecast the change of China’s coal production capacity CPC in three scenarios. (Chen et al., 2015) and (Wang et al., 2018b) respectively studied the phased evaluation framework of coal mine safety production and impact mechanism of safe mining (Chen et al., 2015; Wang et al., 2018b). In recent years, the environmental and health losses ascribable to coal mining have also been a foremost topic addressed by scholars. Li and Chen (2018) develops a 30-province energy system optimization model (China TIMES-30P) to simulate China’s Carbon emissions during coal transportation. (Liu et al., 2018) develop an optimization model based on an appropriate index system evaluated the carbon dioxide emissions during coal transportation in China. (Zhang et al., 2018) established Hicks-neutral and Solow-neutral models to assess the coal capacity considering the technical progress, and applied the decoupling index to analyze the effect of coal CU on China’s economic growth. (Liu et al., 2019) evaluated the ecological efficiency of coal mining areas in Shanxi Province based on a DEA model (Liu et al., 2019). (von der Goltz and Barnwal, 2019) used micro-data from approximately 800 mines in 44 developing countries to assess the impact of mining on health and wealth (von der Goltz and Barnwal, 2019). (Wang et al., 2020a) estimated and predicted the health loss of coal workers due to pneumoconiosis in China, while (Rauner et al., 2020) found that coal exports also have an impact on both people’s health and the environment (Wang et al., 2020a; Rauner et al., 2020). Liu X (2021) estimated the potential environmental benefits of the widespread adoption of ULE in the Jing-Jin-Ji Region used atmospheric model (Liu et al., 2021). (Yan et al., 2021) studied the gas temperature and different emission gas concentration in the main combustion zone under different coal mixing ratio (Yan et al., 2021). (Zhu et al., 2021) proposed a new alternative fuel YSI value prediction model (BMKL) by using bayesian multi-core learning method (Zhu et al., 2021).
Existing research mentioned above provides important reference for this study. However, compared with energy sustainability research, coal sustainability still lack of comprehensive and systematic study. First of all, the existing coal supply sustainability research is more focused on specialized research on one or more aspects in social, environmental, safety and health impacts of coal mining. Standard in coal supply sustainability has not been established yet that it is hard to fully reflect the sustainability of coal. Secondly, coal supply is the origin of coal-related sustainable development that there is no comprehensive evaluation for coal supply sustainability. Thus, it is difficult to provide a comprehensive and systematic reference in theory and data for the sustainable development of coal under the constraints of the carbon neutral target. Thirdly, the current evaluation method is also based on a single approach with certain limitations. Therefore, the research goal of this article is to develop a more sustainable methodology to explore the sustainability of China’s coal supply and to further comprehensively evaluate the policy effects and key issues of China’s coal industry, in order to provide scientific guidance for the further improvement of relevant policies of China’s coal industry under the constraints of carbon neutral targets in the future.
Accordingly, the remarkable contributions of this paper can be clearly illustrated as follows: First, we select coal, China’s least sustainable energy source, to evaluate its sustainability. This research perspective is highly innovative and the research results of this study will have important reference value for improving the sustainability of China’s coal system and achieving carbon neutrality goals. Second, we propose a comprehensive evaluation index for the sustainability of China’s coal supply that can reflect China’s coal industry policy objectives more comprehensively. This index could also provide a reference for other countries to evaluate their coal supply sustainability in the future. Third, contrary to the traditional comprehensive evaluation method, this study constructs a new optimized comprehensive evaluation model to assess China’s coal supply sustainability, which can comprehensively reflect the advantages of subjective and objective weights. This model can also serve to solve other multi-objective attribute problems.
METHODOLOGY
China’s coal supply sustainability is a multi-attribute decision-making conundrum; therefore, a comprehensive evaluation index is an important tool to quantify this problem. When utilising an evaluation index, each indicator is first given a certain weight according to its perceived importance. They are then combined to create an index, using an appropriate aggregation technique. However, sustainable development indicators have high complexity and dynamic characteristics. This means that it is difficult to use an original indicator system to track the entire process of energy sustainable development. Further, directly embedding a set of original indicators flexibly into the coal system to assess the sustainability of China’s coal supply system would not be effective either. Therefore, proposing a new indicator system to construct a comprehensive evaluation index that is suitable for China’s coal supply sustainable development is crucial. To obtain more scientifically accurate evaluation results, different from previous scholars’ research, in this paper, we put forward an ‘policy objective analysis—index construction—comprehensive valuation model construction’ method with three stages to perform an analysis (Figure 1).
[image: Figure 1]FIGURE 1 | The main research framework of this paper.
China’s Coal Supply Sustainability Index Design
An index is an important tool for evaluating the effectiveness of policies. The purpose of building China’s coal supply sustainability index is to track the progress of China’s coal supply sustainable development policies in several aspects. It can also become an operational tool to improve China’s coal supply sustainability. Therefore, this study focuses on the consistency of the selected indicators and policy objectives. Considering the process of indicator selection, on the one hand, policy objectives are attached to specific indicators that can be measured by unbiased standards and are determined according to China’s coal industry development policy goals and the country’s actual coal supply process. The goals mentioned include “Guiding Opinions on the High-quality Development of China’s coal industry in the 14th Five-Year Plan,” “research on China’s medium and long-term carbon emission reduction strategy target” and so on. On the other hand, it is also necessary to ensure that international goals are considered when choosing indicators. These include “Transforming our World: The 2030 Agenda for Sustainable Development,” “World energy sustainable development index” and so on (Ang et al., 2015; Radovanović et al., 2017). Thus, the indicators are formulated considering global sustainable development goals. Ultimately, this study proposes the research idea of “overall goal-detailed goals -implementation path-specific indicators.” As part of this research idea, in addition to availability, economic sustainability, environmental sustainability and technological sustainability, we specially considered health and security, and transport sustainability, subdivide the overall goal into six detailed goals: availability, economic sustainability, environmental sustainability, technological sustainability, health and security, transport sustainability. These six detailed goals are summarised into 17 implementation paths to design the China’s coal supply sustainability index (CCSSI) (See Figure 2).
[image: Figure 2]FIGURE 2 | Summary of China’s coal supply sustainable goals and quantification measurements.
Tracking or interpreting changes in such a vast number of policy goals can be a problem. Furthermore, the choice of the final indicators depends upon both their complexity and ease of use. First, from the perspective of availability, coal resource endowment and coal exploration ability are the key factors affecting the sustainable supply of coal (Stefanova, 2012). The greater the reserve-production ratio, the longer the sustainable supply of coal resources and the stronger the ability to deal with coal supply risks. Additionally, the higher the self-sufficiency rate, the stronger the self-protection ability of coal resources. Coal supply per capita represents the equity of China’s coal supply.
Second, from the perspective of economic sustainability, the stability of the coal price and market concentration is very important to ensure the stability of the coal supply market (Iddrisu and Bhattacharyya, 2015). Specifically, referring to the increase in China’s coal imports in recent years, the influence of the international market on China’s coal market cannot be ignored. Therefore, this study also takes into account the indicator of external coal dependence.
Third, we address environmental sustainability. This dimension aims to reduce the negative impact of coal production and coal use on society and to increase the positive impacts. Coal resources have adverse effects on the environment during both the mining and the consumption process (Wirl, 1995). Both coal intensity and the proportion of coal supply in primary energy consumption determine the impact of coal on the environment (Laponche and Tillerson, 2001). This impact is specifically reflected by indicators such as carbon dioxide emissions, nitrogen oxide emissions, and sulphur dioxide emissions.
Fourth, from the perspective of technological sustainability, successful achievement of the United Nations’ sustainable development goals requires the full use of mineral technologies (Ali et al., 2017). On a national level, government support for sustainability and investment in science and technology can effectively promote national sustainable development (Xu et al., 2020). Moreover, good infrastructure is a prerequisite for stabilising coal supply. Improved coal supply technology, systems, and practices can reduce coal demand, reduce coal intensity, and increase the sustainability level of coal supply. Technologies that improve coking efficiency and reduce the use of coal are regarded as the main policies for improving coal supply sustainability (Kemmler and Spreng, 2007; Hughes, 2009; Wei et al., 2018).
Fifth, regarding health and safety, this dimension emphasises the impact of the coal mining process on the health of workers, or production safety. Representative indicators are: proportion of pneumoconiosis patients, deaths in mines, and mortality per million tons. Finally, from the perspective of transport sustainability, the obvious imbalance of China’s coal transportation market and the distribution, production, and consumption characteristics of coal resources determine the national transportation pattern of “transferring coal from the west to the east” and “transporting coal from the north to the south.” As a result, transportation has become another key factor restricting China’s coal supply sustainability. China’s coal is mainly transported by railway. Therefore, coal transportation distance and railway coal transportation volume are typical representative indicators. Based on the analysis mentioned above and to fully consider the availability of data and refer to relevant expert opinions in the field, 19 indicators are constructed. The source of each indicator and operation process of some complex indicators are shown in Table 2.
TABLE 2 | Evaluation indexes of China’s coal supply sustainability.
[image: Table 2]Optimal Combination Weight Model Construction
Among the numerous weighting methods in sustainability assessment, ANP(Analytic Network Process)and the entropy method (EM) are most commonly used weighting methods (Wang et al., 2009; Zhao et al., 2020). ANP is an effective, accurate and practical subjective evaluation method, which can effectively use the hypermatrix to analyze the influencing factors and synthesize the relationship between them. The entropy method (EM) can directly use the data information of the indicators themselves to determine their weight, completely avoided the deviation caused by subjective factors. This method does not have high requirements on the amount of sample data, it has a good calculation effect in the statistical analysis of small sample data, and it is a commonly used objective weighting method in the research of economics, energy, and other fields (Liu and Lin, 2019; Wu et al., 2019; Gong et al., 2021). Both methods have achieved good results in solving the weights of comprehensive evaluation indicators. However, subjective weight is better than objective weight in reflecting the importance of the indicator itself, and the objective weight is better than the subjective weight in reflecting the indicator data information level. If we only use one method for weighting, it is likely to lead to the problem of index weight bias due to the selected weight calculation methods are different. Therefore, after seriously considered the attribute of indicators for CCSSI, we develop a optimal combination weight model of level difference maximization.
This model is a subjective and objective combination weighting model which takes single index as combination unit. The method is to determine the reasonable value range of combination weight according to the subjective and objective weights, taking the interval as the constraint and the maximum discrimination of the evaluated object as the objective function, the optimization model is established, the optimal solution of the optimization model is the combination weight. The advantages of this model are mainly reflected in the following two aspects: the first advantage is this method maximizes the variance of the evaluation results of each evaluation indicator, thereby effectively highlighting the difference between each indicator. The second advantage is it can avoid the inconsistency of evaluation scores and rankings obtained by a single evaluation method. The specific steps are as below:
Step 1: Data normalization treatment.
In this paper, the evaluation indicators of China’s coal supply sustainability can be divided into two categories: The first category is indicators that has a positive impact on the China’s coal supply sustainability, that is, positive indicator; the other category is indicators that has a negative impact on the China’s coal supply sustainability, that is, negative indicator. When the indicator is a positive index, Formula 1 is used for normalization, otherwise, when the indicator is a negative indicator Formula 2 is used for normalization.
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[image: image]
(t = 1.2, … ,k; i = 1.2, … [image: image])Where, [image: image] is the actual value of the [image: image]th indicator in year t, [image: image] is the standardized value of the [image: image]th index in the year t.
Step 2: Determine the combination weight matrix.
Suppose that in the [image: image] year, the [image: image]-th weighting method is used to weight the[image: image]-th indicator of China’s coal supply sustainability, The weight matrix A is obtained as follows:
[image: image]
Where,[image: image] is the weight of the[image: image] th indicator calculated by the j-th weighting method. (i = 1.2, … ,m; j = 1, 2).
Step 3: Determine the reasonable value range of combination weight.
The reasonable interval range of combination weight can be determined by matrix A. Firstly, the following three definitions are given.
Definition 1: [image: image], if the combination weight[image: image]of the [image: image] th indicator falls in the [image: image] neighborhood of the subjective (objective) weight, that is, the combination weight [image: image] takes into account the weight information of subjective (objective) weights. The smaller [image: image] is, the better the combination weight is.
Definition 2: [image: image], if the combination weight[image: image]of the [image: image] th indicator falls in both the [image: image] neighborhood of subjective weight and the [image: image]neighborhood of objective weight, which indicates that the combination weight takes into account the weight information of subjective and objective weights.
Definition 3: hypothesis [image: image], then the reasonable interval of the combination weight of the [image: image] th indicator[image: image] is [image: image]. [image: image] is the upper bound of the combination weight of the[image: image]th indicator, [image: image] is the lower bound of the combination weight of the[image: image]th attribute. Among them:
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Step 4: Build a combinatorial optimization model.
Define the comprehensive evaluation result of coal supply sustainability in China is CCSSI, the standardized matrix of the [image: image] th indicator in the year [image: image] is B, then
[image: image]
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Define [image: image], then mean value of [image: image] that is [image: image] is
[image: image]
Define [image: image], The variance of [image: image] is [image: image],then
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Step 4: Solving the combinatorial optimization model.
Take the maximum of[image: image] as the objective function, then take the sum of combination weight of different indicators and the reasonable range of indicators as shown in Eqs 4, 5 as the constraint condition, we build a level difference maximization model as follows:
[image: image]
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The combination weight [image: image] of each indicator [image: image] can be obtained by solving Equation 10, then we can calculate out CCSSI by Eq. 11
[image: image]
Data Sources
This study analyzes the China’s coal supply sustainability from 2000 to 2019. The dadas for indicators as coal supply per capita, coal price, coal consumption, CO2 emissions, SO2 emissions, clean energy consumption, coal mining mechanization degree, annual fixed assets investment in coal industry, coking efficiency, proportion of pneumoconiosis patients in the total number of occupational diseases, total number of deaths per year due to mine accidents, mortality per million tons of China coal mine, average railway transportation distance of coke and daily average railway loading vehicles were got from China Statistics Yearbook (2000–2020), China Energy Statistical Yearbook (2000–2020), BP World energy statistical database, China coal industry yearbook (2000–2020), the Wind database and Kwah Big Data Center. However, the data for reserve production ratio, coal self sufficiency rate, coal dependence, coal Market concentration and coal strength are not publicly available, so we have to calculate these indicators on our own. The details of how we estimate them are provided in Table 2.
RESULTS AND DISCUSSIONS
Indicator Weights for China’s Coal Supply Sustainability
After analyzing the characteristics of each indicator for CCSSI and the applicability of the comprehensive evaluation model, we utilize the data of each indicator for CCSSI from 2000 to 2019 as the sample, normalize them by Formula 1 or Formula 2, and calculate the subjective and objective weights of each indicator based on the ANP method and the entropy method. We then use these weights to determine a reasonable value range for the combination weight of each indicator. Lastly, we determine the optimal combination weight of each indicator by solving the combination weighting optimization model (7). The subjective weight, objective weight, combination weight and rank of each indicator for CCSSI are shown in Table 3. In order to further present the effect of the combined optimization model in this paper, we made a chart of the weights for each indicator of CCSSI, as shown in Figure 3. Figure 3 shows clearly that, compared with the single weighting method of the ANP method and the entropy method, the optimal combination weight have better distinguishing ability, which can better reflect the effect of each indicator on CSSI. This also verifies the rationality of the combinatorial optimization model constructed in this paper.
TABLE 3 | Combination weighting results by maximizing the level difference method.
[image: Table 3][image: Figure 3]FIGURE 3 | Evolution of weight of each indicator by three methods.
As shown in Table 3, the weight of each indicator is arranged in order: proportion of alternative energy consumption (C11), coal supply proportion in primary energy (C8), reserve production ratio (C1), coal supply per capita (C3), CO2 emissions (C9), coal strength (C7), investment in fixed assets (C13), proportion of pneumoconiosis patients (C15), SO2 emissions (C10), coal self-sufficiency rate (C2), deaths in mines (C16), coking efficiency (C14), coal transportation volume (C19), coal transportation distance (C18), market concentration (C6), coal mining mechanization degree (C12), coal degree of dependence (C5), coal price (C4), and mortality per million tons of China coal mine (C17). The weights represent the impact of each indicator on the CCSSI. These results are consistent with the policy objectives for the sustainable development of China’s coal industry. It also fully demonstrates the rationality of the research methodology used in this study.
Of the six different dimensions, the top three were environmental sustainability (0.2707), technological sustainability (0.2444), and availability (0.2073); the bottom three were therefore health loss (0.1205), economic sustainability (0.0792), and transport sustainability (0.0779). This result is consistent with the actual coal supply situation in China. Although it is an energy resource with a high degree of pollution, coal has the highest consumption in China. The environmental sustainability of China’s coal supply not only determines China’s coal supply sustainability, but also has great significance for China’s overall sustainable development. Therefore, environmental sustainability ranks first. China’s coal technology not only determines the amount of coal supply, but it also plays a role in the environmental impact and health loss related to coal supply. Therefore, technological sustainability ranks second. In this dimension, the proportion of alternative energy consumption ranks first. This shows that if Chinese government want to fundamentally improve their coal supply sustainability, they still need to rely on renewable energy. But coal is the main energy resource in China. Therefore, the availability of coal is not only a basic requirement to ensure China’s coal supply sustainability, but it is also an important indicator of China’s energy supply sustainability. Therefore, the availability of coal resources ranks the third. China’s coal resources rely mainly on the country’s self-sufficiency. China’s coal prices are becoming more and more concentrated in the market and the degree of dependence on foreign coal is low; therefore, China’s coal has strong economy sustainability. Although China’s coal is unevenly distributed from east to west, the coal supply has never been interrupted due to unsustainable transportation. In recent years, China’s increasing coal imports have further eased the pressure of coal transportation to coastal areas in China and reduced the coal price from inland to coastal cities (Rioux et al., 2016). Therefore, compared with economic sustainability and transportation sustainability, the health loss related to China’s coal supply has a greater impact on its sustainability.
Dimension Results
The results here are presented in terms of dimensions to determine the strengths and weaknesses of China’s coal supply sustainability. Figure 4 clearly shows the change characteristics of the three indicators in the coal availability dimension. We find that both reserve production ratio and the coal self-sufficiency rate indicators showed a significant downward trend during the study period. Within this period, the coal supply per capita remained virtually unchanged; except for a slight increase from 2003 to 2007, it remained at approximately 68 kg per capita. The decrease of the availability dimension from 2000 to 2010 is caused by the decreasing of reserve production ratio and coal self-sufficiency, whereas the increase of availability dimension from 2011 to 2016 is caused by the improvement of coal self-sufficiency.
[image: Figure 4]FIGURE 4 | Availability results from 2000 to 2019: (A) indicator value; (B) dimension value.
Figure 5 shows the change characteristics of the three indicators in the economic sustainability dimension. During the sample interval, China’s coal price was very volatile. Coal dependence showed an inverted U-shaped trend before 2012 and started increasing continuously after 2012. Market concentration dropped sharply in the sample interval, which reflects the increasing concentration of China’s coal market. The economic sustainability dimension decreased from 2000 to 2019. It decreased rapidly from 2000 to 2004 mainly due to the increase of coal price and coal dependence. And after 2004, the economic sustainability dimension is around 0.03, and it declined mainly due to the sharp change of coal price.
[image: Figure 5]FIGURE 5 | Economic sustainability results from 2000 to 2019: (A) indicator value; (B) dimension value.
Figure 6 shows the change characteristics of the four indicators in the environmental sustainability dimension. Except the CO2 emissions indicator, all indicators—coal strength, coal supply, and SO2 emissions—showed a downward trend. Among them, the coal strength indicator declined the fastest, indicating that the unit output of coal consumption per capita in China is decreasing significantly. Environmental sustainability dimension decreased from 2000 to 2005 mainly because the increase of coal strength coal consumption and SO2 emissions. After 2005, it increased rapidly, this fully demonstrates the effectiveness of the environmental policies adopted by the Chinese government.
[image: Figure 6]FIGURE 6 | Environmental sustainability results from 2000 to 2019: (A) indicator value; (B) dimension value.
Figure 7 presents the change characteristics of the four indicators in the technological sustainability dimension. China’s coal investment showed a rapid upward trend before 2012, after which it showed a significant V-shaped trend from 2013 to 2019. The indicators for clean energy consumption and coal mining mechanization degree increased slightly; however, the coking efficiency indicator decreased slightly in recent years. Technological sustainability dimension increased sharply from 2000 to 2019 mainly because the increase of coal mining mechanization degree coal investment.
[image: Figure 7]FIGURE 7 | Technological sustainability results from 2000 to 2019: (A) indicator value; (B) dimension value.
Figure 8 shows clearly the change characteristics of the three indicators in the health and safety dimension. Within the sample interval, the deaths in mines and mortality rate per million tons dropped significantly. However, the proportion of pneumoconiosis patients increased slightly after 2010. This does not explain why the degree of absenteeism in China’s coal mines is getting worse and worse, despite safety protocols. The reason for the increase in diagnosed miners is that the Chinese government increased its efforts to detect pneumoconiosis as a reason for absenteeism after 2010. Coal miners who had not been tested for pneumoconiosis before 2010 were gradually tested in these years. In addition, this is also because pneumoconiosis itself is a chronic disease with a longer period of onset. Health and security dimension is lower than 0.4 from 2000 to 2003 mainly because the increase of pneumoconiosis patients and sharp increase of deaths in mines, especially the sharp increase of deaths in mines. After 2009, with the sharp decrease of deaths in mines, health and security dimension become increased.
[image: Figure 8]FIGURE 8 | Health and safety results from 2000 to 2019: (A) indicator value; (B) dimension value.
Figure 9 shows clearly the change characteristics of the two indicators in the transport sustainability dimension. China’s coal transportation distance has been increasing from 2000 to 2019; however, the coal transportation volume declined after 2011 and then increased again. It is very interesting that the overall trends of coal transportation volume and the coal investment curve is very consistent. It reflects that China’s coal transportation volume is closely related to coal industry investment. It shows clearly that the trend of transport sustainability is very similar to the trend of coal transportation volume, which fully proved that coal transportation volume is the main determinant of coal transport sustainability.
[image: Figure 9]FIGURE 9 | Transport sustainability results from 2000 to 2019: (A) indicator value; (B) dimension value.
The average value of availability, economic sustainability, environmental sustainability, technological sustainability, health and security and transport sustainability dimensions between 2000 and 2019 are 0.0736, 0.0388, 0.1209, 0.1045, 0.0580 and 0.0445, respectively. The highest average dimension value is environmental sustainability, while the lowest is economic sustainability. The dimensions that increases more quickly from 2000 to 2019 are environmental sustainability and technological sustainability, whereas availability and economic sustainability dimensions are tend to decrease. Thus, the environmental sustainability and technological sustainability should be improved immediately to create a more sustainable coal supply (see Figure 10).
[image: Figure 10]FIGURE 10 | Comparison of different dimensions values between 2000 and 2019.
Comprehensive Evaluation Results for China’s Coal Supply Sustainability
The optimal combination weight of each CCSSI indicator in Figure 11 is substituted into Formula 11 to obtain the CCSSI from 2000 to 2019. The evolution trend and change rate of CCSSI are shown in Figure 12. Figure 12 shows that within the sample interval, China’s energy supply sustainability improved significantly, from 0.3102 in 2000 to 0.7004 in 2019. However, it is obvious that the overall level of China’s energy supply sustainability is not high.
[image: Figure 11]FIGURE 11 | Evolution trend of China’s coal supply sustainability.
[image: Figure 12]FIGURE 12 | Comparison of CSSI and ESSI
From 2000 to 2005, China’s coal supply sustainability level fluctuated greatly. Compared with the year 2000, China’s coal supply sustainability began to decline from the year 2001, the decline rate reached as high as 8.59% in the year 2002. In the year 2003, China’s coal supply sustainability started increasing rapidly. In the year 2003 and the year 2004, the growth rate reached 17.26 and 12.32% respectively. However, in the year 2005, there was a decline of 7.58%. Because of the rapid development of China’s economy from 2000 to 2005, the proportion of coal in primary energy consumption increased from 71.5% in 2000 to 75.4% in 2005. However, for this period, China’s.
Coal technology was relatively unsophisticated and coal mine safety accidents were also very frequent. According to statistics, there were 18,514 accidents in China’s coal mines from 2001 to 2005, which caused 31,064 deaths. The average annual number of coal mine safety accidents of all kinds was 3,702, and the death toll of mine accidents reached 6,213 in this period.
Since 2006, China’s coal supply sustainability index has been increasing, especially during the period from 2009 to 2012 and during 2018. This is because after 2007, the Chinese government increased investment in coal mine safety, continuously improved equipment and the level of safety technology, and paid attention to safety technology training and safety education among coal mine workers. Since then, China’s coal production has increased continuously, the mortality rate per million tons has gradually decreased, and the coal mine supply safety situation has obviously improved. From 2008, the Chinese government started paying attention to the importance to renewable energy. More than 20 related supporting policies—including supporting electricity price and investment subsidies—have been successively issued. This has effectively promoted the industrial progress of renewable energy. Considering the emission standard of air pollutants for thermal power plants, in 2011, a new version of “the emission standard of air pollutants for thermal power” was issued by the Chinese government. This regulation greatly increased the emission concentration requirements of sulphur dioxide, nitrogen oxides, smoke, and dust, some of these regulations are even stricter than the European Union standards, which greatly urging thermal power plants to carry out energy-saving and emission-reducing transformation to reduce emissions and to add waste gas treatment and disposal facilities to improve the environmental impact of coal supply. With the support of the series of policies mentioned above, the supply sustainability level of coal in China improved significantly, from 0.3849 in 2009 to 0.5293 in 2012.
After 2013, China’s coal supply sustainability index increased steadily at a speed of about 0.2% per year; however, in 2018, the growth rate suddenly increased to 12.45%. This is because in this period, China’s carbon emissions increased rapidly (Wang et al., 2020b). Coal, as China’s main energy source, still produces a lot of environmental pollution and health losses. China’s coal technology is still less developed than many developed countries, and in recent years, the import of coal has also increased significantly. In 2018, China’s coal consumption fell below 60% for the first time. The significant increase of CCSSI in 2018 than 2017 shows clearly that the promotion speed for CCSSI brought by clean energy substitution is much higher than that of other coal sustainable development policies issued by China. Interestingly, the evolution trend of China’s coal supply sustainability is almost consistent with the functional curve of China’s energy security. This result is also consistent with China’s actual coal supply situation. As the main energy source in China, the sustainable supply of coal determines China’s energy security; this also reflects the important role of coal for China’s energy security.
DISCUSSIONS
As referring to the Li et at (Li and Zhang, 2019) about China’s energy supply sustainability (ESSI), here we get the comparison results of China’s energy supply sustainability (ESSI) and China’s coal supply sustainability (CSSI) as seen in Figure 12. From the change trend of CSSI and ESSI, ESSI is a little bit more volatile, because ESSI is influenced not only by the sustainability of China’s coal supply, but also by oil, gas, renewable energy, and complex factors both at home and abroad. In Figure 11, it is very clear that the economic crisis of 2008, the economic crisis has reduced energy consumption in most countries around the world while maintaining large supplies, and thus CSSI and ESSI all increased (Erahman et al., 2016). This also explains the linear relationship between economic sustainability and energy supply sustainability. As refer to (Gong et al., 2021) measured the energy security levels of 30 provinces in China from 2004 to 2017 the entropy weight method, they found that the energy security level of Inner Mongolia, Shanxi, and Shaanxi ranked in the top three in China. These three provinces are very rich in coal resources in China. Once again verified the important role of coal for China’s energy security. It shows that the entropy method is suitable for the study of small sample and multi-index attribute problems such as energy security and coal supply sustainability.
CONCLUSION AND POLICY IMPLICATIONS
Based on the United Nations’ sustainable development agenda, focuses on the Chinese carbon neutrality goals, and according to the characteristics of coal supply in China, this paper designs the research framework of ‘policy objective analysis—index system construction—model construction—empirical research’ taking China’s theme energy coal as the research object. On the basis of previous studies, aiming at the practical problems and difficulties in China’s current coal supply process, and in particular, the health and security, and transport sustainability indicators are taken into consideration, we proposed a China’s coal supply sustainability index based on six aspects: availability, economic sustainability, environmental sustainability, technological sustainability, health and security, and transport sustainability. Then fully considered advantages of ANP and EM models, we constructed a novel optimized comprehensive evaluation model with level difference maximization, and assessed the sustainability of China’s coal supply over the past 20 years from 2000 to 2019.
This study found that the sustainability of China’s coal supply has been greatly improved from 2000 to 2019, indicating that China’s coal supply is becoming more and more sustainable. Mainly credit to the greatly improved environmental sustainability and technological sustainability. Among them, the substitution of renewable energy, the improvement of coal mechanization and the implementation of related environmental policies are the fundamental reasons. Economic efficiency has a negative effect on the sustainability of coal supply, this result is consistent with the World Energy Trilemma Index and also in line with the reality of the Chinese coal market.
Although China will continue to develop renewable energy and take more measures to reduce coal consumption in the process of achieving the carbon neutral goal, China’s coal consumption may increase in the short term, especially in the next 5 years. In the long run, even if renewable energy develops vigorously, coal will play an important role in ensuring the flexibility of the power system in the future. Improving the sustainability of coal supply is of great significance to ensuring the security of China’s energy supply.
According to the research results of this paper, the optimal coal supply system in China should be an advanced and intelligent supply system with zero emissions of CO2, SO2 and other pollutants, zero death, stable market price and sufficient supply. In the future, coal power plants have strong flexibility, which can flexibly adjust the peak, make up for the instability of renewable power such as solar power and wind power, improve the current situation of insufficient power supply in some areas in some years, and ultimately promote the adequate supply and clean supply of the power system. Therefore, in addition to continuing to promote technological innovation in the coal field, we must also vigorously promote the application of blockchain technology, big data and other technologies in the energy system to improve the efficiency of coal mining and use, and ensure that the supply of coal is available. Persistent (Weng and Huang, 2021). Moreover, there is an urgent need to increase policy flexibility, focus on building a new development pattern of domestic and international double cycles and mutual promotion, organically combine domestic development with strengthening international cooperation, and make better use of both domestic and foreign markets and resources. To promote a win-win relationship between carbon peaking and coal sustainability in the process of opening up to the outside world, so as to achieve high-quality development of the coal industry and sustainable economic and social development.
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There are increasing concerns that energy poverty across nations is weakening the global efforts toward achieving Sustainable Development Goals (SDGs). A systematic assessment of energy poverty is, therefore, essential to track the spatiotemporal pattern of SDG 7 and monitor the global efforts in alleviating energy poverty. This article develops the first Multidimensional Energy Poverty Assessment Index (MEAI), incorporating energy availability, affordability, and efficiency applicable to quantify the spatiotemporal dynamics of energy poverty development at global, regional, and national scales. Our analyses indicate that the overall MEAI and indices in all dimensions decreased from 2001 to 2016 at a global level with energy affordability experiencing the highest decline. The MEAI at the national level declines within the same period, showing significant regional heterogeneity in terms of the sub-index. Energy efficiency in developed and less-developed regions is characterized by high carbon emissions and low energy modernization, respectively. The energy availability indices are lower in developed nations and in nations with abundant energy resources. Overall, our results highlight a sudden increase in MEAI for Central America in 2014 and a gradual decline in MEAI for East Asia during 2014–2016. A call for regional actions is critically needed to solve energy poverty from different facets.
Keywords: energy poverty, multidimensional energy poverty assessment index (MEAI), energy availability, energy affordability, energy efficiency
INTRODUCTION
Energy poverty has received growing attention worldwide in both academic communities and political agendas in recent years. The United Nation’s Sustainable Development Goal 7 (SDG 7) refers specifically to energy poverty and aims to achieve universal access to affordable, reliable, sustainable, and modern energy services by 2030. However, there is no internationally consistent definition of energy poverty. It is usually considered a situation where households are unable to adequately meet their energy needs at an affordable cost (Dobbins et al., 2019),thus thwarting efforts to achieve Sustainable Development Goals (SDGs). A lack of access to modern energy causes severe health problems, including cardiovascular, cerebrovascular, and respiratory disorders (SDG 3: Good Health and Well-Being), blunts future generation’s opportunity to reach satisfactory lifestyles (SDG 10: Reduced Inequalities), results in global deforestation and climate change (SDG 13: Climate Action), and affects many of the SDGs (Chapman et al., 2019). To fight energy poverty with sound policies and measures, a systematic and comprehensive assessment of energy poverty is of necessity for human sustainability.
Energy poverty is considered a multidimensional concept, including socioeconomic challenges, environment climate concerns, and so on. Multidimensional energy poverty measurement attempts to capture various dimensions and results of energy poverty and has become the prevailing method of assessing energy poverty. Jayasinghe et al. (2021) examine the incidence, intensity, inequality, and determinants of energy poverty in Sri Lanka by constructing the Multidimensional Energy Poverty Index (MEPI). Gafa and Egbendewe (2021) proposed a new multidimensional measure to evaluate the levels and determinants of energy poverty in rural West Africa. Halkos and Gkampoura (2021) examined energy poverty for 28 selected European countries, using a composite measurement. We found that previous studies are limited to a particular country or region, and rarely studies are found to assess global energy poverty by using multidimensional energy poverty measurement. The study by Che et al. (2021) is an attempt to assess global energy poverty with an integrated approach. However, the score for a sample country is relative closeness that is better suited to national ranking and the calculation process of this integrated approach is complicated.
Hence, based on the study by Che et al. (2021), we construct a Multidimensional Energy Poverty Assessment Index (MEAI) that not only reflects the reality of energy poverty but also is relatively simple to calculate. The MEAI takes into a set of multiple dimensions to represent the overall performance toward alleviating energy poverty. It is an aggregate index with fixed weights for sub-dimensions/indicators by their importance. With such a universal index, it makes the comparison of energy poverty possible at the national level (Xu et al., 2020).
METHODOLOGY
Indicator Selection and Data Sources
To get a full picture of energy poverty at national, regional, and global levels, the MEAI is designed and composed of three dimensions: energy availability, energy affordability, and energy efficiency, as shown in Table 1. Households lack access to modern energy due to unreliable energy supply, inadequate energy infrastructure, and tenure status or structural fabric of the building (Bouzarovski and Petrova, 2015). Low incomes keep households from affording basic levels of energy needed to attain a socially and materially necessitated level of energy services (Buzar, 2007). In addition, the inefficient use of an appliance contributes to indoor air pollution, and the combustion process of solid energy exacerbates climate change (Casillas and Kammen, 2010; Liu et al., 2016).
TABLE 1 | Indicators selected for each of the dimensions.
[image: Table 1]For each dimension, we chose as many corresponding indicators as deemed feasible from previous studies, based on data availability at the national, regional, and global levels and temporal scales. 1) Energy availability refers to a lack of access to modern energy. Household energy consumption per capita was used to measure the energy consumption. For household energy consumption, electricity is found superior to other energies because it is more efficient and could serve all energy-end uses. Therefore, household electricity consumption per capita was used to describe the access to modern clean fuels. Adequate energy supply is a precondition to access energy services. As a result, the proportion of population with access to electricity was selected as an indicator for the reliability of energy supply. 2) Energy affordability means that the energy cost is too high for householders to pay. According to the energy ladder hypothesis, GDP per capita and household disposable income per capita were used to measure the burden of energy costs. The number of household appliances reflected a household’s ability to pay for modern energy and efficient equipment. Communication equipment played a key role in social life, and cellphone ownership per 100 people, therefore, was taken into account. 3) Energy efficiency considers the quality of household energy consumption from low-carbon development and modernization of energy consumption structure. The proportion of population with access to clean fuels and technologies for cooking and ratio of biomass and waste consumption on total final household energy consumption was used to explain the modernization of energy consumption structures. Household CO2 emissions per capita, ratio of non-solid commodity energy to household commodity energy, and the proportion of non-thermal power generation on electricity generation were used to evaluate low-carbon development.
Data for “household energy consumption” were obtained from the following authoritative sources: the World Energy Balances, the Energy Balances of OECD Countries, and the Energy Balances of Non-OECD Countries. Data for “household CO2 emissions” were from the CO2 Emissions from Fuel Combustion. Data for “proportion of population with access to electricity,” “gross domestic product” (GDP),” “household final consumption expenditure,” “cellphone ownership per 100 people,” “proportion of population with access to clean fuels and technologies for cooking,” “proportion of non-thermal electricity generation on electricity generation,” and “national population” were from the World Bank Open Data. GDP and “household final consumption expenditure” were adjusted with purchasing power parity (PPP) dollars in 2011 to remove the effect of exchange rate volatility and inflation.
Normalization of Indicator Values
The indicator values for each dimension were normalized in order to ensure comparability across dimensions. Traditional normalized approaches used annual values for the mean and standard deviation of each indicator as the criterion of normalization, which varied over time. The normalized indicator values were incomparable across time scales, and the MEAI only reflected the spatial distribution of energy poverty. However, the fixed base difference method chose the values of benchmark year indicators as the unified criterion of the annual values for 2001–2016 for the selected indicator metrics of each dimension, which objectively reflected the spatiotemporal dynamics of progress toward alleviating energy poverty at the global, regional, and national levels.
We converted negative indicators into positive indicators by using the equation[image: image]and then followed the fixed base difference method to normalize the global, regional, and national data arrays for each dimension indicator. The following formula was used to normalize dimension indicator values toward meeting a dimension target at the global, regional, and national levels:
[image: image]
where [image: image] was the original data value of each dimension indicator at time t, [image: image]/[image: image]represented the maximum/minimum original data values at time [image: image](the benchmark year) for the worst/best performance, and [image: image]was the normalized individual value for a given dimension indicator. A lower normalized dimension index indicated better performance toward alleviating the dimension. All normalized values greater than 100 meant that the indicators at time t were significantly worse than those at time [image: image], and all normalized values less than 0 meant that the indicators at time t were significantly better than those at time [image: image]. We normalized the data across global, regional, and national levels simultaneously so that the dimension indices were comparable across regions and nations.
Weight of Indicator
The weights of indicators had a significant impact on the MEAI. Our study period was 16 years. The indicator weights were differentiated annually by using the objective weighting approaches, which were not suitable to conduct dynamic research. Hence, we weighted all dimensions and indicators within each dimension, respectively, by using a large-scale survey. Corresponding scores were based on the Likert scale, where (4,5]—very important; (3,4]—important; (2,3]—fair; (1,2]—unimportant; and (0,1]—very unimportant.
The survey began in August 2019 and lasted for 2 months. Thousand questionnaires were sent out by E-mail all over the world, and 581 valid questionnaires were collected. In the valid sample, the respondents were from China, the United States, the United Kingdom, and other countries, respectively. Authoritative experts, such as Yin Jinyue (KTH Royal Institute of Technology) and Wang Zhaohua (Beijing Institute of Technology), accounted for 4.0%; teachers and researchers from internationally renowned universities, such as the Chinese Academy of Sciences and the National University of Singapore, accounted for 51.1%; and Master’s and doctoral students accounted for 32.5%. Most of the respondents were familiar with energy poverty and could score the indicators objectively. Hence, the weights of the indicators were convincing.
According to the theory of random error, the extreme scores had negative impacts on the reliability of the results. The Pauta Criterion (3δ) was used to remove extreme scores in order to minimize the potential effects of skewed data distribution on the weights of indicators. According to the actual calculation results, K was defined as 2.
[image: image]
where[image: image]was the score of indicator k and [image: image]and[image: image]were the mean value and standard deviation, respectively. The weight was based on the proportion of the average score of each dimension/indicator after the extreme scores were removed.
Calculation of the Multidimensional Energy Poverty Assessment Index and Individual Dimension Index Over Time
We calculated the MEAI at the global, regional, and national levels by using arithmetic means. The MEAI was an aggregate index that consisted of individual indices for all three dimensions and represented global, regional, or national overall progress in alleviating all dimensions over time. The individual dimension index was yielded by multiplying the indicator values within each dimension with the assigned weights.
[image: image]
where[image: image]was the individual dimension index, [image: image]and [image: image]were the values of indicator and the weight within each dimension, and [image: image]was the total number of indicators within each dimension.
We aggregated all three dimensions into one global/regional/national MEAI for each year from 2001 to 2016, which was defined as follows:
[image: image]
where Z was what the study called the MEAI ,and[image: image]was the weight of each dimension.
RESULTS AND DISCUSSIONS
Characteristics of Global Energy Poverty
We compiled annual time series data relevant to energy poverty from 2001 to 2016 for 125 countries. In total, 11 indicators were used in this assessment. These indicators allow us to calculate the three dimensions of energy poverty (including energy availability, energy affordability, and energy efficiency) and the MEAI at global, regional, and national levels. Figure 1 shows that the MEAI at the global level decreased gradually over time, which was mainly attributed to the improvement of the energy affordability. The global MEAI decreased by approximately 27.4% from 55.3 in 2001 to 43.4 in 2016. Specifically, we found a clear distinction before and after the year 2008. The average annual decrease rate of the global MEAI after 2008 was 1.13% compared to that of 1.71% before 2008. This reveals that although global energy poverty was alleviated gradually, the financial crisis in 2008 may have had a permanent and negative impact on energy poverty alleviation. This may be because that the crisis increases unemployment and reduces household disposable income.
[image: Figure 1]FIGURE 1 | Change in the MEAI from 2001 to 2016. (A) At the global level. (B–D) At the regional level. North America is the abbreviation for NAM, Central America for CAM, South America for SAM, Middle East and North Africa for ME&NA, sub-Saharan Africa for SSA, Europe for EUR, Central Asia for CAS, East Asia for EAS, Southeast Asia for SEA, South Asia for SAS, and Australia and Oceania for AAO.
Figure 1 also presents the changes in the MEAI from 2001 to 2016 at the regional level. The mean value of the MEAI at the regional level declined by 22.3% between 2001 and 2016. In 2001, the MEAI ranged from 33.3 to 73.7 with a mean value of 55.2. The mean value decreased to 42.9 from 2016. East Asia’s MEAI experienced a continuous decline with that of China as the largest contributor in this region. China reached full electrification in 2015, which has a significant effect in reducing the MEAI in East Asia. It is worth noticing that the MEAI in Central America suddenly increased by 2.08% from 45.2 in 2013 to 46.2 in 2014, respectively, suggesting that substantial changes in alleviating energy poverty occurred across different regions.
The mean value of the MEAI for all 125 nations is 48.5, as we can see from Figure 2. The national average MEAI of 66 countries is higher than the mean (48.5), accounting for 52.8% of our sample (Figure 2). The world is still suffering from energy poverty and, over time, all nations decreased their MEAI from 2001 to 2016 with significant spatial heterogeneity, ranging from 15.1 in Norway to 77.9 in Congo (10).
[image: Figure 2]FIGURE 2 | Average MEAI between 2001 and 2016 for 125 global nations.
Figure 3 illustrates the changes in dimension indices: energy availability, energy affordability, and energy efficiency. At the global level, all dimension indices decreased over time. Energy availability and energy affordability were the key drivers for the MEAI. The three dimensions, in order of the greatest to least decline, were energy affordability, energy availability, and energy efficiency, and the decline in energy affordability was substantially higher than the others. At the regional level, the changes in energy availability from 2001 to 2016 were greater than zero for North America, Europe, and Australia and Oceania, and the change in energy efficiency was also greater than zero for Central Asia, implying a deterioration in energy availability and energy efficiency in these regions. The most obvious indicator responsible for such deterioration in North America, Europe, and Australia and Oceania is “household energy consumption per capita” (Sovacool and Brown, 2012; Thomson and Snell, 2013). Generally, the changes in dimension indices at the national level showed similar dynamics as those at the global and regional levels.
[image: Figure 3]FIGURE 3 | Change in dimension indices or the MEAI. (A) Changes in dimension indices from 2001 to 2016 at the global level. (B) Differences in dimension indices between 2016 and 2001 at the global level. (C) Differences in dimension indices and the MEAI between 2016 and 2001 at the regional level. D1 is the abbreviation for energy availability, D2 for energy affordability, and D3 for energy efficiency. A positive value indicates an increase in the index from 2001 to 2016, whereas a negative value indicates a decrease in the index from 2001 to 2016.
Mechanisms for Energy Poverty
The spatiotemporal patterns of the MEAI are the combined outcome of a number of factors, including domestic energy conditions, income level, and policy implementation. In the following section, we provide key insights on the three dimensions of the MEAI at global, regional, and national levels.
Energy availability is defined by the International Energy Agency as a lack of access to modern energy. A lower value for the energy availability index shows its contribution to the alleviation of energy poverty. At the national level, 32 of the top 40 nations, in order of the least to greatest increase for energy availability, belong to developed nations. The remaining eight nations were high-/upper-/ middle–income nations with abundant natural resources such as Kuwait, Bahrain, the United Arab Emirates, Qatar, Russia, Iran, Saudi Arabia, and Brunei. The bottom 40 nations were low-/lower- middle-income nations in Central America, South Asia, and sub-Saharan Africa. The top 40 nations have established perfect infrastructures of energy service to improve household’s energy consumption levels and have gained an overall access to modern energy (Bednar and Reames, 2020). In contrary, the bottom 40 nations lack the access to adequate amounts of modern energy and rely mainly on traditional cooking fuels due to unfavorable conditions, including high energy prices, energy shortages, and inadequate energy infrastructure (Mendoza et al., 2019). At the regional level, the improvement on “household electricity consumption per capita” and “household energy consumption per capita” will have significant and positive impacts on reducing the energy availability index (see the Figure 4).
[image: Figure 4]FIGURE 4 | Structure of dimension indices at the regional level in 2001, 2006, 2011, and 2016. (A) D1 (energy availability). (B) D2 (energy affordability). (C) D3 (energy efficiency).
The energy affordability index shows to what extent households cannot afford basic levels of energy needed to attain a socially and materially necessitated level of energy services (González-Eguino, 2015). A higher value of energy affordability indicates increased difficulty in affording basic energy needs. The average index of energy affordability among nations between 2001 and 2016 ranged from −1.4 in Kuwait to 97.8 in Congo, with large variations across nations. One of the indicators for energy affordability is “cellphone ownership per 100 people,” which reflects the situation of modern energy consumption and household appliance utilization (Nussbaumer et al., 2012). It has a significant positive influence on reducing the index of energy affordability, as households tend to spend more money on the modern energy consumption and efficient household appliance utilization with the increase in income. We find the change in the index values for “cellphone ownership per 100 people” among regions from 2001 to 2016 ranging from a 1.79 % decrease (Australia and Oceania) to a 93.1% decrease (sub-Saharan Africa), which plays a significant role in energy affordability improvement compared to the survey conducted in 2001 (Figure 4).
A higher energy efficiency level has a positive effect on reducing the final energy consumption, whereas a lower energy efficiency level poses challenges to alleviate energy poverty for all nations (Bonatz et al., 2019). In this study, energy efficiency is divided into two categories: low-carbon development and energy modernization. Low-carbon development measured by “household CO2 emissions per capita” represent low-carbon development, “ratio of non-solid commodity energy on household commodity energy,” and “proportion of non-thermal electricity generation on electricity generation.” The three indicators account for over 60% of the index values of energy efficiency in North America, Europe, and Australia and Oceania. This implies that the energy efficiency issue in the three regions is related more to carbon emissions than modernization (see Figure 4). The three regions are dominated by developed nations. Although these nations have reached an overall access to energy services, they still heavily depend on traditional fossil fuels to meet household energy consumption demand and lack access to adequate amounts of modern energy. In contrary, two indicators including “proportion of population with access to clean fuels and technologies for cooking” and “ratio of biomass and waste consumption on total final household energy consumption,” contribute to more than 55% of the energy efficiency index value in Central America, South America, Middle East, North Africa, sub-Saharan Africa, Southeast Asia, and South Asia. Therefore, energy efficiency in these six regions concerns more on modernization (Figure 4). A large number of less-developed nations are clustered in the six regions, for which it is the priority to meet household basic energy requirements without considering the energy consumption structure. In East Asia, two categories of indicators, low-carbon development and energy modernization, play equal roles in constituting the energy efficiency index, implying that both carbon emissions and energy modernization are equally important for this region (Figure 4). This is because most nations (except Korea, Republic of China, and Japan) in East Asia are less-developed nations, and households mainly rely on energy-intensive and inefficient appliances to meet their basic energy requirements, which have a negative effect on energy modernization. Meanwhile, coal is abundant in this region, and thus final energy consumption is dominated by coal. Reducing the carbon emissions is a great challenge in this region, which is affecting the overall MEAI.
Although our results show that energy poverty has been alleviated to a large extent, evidenced by the reduction in the MEAI at global, regional, and national levels in general, the major driver for such improvement is attributed to energy affordability as the results of fast economic growth and international cooperation. The dimensional sub-index provides additional information for further action. From the perspective of energy availability, energy shortage and inadequate energy infrastructure hold back improvements on global energy consumption (Sovacool, 2012). The expansion of renewable energy technologies and the related distribution options, such as small-scale photovoltaics, diesel generators, and improved cooking stoves, provide a chance to improve the access to modern energy for rural households (Yan et al., 2019). From an energy-efficient perspective, high-carbon emissions, and low-energy modernization have made energy poverty difficult to alleviate (Cameron et al., 2016). Burning solid fuels such as dung, firewood, and coal in traditional stoves for heating and cooking contributes to global deforestation and climate change. Improving energy efficiency helps to enforce sustainable energy development, speed up the exploration of efficient household appliances, and mitigate climate change. National policymakers could consider strategies to improve energy efficiency in sub-Saharan African and South Asian nations in order to narrow the energy poverty gap between developed regions and less-developed regions.
Sensitivity analysis
We considered three scenarios to assess the sensitivity of national ranks to changes in weights of indicators in 2001. Equal weights were assigned to relative indicators, respectively, (Nussbaumer et al., 2012) and the other weights were kept constant. Altogether three scenarios were presented in the study: Scenario 1 (the equal weights of indicators within energy availability), Scenario 2 (the equal weights of indicators within energy affordability), and Scenario 3 (the equal weights of indicators within energy efficiency). We recalculated the national ranks in 2001 in three scenarios, as shown in Table 2. The ranks of 11 countries changed in Scenario 1, the ranks of 29 countries changed in Scenario 2, and the ranks of 77 countries changed in Scenario 3. The results show that national ranks were relatively sensitive to changes in weights of indicators, and it is important to note that the weights to indicators should be cautiously assigned.
TABLE 2 | Sensitivity of national ranks in 2001 in weights of indicators.
[image: Table 2]CONCLUSION
The empirical results indicate that the overall MEAI and indices in all dimensions decreased from 2001 to 2016 at a global level with energy affordability experiencing the highest decline. The MEAI at the national level declines within the same period, showing significant regional heterogeneity in terms of the sub-index. Energy efficiency in developed and less-developed regions is characterized by high-carbon emissions and low-energy modernization, respectively. The energy availability indices are lower in developed nations and in nations with abundant energy resources. Overall, our results highlight a sudden increase in the MEAI for Central America in 2014 and a gradual decline in MEAI for East Asia during 2014–2016.
Data availability is an important criterion for selecting the dimension indicators. The lack of available data hinders researchers exploring the spatiotemporal dynamics of progress toward alleviating energy poverty. This article constructed a unique micro-level dataset from national statistical departments and international databases, providing a solid basis for developing a set of standard indicators to better evaluate the progress toward energy poverty across space and time. Policymakers continuously track and monitor energy poverty by a periodical updating of the data.
This article developed a systematic and comprehensive evaluation method of SDG 7 at global, regional, and national levels. The method outlined in our article enables us to track the spatiotemporal pattern of SDG 7 and monitor national efforts toward energy poverty alleviation. It will not only help to guide policy development and implementation but also provide reference for the next action. One direction for further research is to include qualitative indicators obtained through a participatory survey method, to reflect household’s subjective feelings on energy poverty. An investigation of non-economic factors, such as educational level, cultural preferences, and dietary habits on household’s energy alternatives may be helpful to reveal the complex mechanisms and consequences of energy poverty alleviation. In addition, investigations on the trade-offs and synergies between SDG 7 and the other SDGs will enrich our path toward sustainability.
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Rational planning and optimization of urban spatial form to achieve the goal of energy efficient utilization and carbon emission reduction is one of the important ways to improve energy efficiency. We deconstruct urban spatial form into centrality, aggregation and complexity, and analyze net effect and its heterogeneity of urban spatial form on energy efficiency with OLS, quantile regression model as well as grouped regression model. The results show that the effects of urban spatial centrality and complexity on energy efficiency are nonlinear. For the vast majority of cities, strengthening urban spatial centrality will significantly improve energy efficiency, but the growth rate will gradually decrease. The impact effect of urban complexity on energy efficiency has the characteristics of U-shaped trend with an inflection point value of 0.429. And for the three-quarters of urban samples, enhancing urban spatial complexity will reduce energy efficiency. The positive effect of urban spatial aggregation on energy efficiency is only significant in cities with high quantile for energy efficiency. In terms of urban heterogeneity, the positive effects of spatial centrality and aggregation on energy efficiency are more obvious in megacities with a permanent population of more than 5 million, and the negative effect of spatial complexity on energy efficiency is more obvious in small and medium-sized cities. Whether it is promotion or inhibition, the urban samples with high energy efficiency are more affected by the change of urban spatial form. Optimizing the urban spatial form is one of the important ways to improve the energy efficiency, and the policy setting should give full consideration to the urban heterogeneity and classified policies.
Keywords: urban spatial form, energy efficiency, centrality, aggregation, complexity, China
INTRODUCTION
Resource depletion and ecological environment problems caused by excessive energy consumption have become one of the major challenges of human development in the 21st century. Improving energy efficiency is the key to achieve the goals of energy conservation, emission reduction and green development (Chen et al., 2018). Looking back on the development process of major countries in the world, as the lifeline of national economic development, energy plays a self-evident role as the driving force for a country or region’s economic growth. At the same time, the dependence of the world economy on energy has not decreased markedly, but has deepened (Zhang et al., 2020). In China, energy has supported the process of industrialization and urbanization to a certain extent, and has become a vital factor of production for economic growth. According to the data released by BP World Energy Statistical Yearbook, China is still the largest energy consumer in the world. In 2018, China’s total energy consumption has reached 3.273 billion tons of oil equivalents, accounting for 23.6% of the world, and its contribution to the growth of total primary energy consumption has reached 34%, far exceeding that of other countries in the world. On the supply side, energy consumption has shifted from self-sufficiency to import, and the proportion of import has increased year by year. Since 2018, China has become the world’s largest oil and gas importer, and its dependence on foreign crude oil and natural gas has reached a new high in recent 50 years ( Rong et al., 2016). The huge energy consumption makes China’s carbon emissions jump to the first in the world, accounting for 28.9% of the global total.
Consistent with the growth trend of energy consumption, China has experienced a large-scale and rapid urbanization process since the reform and opening up. Over the past 40 years, more than 650 million rural residents have moved to cities to live and work. By the end of 2020, China’s urbanization rate has reached 63.89%. According to Wu et al. (2020), by 2035, China’s urbanization rate will reach 75–80%, adding nearly 400 million urban residents. The expanded cities have rapidly obtained factors of production such as labor and energy, and achieved rapid development. At the same time, they have also expanded the scale of production and life, increased fossil energy consumption, and exacerbated the problem of regional and structural energy shortage. As the center of human social and economic activities, urban areas now account for 85% of the total national energy consumption and more than 70% of the national carbon emissions. In addition, the decentralization and complexity of urban spatial form, as well as the spatial mismatch between industry and resource elements in the city, inhibit the efficient and intensive utilization of energy resources to a certain extent. Therefore, how to achieve the goals of energy efficient utilization and carbon emission reduction through reasonable planning, optimization and adjustment of urban spatial form provides a new path for China to deal with the energy crisis and improve energy efficiency under the “double carbon” strategic goal.
This study is structured as follows. Literature Review and Hypothesis Section summarizes the existing research progress and theory hypothesis. Material and Methods Section presents the identification method of urban spatial form and energy efficiency, and the econometric model specification of the theoretical hypothesis test. In Result section, the net effect and its heterogeneity of urban spatial form on energy efficiency are systematically analyzed. Conclusion Section draws conclusions and policy implications.
LITERATURE REVIEW AND HYPOTHESIS
The research on urban spatial form originated from the urban form and land use research center founded by British scholars March and Martin in the 1950s. They believe that urban spatial form is a variety of spatial structures and traffic corridors composed of basic spatial geometric elements. After entering the 21st century, with the reorganization of the world economic pattern and global economic integration, the urban spatial form has further developed in the direction of regionalization and information networking, and its internal mechanism has become more complex (Tanushri and Sarika, 2021). The evolution of urban spatial form is showing unprecedented new mechanisms and characteristics, and has become an important field of urban geography and economic research (Li et al., 2021; (Xiong and Duan, 2020). This is because the urban spatial form can not only comprehensively reflect the social and economic activities of the city in different periods, but also change with the changes of urban economic activities and social culture, showing a dynamic interaction process. At this stage, there are various measurement indicators of urban spatial form, mainly focusing on the geometric characteristics of urban space and the economic and social indicators related to spatial form, which can be roughly divided into three types: urban spatial aggregation, urban spatial complexity and urban spatial centrality. Among them, the indicators to measure urban spatial aggregation include cluster degree (Shu and Lam, 2011), similar adjacency rate (Falahatkar et al., 2020), aggregation index (Fang et al., 2015), compactness index (Liu et al., 2012), maximum patch compactness index (Makido et al., 2012), etc; Indicators to measure urban spatial complexity include landscape shape index (Bereitschaft and Debbage, 2013; Liu et al., 2015), edge density (Ma et al., 2013), average perimeter area ratio (Ou et al., 2013), etc; The largest patch area (Chen et al., 2011; Jia et al., 2019) is the index to measure the urban spatial centrality.
The effect of urban spatial form on energy efficiency has always been the focus of academic attention. However, from the existing research, few literatures systematically explore the net impact of urban spatial form on energy efficiency and its mechanism from multiple dimensions. It mainly investigates the impact of a certain dimension index of urban spatial form on urban energy efficiency (Zhong et al., 2020; Esfandi et al., 2022). First, some researchers have investigated the impact of urban spatial aggregation on energy efficiency, and believe that the higher the aggregation, the higher the energy efficiency (Ewing and Rong., 2008). This is because high aggregation degree means that urban spatial form shows high population density, high building density and relatively high industrial concentration, which are more conducive to improving energy intensive utilization efficiency (Steemers, 2003; Wang et al., 2020). Moreover, the centralized residential space and industrial distribution form help to save the energy consumption of transportation, commuting and product transportation (Hankey and Marshall, 2010; Ma et al., 2015; Quan and Li, 2021). Second, the centralization of urban spatial structure will also have a positive impact on energy efficiency, because the higher the urban centrality, the more conducive to saving overall energy consumption and realizing intensive utilization (Chen et al., 2011; Mangan et al., 2020). Third, the complexity of urban spatial form represents the geometric complexity of urban patch form. Moreover, cities with higher complexity usually have higher energy consumption and lower energy efficiency. This conclusion was obtained by Falahatkar et al. (2010) based on the sample data of Iran and Makido et al. (2012) Based on the empirical analysis of Japanese sample data. Therefore, this paper proposes proposition 1.
Proposition 1. Aggregation, centrality and complexity of urban spatial form will have an impact on energy efficiency. And urban spatial aggregation and centrality are positively correlated with energy efficiency, while urban spatial complexity is negatively correlated with energy efficiency.
In addition, the impact of urban spatial form on energy efficiency is not invariable (Mangan et al., 2020). On the one hand, with the change of urban spatial form, the urban internal population and industrial spatial structure will be dynamically adjusted, and the corresponding energy consumption scale and structure will also be adjusted accordingly (Zeng et al., 2021; Wu et al., 2021a). It can be seen that the effect of urban spatial form on energy efficiency is not necessarily completely linear, but may show nonlinear characteristics. On the other hand, urban space is not completely homogeneous. The heterogeneity of different cities in geographical characteristics, economic development and technological innovation (Peng et al., 2021) makes the impact of urban spatial form on the scale and structure of energy consumption significantly different among different cities (Yu, 2021; Zhang and Gao, 2021). Therefore, this paper proposes the second and third theoretical hypothesis.
Proposition 2. The aggregation, centrality and complexity of urban spatial form may have a nonlinear impact on energy efficiency.
Proposition 3. The marginal effect of aggregation, centrality and complexity of urban spatial form on energy efficiency will show urban heterogeneity characteristics.
MATERIAL AND METHODS
Data
This paper performs an empirical analysis based on cross-sectional data from 282 cities of China in 2017. The cross-sectional data in 2017 is selected as the analysis data set because the original data of urban spatial form variable indicators calculated in this paper comes from the basic remote sensing data source published by Gong et al. (2019), and the latest year of the data source is 2017. In urban spatial form recognition, the most important thing is to obtain the spatial structure data of urban built-up areas, and the urban impervious surface is the main path to extract urban built-up areas (Liu et al., 2021; Gong et al., 2019). The basic remote sensing data source of urban spatial morphology released by Gong et al. (2019) comprehensively considers MODIS and night light data, and effectively separates the impervious surface between urban and rural areas. In order to obtain the spatial form data set of 282 cities in China, we first derived the impervious surface data in 2017, then segmented and extracted the impervious surface grid map by using the segmented city vector map, and then obtained the impervious surface distribution map of 282 cities. At the same time, the landscape index calculation software FRAGSTATS is used to calculate the index data including patch, area, shape, edge and so on. Finally, in view of the dimensional difference of urban spatial form variable index data, in order to eliminate this influence, we also use the extreme value standardization method to normalize all variable indexes.
The independent variable of this study is energy efficiency, which is also calculated through relevant input and output indicators. Among them, the data of some input index variable, such as the number of employees, total investment in fixed assets, and R&D expenditure, are derived from the China Economic and Social Big Data Research Platform of the China National Knowledge Infrastructure (CNKI). The input index of energy consumption refers to the total energy consumption of various types, including coal, oil, natural gas, primary power and other energy consumption. The variable index is obtained by converting the common energy consumption into standard coal and summing it up. The data of output index variable, such as GDP, gross value of industrial output, industrial SO2 emissions, industrial wastewater discharge, are derived from the Economy Prediction System (EPS). The missing data of some variable indicators are supplemented by China Urban Statistical Yearbook and various urban statistical yearbooks.
Identification Methods
Urban Spatial Form
Scientific, reasonable and accurate identification of urban spatial form is the key to ensure the reliability of research results. Based on the existing related research, this paper describes the urban spatial form from the three dimensions of centrality, aggregation and complexity. In order to avoid the tendency and multi-collinearity of the index set, only one characterization index is reserved for each dimension of urban spatial form recognition.
(1) Centrality
Galster et al. (2001) defined the centrality of urban spatial form as the degree to which urban residential or non residential areas are close to the central business district, which can also be expressed as the degree to which urban spatial form is characterized by a single core development model. This paper uses the maximum patch index to measure the centrality of urban spatial form. Among them, the largest patch index is the proportion of the largest patch area in the total urban landscape area, and the largest proportion indicates that the higher the city centrality. The calculation formula is as follow:
[image: image]
Where [image: image] represents the centrality of the urban spatial form, and the result of [image: image] is multiplied by 100 to convert to a percentage; [image: image] is the area of the largest urban patch; m is the number of patch types, n is the number of patches of a class; aij is the area of patch ij, and [image: image] is the total landscape area.
(2) Aggregation
Aggregation refers to the degree of agglomeration or separation of patch types in space. Generally speaking, the landscape organized by many discrete small patches in a landscape has a low degree of aggregation; When a landscape is composed of several large patches or the patches of the same category are fully connected, the degree of aggregation is higher. As the core concept of urban sustainable development, the quantitative index of aggregation degree is an effective method to evaluate the aggregation distribution of urban spatial structure. Aggregation development makes urban economic development and function distribution more compact, and effectively shortens the spatial distance between urban patches. The calculation formula is as follows:
[image: image]
Where Pi is the proportion of the landscape occupied by patch type i, and Gi is the proportion of the landscape occupied by like adjacencies between pixels of patch type i; [image: image] is the minimum perimeter of a patch type i for a maximally aggregated patch type; gii is the number of like adjacencies between pixels of class i, and gik is the number of adjacencies between pixels of class i and class k.
(3) Complexity
The complexity of urban spatial form mainly refers to the irregularity of patch shape. In landscape ecology, shape index is closely related to edge effect. Therefore, scholars often characterize the complexity of landscape patches based on the area and perimeter of patches. Generally speaking, the urban landscape with highly complex and irregular boundaries will increase the straight-line distance and commuting time between different patches in the city. This paper uses the landscape shape index to describe the regularity of urban spatial form, and uses the perimeter area ratio of urban patches to measure the landscape shape index. The calculation formula is as follow:
[image: image]
Where eik is the total edge length of class i in the landscape, and [image: image] is the total landscape area.
Energy Efficiency
There are many indicators and methods for measuring energy efficiency in academia, such as parametric and nonparametric estimation methods. Considering that the super-SBM model not only overcomes the limitations of the traditional SBM model, but also has relatively high accuracy of measurement results (Li et al., 2021), this paper establishes a super-SBM model of non angular, non radial and considering undesirable output to measure energy efficiency with reference to the practice of Wu et al., 2021b. The model is constructed as follows:
[image: image]
In Eq. 1, [image: image] is energy efficiency values that need to be measured, which is greater than or equal to 0. Among them, [image: image] indicates that there is room for energy efficiency improvement; [image: image] is the number of input indicators; [image: image] is the number of desirable output indicators; and [image: image] is the number of undesirable output indicators. The expression [image: image] represents the input (output) value of the [image: image] decision-making unit in period [image: image]; and [image: image] represents the slack variable of input (output). If the slack variable is larger than 0, it indicates that the input of factors is not fully used. The variable [image: image] represents the weight of the decision-making unit; [image: image] means the return on scale of the model is constant, [image: image] means the model has variable returns to scale.
For a more comprehensive understanding of energy efficiency in China, a multidimensional analytical framework has been created for energy efficiency identification. The framework characterized has two dimensions (i.e., the inputs and outputs), as shown in Table 1. Number of employees (per 10 thousand people), total investment in fixed assets (per 10 thousand RMB), Energy consumption (kgce/100 million tons), and R&D expenditure (per 10 thousand RMB) are selected as indicators of inputs. GDP (per 100 million RMB), and gross value of industrial output (per 100 million RMB) are selected as an index of desirable output indicators. And industrial SO2 emissions (per ton), industrial wastewater discharge (per 10 thousand t) are selected as an index of undesirable output indicators.
TABLE 1 | Input and output variables for energy efficiency identification.
[image: Table 1]Model Specification
The impact of urban spatial form on energy efficiency has been supported by theoretical research. Moreover, as the three types of representations of urban spatial form, there are obvious differences in the effects and mechanisms of centrality, aggregation, and complexity on urban energy efficiency. In order to further verify the response of urban energy efficiency to the centrality, aggregation, and complexity of spatial form, this paper constructs the following three groups of basic regression models:
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Where, the dependent variable [image: image] represents the energy efficiency of city i; The independent variables are centrality, aggregation, and complexity of urban spatial form, and [image: image] is the net effect of urban spatial form on energy efficiency; [image: image] is the control variables, including social, economic, and institutional factors. The social factors controlled in this paper include population density (density), urbanization rate (urbanization); the economic factors include per capita GDP (rjgdp), industrial structure index (structure); and the institutional factors include government expenditure level (expenditure), innovation ability (innovation). The population density is the number of permanent residents per unit of urban construction area; The urbanization rate is the ratio of the number of urban permanent residents to the total population; The industrial structure index is measured by the proportion of the output value of the primary and tertiary industries; Urban innovation capability is measured by the number of urban invention patents authorized. In order to obtain more stable research results, the article also takes natural logarithms for variables such as population density, per capita GDP, government expenditure level and innovation ability.
In addition, certain literatures show that the centrality, aggregation, and complexity of urban spatial form may have a nonlinear relationship with energy efficiency. In order to verify this inference, the basic regression model is optimized, and the nonlinear performance of influence effect is investigated by adding the quadratic term of independent variable. The model settings are as follows:
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After introducing the quadratic term of the independent variable, the influence coefficient of urban spatial form on energy efficiency is adjusted as follows:
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RESULT
Baseline Regression
Table 2 represents the baseline estimates for the net effect of urban spatial form on energy efficiency. Among them, regression Equations 1–3 only investigate the linear effects of urban spatial centrality, aggregation, and complexity on energy efficiency; In regression Equations 4–6, the quadratic variables of urban spatial centrality, aggregation and complexity are introduced respectively to further investigate the nonlinear effects of urban spatial centrality, aggregation and complexity on energy efficiency. From the estimation results of Equations 1–3, the urban spatial centrality has a significant positive effect on energy efficiency, and the marginal effect is 1.48, which means that every unit increase in the urban spatial centrality will effectively improve energy efficiency by 1.48 units. The complexity of urban spatial form has a significant negative effect on energy efficiency, and its marginal influence coefficient is 0.61, indicating that every increase of urban spatial complexity will lead to a decrease of urban energy efficiency by 0.61 units. The estimation coefficient of urban spatial aggregation is positive but not significant, indicating that urban spatial aggregation has no significant impact on energy efficiency. In other words, from the perspective of overall average effect, it is impossible to clearly distinguish the net impact of urban aggregation on energy efficiency. In summary, it can be seen that part of the proposition 1 has been proved.
TABLE 2 | Baseline regression estimation results.
[image: Table 2]In regression Eq. 4, the estimated coefficient of the urban spatial centrality is significantly positive, and the quadratic term estimation coefficient is significantly negative, indicating that the effect of urban spatial centrality on energy efficiency shows the inverted U trend characteristic. Further, the inflection point value of this impact effect is 0.3449, and only 5 cities are greater than the inflection point value, namely Shanghai, Shenzhen, Xiamen, Foshan, and Zhongshan. Therefore, it can be considered that for the vast majority of cities, increasing the centralization is conducive to improving energy efficiency. That is to say, for the vast majority of urban samples whose centrality is not high enough, enhancing the area proportion of the largest urban patch essentially strengthens the urban single center structure mode, which is conducive to the intensive consumption and efficient utilization of energy resources. However, strengthening the centrality of cities such as Shanghai, Shenzhen, Xiamen, Foshan, and Zhongshan is not conducive to the improvement of energy efficiency, which may be related to the heavy reliance of the above cities on the single center structure mode. Therefore, the appropriate development of the multi center structure mode is more conducive to the improvement of urban energy efficiency.
In Equation 6, the estimation coefficient of urban spatial complexity is significantly negative and the estimation coefficient of quadratic term is significantly positive, which means that the impact effect of urban complexity on energy efficiency has the characteristics of U-shaped trend. Further calculation shows that the inflection point value of urban complexity is 0.4290, and three-quarters of urban samples are located on the left side of the inflection point value, and one-quarter of urban samples are located on the right side of the inflection point value. This shows that for most cities, increasing the complexity of urban spatial form will reduce their energy efficiency. This is because the more complex the shape and edge of urban space, the more dispersed the energy consumption within the city, which is not conducive to the intensive utilization of energy resources. In Equation 5, the estimation coefficients of urban spatial aggregation and its quadratic term variable are not significant, indicating that from the overall average effect, aggregation has no significant impact on urban energy efficiency. In short, for the vast majority of cities, appropriately improving urban centrality or reducing urban complexity is conducive to enhancing urban energy efficiency. Therefore, the part of the theoretical proposition 2 is proved.
From the estimation results of control variables, the variables such as urban population density, urbanization, industrial structure index, government expenditure level, and innovation ability have consistent estimation results in each regression equation, and the regression coefficients are significantly positive, indicating that the higher the urban population density, urbanization, government expenditure level and urban innovation ability, the more conducive it is to promote the intensive consumption and efficient use of urban energy. In addition, the industrial structure biased towards the primary and tertiary industries is conducive to the improvement of urban energy efficiency. Finally, from the significance test results of the model, F statistical values of each estimation equation are 20.55, 13.13, 12.77, 18.40, 11.65 and 12.65 respectively, which are significant at the 1% level, indicating that the econometric model is well set.
Heterogeneity Analysis
Quantile Regression Estimation
Traditional regression estimation studies the relationship between conditional expectations between independent variables and dependent variables. The quantile regression studies the relationship between the conditional quantiles of independent variables and dependent variables, so it can further identify the heterogeneous effects of urban spatial form on energy efficiency at different quantiles. Furthermore, according to the statistical data, there are significant differences in energy efficiency between different cities, which means that cities with different energy efficiency may be affected differently by urban spatial form. In order to verify this inference, we use quantile regression model (QR) to further investigate the differentiated effect of urban spatial form on the energy efficiency at different quantiles.
Table 3 reports the response of energy efficiency to urban spatial form at the 25th, 50th and 75th quantile. Firstly, from the centrality estimation results, the estimation coefficients of urban centrality variables are significantly positive in all quantile regression models, and the estimation coefficients of quadratic term are significantly negative, indicating that the net effect of urban centrality on energy efficiency shows an inverted U-shaped trend of first rising and then falling. Moreover, the net effect of centrality on energy efficiency gradually strengthens with increasing quantiles, meaning that cities with higher energy efficiency benefit more from the centralization of urban spatial structure. Secondly, the estimated coefficients of urban aggregation variables and their quadratic terms are only significant in the 50 and 75 quantile regression models, and showed inverted U trend features. This shows that for urban samples with high energy efficiency, the net effect of aggregation on energy efficiency will also show an inverted U trend characteristic of rising first and then decreasing. Moreover, cities with relatively high energy efficiency can more benefit from urban spatial aggregation. Thirdly, the estimated coefficients of urban complexity variables are significantly negative in all quantile regression models, and their quadratic terms are significantly positive, meaning that the net effect of urban complexity on energy efficiency exhibited a U-shaped trend characteristic of falling first before rising. Moreover, for urban samples with high energy efficiency, urban complexity has the most obvious inhibitory effect on energy efficiency. Taken together, urban samples with high energy efficiency are more prominently affected by urban spatial morphology changes, whether by facilitation or inhibition.
TABLE 3 | Quantile regression estimation results.
[image: Table 3]Urban Heterogeneity Analysis
According to the research of Wu et al. (2020), megacities, large cities, and small and medium-sized cities show certain heterogeneity in spatial structure and economic development level, which means that the impact of urban spatial form on energy efficiency will be different in different levels of cities. Therefore, this paper classifies cities according to the size of permanent population in the municipal area, and divides cities with a permanent population of more than 5 million into megacities, cities with a permanent population of more than 1 million and less than 5 million into large cities, and cities with a permanent population of less than 1 million into small and medium-sized cities (SMCs). Table 4 reports the grouping estimation results of different types of urban samples.
TABLE 4 | Urban heterogeneity analysis results.
[image: Table 4]From the estimates of urban centrality, its primary-term and quadratic-term regression coefficients are only significant in the megacities and large city samples, but not in SMCs. In addition, the net effect of centrality on the energy efficiency of megacities and big cities shows the inverted U type trend of rising first before decreasing, and it will gradually increase with the expansion of urban scale. For urban aggregation, its net effect on urban energy efficiency is only significant in megacities, and also presents a characteristic of inverted U trend of rising first and then decreasing. From the estimates of urban complexity, the net effect on energy efficiency is only significant in small and medium-sized city samples. Moreover, the inhibitory effect of complexity on urban energy efficiency will gradually slow down with increasing complexity. In general, the effects of urban aggregation, centrality, and complexity on energy efficiency show obvious heterogeneity in urban scale heterogeneity, which means that optimizing energy efficiency from the urban spatial form needs to consider urban heterogeneity and adopt classified policies. In conclusion, the theoretical proposition 3 is proved.
CONCLUSION
This study deconstructed urban spatial form into centrality, aggregation and complexity, and analyzed net effect and its heterogeneity of urban spatial form on energy efficiency with OLS, quantile regression model as well as grouped regression model. The following main conclusions were reached: First, the effect of urban centrality on energy efficiency shows an inverted U-shaped trend with an inflection point value of 0.34, and 98.23% of the city samples are on the left of the inflection point, meaning that strengthening urban centralization for the vast majority of cities helps improve energy efficiency. Second, the effect of urban spatial complexity on energy efficiency shows a U-shaped trend of first decreasing and then increasing, and about three-quarters of urban samples are located on the left side of the inflection point. It can be seen that with the rise of urban spatial complexity, the urban energy efficiency tends to decline, but the decreasing rate gradually decreases. Third, from the perspective of the overall average effect, the net effect of urban aggregation on energy efficiency is not significant. However, in the sample of high quantile for energy efficiency, the net effect of urban spatial aggregation on energy efficiency is significantly positive, but the growth rate tends to decrease. Fourth, whether it is promotion or inhibition, the urban samples with high energy efficiency are more affected by the change of urban spatial form. Fifth, the effect of urban spatial form on energy efficiency shows obvious urban heterogeneity. Specifically, the positive effect of spatial centrality and aggregation on urban energy efficiency is more obvious in megacities, and the negative effect of spatial complexity on urban energy efficiency is more obvious in SMCs. In short, the significant impact of different types of urban spatial forms on energy efficiency provides new ideas for the path selection and optimization of urban energy efficiency improvement, which is to push force from the urban spatial form. That’s to say, optimizing the urban spatial form is one of the important ways to improve the energy efficiency. But the policy setting should give full consideration to the urban heterogeneity and classified policies.
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The logistics and manufacturing industries are basic industries that support social development. First, this study classifies the carbon emissions from the logistics industry and pollution emissions from the manufacturing industry as undesirable outputs and evaluates the ecological efficiency of the logistics and manufacturing industries in the Yangtze River Delta from 2006 to 2016 by using the unexpected slacks-based measure (SBM) model. Second, the study analyzes the spatial differences in industrial correlation efficiency by using the exploratory spatial data analysis method. Third, the spatial econometric model is used to analyze the driving factors of the linkage ecological efficiency between logistics industry and manufacturing industry. Finally, the neural network model is used to predict the linkage ecological efficiency. The results show that the ecological efficiency of the manufacturing industry has steadily improved. The ecological efficiency of the logistics industry presents the rising trend in fluctuation. The level of the linkage development between the logistics and manufacturing industries is high. The results of the spatial heterogeneity analysis show that the spatial differentiation of high–high agglomeration and low–low agglomeration is obvious. The spatial agglomeration characteristics are relatively stable, and the spatial diffusion effect is strong. In space, the linkage ecological efficiency shows a trend of development from multiple agglomeration areas to one agglomeration area. The results of driving factor analysis show that foreign direct investment (FDI), government intervention (GI), and human capital (HP) have positive effects on linkage ecological efficiency, while industrial structure (IS), environmental regulation (ER), and energy intensity (EI) have negative effects on linkage ecological efficiency. The results of the linkage development trend analysis show that the linkage ecological efficiency of the two industries will tend to be stable in the future.
Keywords: ecological efficiency, logistics industry, manufacturing industry, spatiotemporal characteristics, spatial econometric model
INTRODUCTION
At present, with the rapid development of the social economy, China’s logistics demand is increasing rapidly, and the scale of logistics is expanding rapidly. How to continuously improve the quality of the logistics industry while reducing energy consumption and carbon dioxide emissions is an urgent problem to be considered. Similarly, while China’s manufacturing industry has made great achievements, it has also encountered various environmental problems in the process of industrialization similar to developed countries in recent centuries. The extensive economic growth mode of high input and high energy consumption leads to the problems of low resource utilization efficiency and the aggravation of environmental pollution (De Koster, 2003).
The logistics and manufacturing industries have a naturally close relationship; they influence each other and develop interactively (W.L. Zheng et al., 2020). The linkage degree of the logistics and manufacturing industries determines the development level of the “two industries” and the comprehensive competitiveness of the regional economy. In recent years, the development trend of linkage and integration between China’s logistics and manufacturing industries has increased, but the degree of integration is not high enough, the scope is not wide enough, and the degree is not deep enough, which does not meet the general requirements of promoting the formation of a strong domestic market, building a modern economic system, and adapting to the new pattern of “double cycle” development (Notice, 2020).
China’s economy has entered the stage of high-quality development, and the cultivation of industrial clusters with international competitiveness has become a new power source to achieve high-quality economic development. In 2018, the integrated development of the Yangtze River Delta became a national strategy. The Yangtze River Delta is an important gathering area for China’s advanced manufacturing industry. Through informatization, networking, and the integration effect of modern logistics, the logistics cost of manufacturing enterprises can be effectively reduced, and more resources can be concentrated to develop the core competitiveness of the manufacturing industry. Therefore, it is of great practical significance to study the development of the linkage between the logistics and manufacturing industries to promote the transformation and upgradability of the manufacturing industry in the Yangtze River Delta region, to achieve the goal of “made in China 2025” and to realize the high-quality development of the regional economy.
Since the concept of ecological benefit was first proposed by Schartger and Sturm (1990), in recent years, many scholars have studied ecological efficiency (Zhou et al., 2015) (Watanabe and Tanaka, 2007:; Wang et al., 2010). The two directions related to this study are logistics industry’s efficiency and manufacturing industry’s efficiency.
1) In terms of ecological efficiency of the logistics industry:
Long et al. (2020) used carbon dioxide emissions as undesirable outputs to evaluate logistics ecological efficiency. Zhang (2019) used the SBM undesirable model to measure the efficiency of China’s logistics industry under low-carbon constraints, and the panel Tobit model was used to empirically analyze its influencing factors. The results show that the overall efficiency of China’s logistics industry is at the upper middle level, with obvious regional differences.
2) In terms of ecological efficiency of the manufacturing industry:
Zhang et al. (2019) constructed a three-stage efficiency measurement model of advanced manufacturing green technology innovation by using non-mandatory range adjustment and stochastic frontier functions and measured its green technology innovation efficiency based on the manufacturing panel data. The results show that the overall efficiency of green technology innovation in the national advanced manufacturing industry is still low, and the capital intensity and industry profit rate have a significantly positive effect on the efficiency of green technology innovation in the advanced manufacturing industry (Han et al. 2014). Using the directional distance function, the ecological efficiency level of the manufacturing industry is calculated under the condition of considering the energy input and undesirable outputs. The research shows that the ecological efficiency of China’s manufacturing industry is on the rise, but it is significantly lower than that without considering resource input and negative environmental output. The ecological efficiency level of the manufacturing industry shows obvious industry heterogeneity.
Recently, various studies have focused on the production sector for estimation of resources and climatic and institutional barriers in land use (Elahi et al., 2021a; Elahi et al., 2021b; Elahi et al., 2019a; Elahi et al., 2019b; Elahi et al., 2019c: Elahi et al., 2019d; Elahi et al., 2018). Some studies for instance (Peng et al., 2020a; Peng et al., 2020b; Peng et al, 2019; Peng et al, 2019; Peng et al., 2018; Huang et al., 2020; Wang et al., 2019) have focused on ecological security, ecological footprint, ecological carrying capacity, and ecological environmental vulnerability. However, ecological efficiency evaluation and the spatiotemporal characteristics analysis of the linkage development of the logistics industry and the manufacturing industry have not been explored yet. Therefore, the current article aims to determine the ecological efficiency of the linkage development of the logistics industry and the manufacturing industry considering environmental effects as well as the spatial model (spatial heterogeneity, spatial agglomeration, and driver analysis) and trend dynamic evolution of the linkage development efficiency of the two industries.
The rest of this article is organized as follows: The second part introduces relevant models. The third part explains the indicators and unexpected data. The fourth part presents the empirical analysis. Finally, this article summarizes the conclusions and discusses relevant suggestions.
Model Introduction
Slacks-Based Measure Model of Industrial Linkage Ecological Efficiency
In actual social production, when people’s material demand is solved, it also produces various kinds of side effect products, such as wastewater, waste residue, waste gas, and other pollutants. This article defines these indicators as undesirable outputs. People want to avoid this kind of undesirable outputs as much as possible; therefore, undesirable outputs are gradually becoming a concern for relevant scholars. Because there are undesirable outputs in environmental performance evaluation, we cannot simply use traditional DEA for performance evaluation, and we must consider new methods to evaluate environmental performance. Scholars call this kind of system performance, which simultaneously considers input, expected output, and undesirable outputs of environmental factors, an environmental performance, and the corresponding evaluation is called an environmental performance evaluation (Zhou et al., 2008; Sueyoshi et al., 2016). Therefore, Tone proposed a new SBM model in 2003 (Tone, 2003), that is, the unexpected SBM model. The new SBM model has actually made some extensions on DEA, which precisely highlights the progressiveness of the SBM model. The reason is that this model does not need to set the target of the optimal behavior of the production unit and preset the production function. In addition, the novelty of the model is that the results are more accurate because the radial and angular models are used to calculate the production units less than the relaxation variables without considering the relaxation variables. The calculation results (environmental efficiency) of this study are calculated by using Max DEA Ultra 7.10 software (used to measure the efficiency of the logistics industry, manufacturing industry, and the linkage efficiency between the two industries). Therefore, the efficiency (logistics efficiency, manufacturing efficiency, and linkage development efficiency) mentioned in this article is ecological efficiency, which is not repeated later.
Data envelopment analysis (DEA) is a systematic analysis method developed by famous American operational research scientists A. Charnes, W. W. Cooper, and E. Rhodes in 1978 based on the concept of “relative effectiveness” to study the relative effectiveness of multiple-input and multiple-output decision-making units (Chames et al., 1978). Because energy, environment, and output need to be included in the model, the model needs to include both expected and unexpected outputs. Tone (2001) proposed a non-radial and non-angular efficiency measurement method based on relaxation variables—slacks-based measure (SBM) model. Different from the traditional CCR or BCC model, the SBM model directly adds the relaxation vector to the objective function, so the economic interpretation of the SBM model is to maximize the actual profit, not just the benefit proportion. At the same time, Tone (2002) proposed a super efficiency SBM model on this basis to solve the problem of distinguishing and sorting when the efficiency values of multiple decision-making units are all 1. Compared with other DEA models, this super SBM model considering undesired output has the following three advantages: ① taking undesired output units into account; ② the relaxation problem of input–output variables has been effectively solved; and ③ it solves the problem of distinguishing and sorting when multiple decision-making units are effective at the same time. Therefore, this study selects the super-efficiency SBM model considering unexpected output, which can more comprehensively reflect the concept of environmental efficiency of regional logistics efficiency measurement, including the technical structure relationship between an unexpected output and the factor input. The formula is as follows:
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In Equation 2, variables [image: image], [image: image], and [image: image] represent input relaxation variables, expected output relaxation variables, and unexpected output relaxation variables, respectively. λ represents the weight vector. The numerator and denominator in the objective function, respectively, represent the average reducible ratio and the average expandable ratio of the actual input and output of the production decision unit relative to the production foreword, that is, the input inefficiency and output inefficiency. The objective function strictly decreases with respect to [image: image], [image: image], and [image: image]. The change interval of objective function value ρ is (0,1). When ρ = 1, [image: image], [image: image], and [image: image] are equal to 0, the decision-making unit is effective in comprehensive technical efficiency, pure technical efficiency, and scale efficiency; when ρ < 1, or, [image: image], [image: image], and [image: image] are not equal to 0, the decision-making unit is invalid in comprehensive technical efficiency, pure technical efficiency, or scale efficiency, and there is room for input–output improvement.
Spatial Diffusion Effect Model
Global Spatial Correlation
Global spatial correlation is used to analyze the spatial association and spatial difference of the research object and to determine whether there is spatial diffusion. It is generally measured by the global Moran index (Moran, 1953).
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where I is the Moran index, and [image: image], [image: image]; where Xi and Xj are the linkage efficiency values of the logistics industry and manufacturing industry of cities i and j, respectively. According to the calculation results of Moran’s I statistics, the normal distribution hypothesis can be used for testing. Finally, the significance level of spatial autocorrelation is tested by using the standardized statistic Z as follows:
[image: image]
According to the spatial distribution, the expected value of standardized Moran’s I was calculated as follows:
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The variance of normal distribution is as follows:
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where E(I) is the expectation of autocorrelation of observation variables and VAR (I) is the variance. WI and WJ refer to the sum of columns I and J in the spatial weight matrix, respectively, indicating the proximity of spatial positions I and J. When I and J are adjacent, Wij = 1, and vice versa. The value range of the Moran index is (−1,1). When I > 0, it means that there is a positive correlation in each region; when I = 0, it means that there is no spatial correlation in each region; and when I < 0, it indicates that there is a negative correlation in each city (completed by ArcGIS 10.2, used to analyze the diffusion characteristics of logistics industrial efficiency, manufacturing industrial efficiency, and linkage efficiency of the two industries).
Local Spatial Autocorrelation
Local spatial autocorrelation is the local expression of the Moran index, which is the test form of the agglomeration and dispersion effect of the local area. It reflects the correlation degree between the attribute value of a region and the attribute value of the adjacent region.
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where Ii is the local Moran index of area I and other parameters are the same as above.
If Ii is greater than 0, it means that the local area and the surrounding area present similar spatial agglomeration (high or low agglomeration). If Ii is less than 0, it shows different spatial agglomeration (high–low or low–high agglomeration). The cluster of regions can be directly analyzed by the Moran scatter diagram, and the local Moran index is still tested by Z statistic.
Spatial Econometric Model
Common spatial measurement models include the spatial lag model (SLM), spatial error model (SEM), and spatial Durbin model (SDM) (Elhorst, 2014; Liu et al., 2017). When spatial correlation exists in the error terms of the model, then using the SEM it can be expressed as follows:
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where Z indicates explained variables and is the vector of (n×1); X indicates explanatory variables, α indicates the regression coefficient, and is the vector of (k×1); μ indicates the random error vector; δ is the coefficient of spatial correlation between regression residuals; W indicates the spatial weight matrix (n×n); and ε indicates distributed random terms independently. If the model has significant dependence between explained variables and would affect its results, then using the SLM model, which can be expressed as follows:
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where ρ indicates the coefficient of endogenous interaction effects (WY), with its size representing the degree of spatial diffusion and spatial dependence. A significant value shows that definite spatial dependence exists in explained variables. If the model considers both the endogenous interaction effect of the error term and the endogenous interaction effect of explained variables, then using SDM, which can be expressed as follows:
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where θ is the spillover coefficient and others are the same with the SLM model.
Trend Prediction Model
The linkage development of the logistics and manufacturing industries has the characteristics of stage and dynamics. It is difficult to indicate its complexity to predict its development with general linear or non-linear models. Artificial neural networks have been successfully applied in many fields due to their unique information processing ability. A generalized regression neural network (GRNN) is a kind of radial basis function network that has strong a non-linear mapping ability, flexible network structure, high fault tolerance, and robustness. It has strong advantages over the RBF network in the approximation ability and learning speed, and the network converges. When the sample size is large, the prediction effect is good.
The theoretical basis of the GRNN is a non-linear regression analysis, which is composed of four layers in structure: an input layer, a mode layer, an addition layer, and an output layer. The number of neurons in the input layer is equal to the dimension of the input vector in the learning sample, the number of neurons in the mode layer is equal to the number of the learning sample, and the number of neurons in the output layer is equal to the dimension of the output vector in the learning sample (Matlab Chinese Forum, 2010; Zhang et al., 2020; Zheng et al., 2018).
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where x is the input variable, xi is the learning sample corresponding to the ith neuron, yij is the connection weight between the pattern layer and the summation layer, and yj is the output result corresponding to the jth neuron in the output layer (the calculation process is programmed and completed by MATLAB 2012, which is used to predict the efficiency of the logistics and manufacturing industries and the efficiency of linkage between the two industries).
Indicators and Undesirable Outputs Data
Selection of Indicators
With reference to very weak research on the linkage efficiency of these two industries, combined with some selection principles (significance, practicability, data availability, and isotropy) of the indicator system, manufacturing and logistics industry, linkage development, and efficiency evaluation, the index system is constructed from the perspective of input and output (Ji et al., 2018; Liang, 2015; Chen et al., 2020). The data used in this study are obtained mainly from the China Statistical Yearbook, the statistical yearbooks of the provinces, the National Bureau of Statistics, the China Industrial Statistical Yearbook, the China Environmental Statistical Yearbook, the China Energy Statistical Yearbook, and the school library. Due to the availability of data, the transportation industry and warehousing, postal, and telecommunications industrial data are generally used as logistics industrial data (since China has not yet established a relatively complete statistical system for the logistics industry and the statistical caliber of the logistics industry in each country is not the same, the model and index selection in this study are only applicable to a single country or region with unified logistics industrial data statistics). The specific selection indicators are as follows.
The linkage efficiency of logistics industry and manufacturing industry is the comparative relationship between input and output or between cost and income in the process of business activities of the whole system formed by logistics industry and manufacturing industry. Therefore, the ecological efficiency of the linkage between the manufacturing industry and the logistics industry means that the ecological efficiency of the logistics industry and the manufacturing industry are input factors to each other, which has an impact on the system. Therefore, referring to the research methods of Wang, 2017, on the basis of Table 1 and Table 2, and after considering the impact of both sides on each other, the index system as shown in Table 3 is constructed (Wang, 2017). To sum up, and consider the driving factor on this basis, so as to form the variable of spatial economic model as shown in Table 4.
TABLE 1 | Index system of manufacturing industry ecological efficiency.
[image: Table 1]TABLE 2 | Index system of logistics industry ecological efficiency.
[image: Table 2]TABLE 3 | Ecological efficiency index of the linkage between logistics industry and manufacturing industry.
[image: Table 3]TABLE 4 | Variable description for spatial econometric model.
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1) Concept of Desirable Outputs and Undesirable Outputs
In the production process of general economic system, we always hope that the smaller the input is, the better the output is. That is to say, we can produce as many outputs as possible with the smallest input, and the relative efficiency of production unit is also higher. The core idea of traditional DEA model in dealing with input–output in efficiency evaluation is also based on this. The output mentioned here is the expected output, which is the main purpose of economic production, and refers to the output with benefit. However, the production process will inevitably produce some negative effects on economic development, and people do not want to produce output. The output mentioned here is undesirable outputs, that is, the output that people do not expect. It is a subsidiary product of economic production, which means the output that is not beneficial or even harmful. For example, the paper products industry, while producing, emits industrial wastewater, waste gas, waste, and other pollutants. The paper or paper products here are called expected output; industrial wastewater, waste gas, waste, and other pollutants are called undesirable outputs. Considering environmental variables and paying attention to undesirable outputs will have important theoretical and practical significance for transforming the mode of economic development, strengthening environmental protection, promoting sustainable development, and establishing a saving and efficient industry.
2) Undesirable Outputs Data of Logistics Industry
Refer to Yuan et al. (2016), Zhang et al., 2017, Zheng et al. (2018) and other relevant scholars’ research on China’s transportation carbon emissions. In this study, the logistics industry unexpected output data are obtained from the transportation carbon emissions data. Due to the availability of the data, the undesirable outputs of the manufacturing industry is derived from China’s Urban Statistical Yearbook, and the logistics industry’s undesirable outputs is selected from transportation carbon emissions (that is, the undesirable outputs of logistics industry in Table 1, 2, and 3). The specific calculation method is as follows.
To ensure the accuracy of calculations of carbon emissions in the transportation industry in each province, this analysis uses 21 kinds of energy sources, including raw coal, cleaned coal, other washed coal, briquette, coke, coke oven gas, other gas, crude oil, gasoline, kerosene, diesel, fuel oil, liquefied petroleum gas, refinery dry gas, natural gas, and electric power as statistical objects, which are different from those in the past. The carbon emission amount (D) of the transportation industry is calculated as shown in the following formula.
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where [image: image] is carbon emissions from energy consumed by the transportation industry; [image: image] is fuel consumption; [image: image] is the conversion standard coal coefficient of fuel i; [image: image] is a carbon emission coefficient of fuel i; and [image: image] is the oxidation rate of fuel i. [image: image] comes from the conversion coefficient of the “General Principle of Comprehensive Energy Consumption Calculation” (GB/T 2589-2008); and [image: image] is derived from the default value of the IPCC carbon emission calculation guidelines.
3) Undesirable Outputs Data of Manufacturing Industry
Due to the availability of data, combined with domestic and foreign scholars’ research (Watanabe and Tanaka, 2007; Han et al., 2014), two indicators of wastewater and solid waste are finally determined as the undesirable outputs of manufacturing industry. The data of undesirable outputs of manufacturing industry are from《China Environmental Statistical Yearbook》.
Empirical Analysis
Evaluate the Overall Efficiency Value
The calculation results of the efficiency of the logistics industry, manufacturing industry, and two industrial linkages are shown in Figure 1. 1) From 2006 to 2016, the efficiency of the manufacturing industry in the Yangtze River Delta was stable. From 2006 to 2008, it increased slightly; from 2009 to 2012, it decreased slightly; from 2012 to 2014, it began to rise steadily and reached the highest value in 2014; and from 2014 to 2016, it decreased first and then increased, with slight fluctuation. 2) From 2006 to 2016, the efficiency of the logistics industry in the Yangtze River Delta increased slightly. It increased slightly from 2006 to 2011 and decreased significantly from 2011 to 2016. After efficiency reached the highest value in 2014, it rapidly decreased to the lowest value in 2016. When the manufacturing and logistics industries are both effective in the DEA, they can achieve linkage development. 3) The deviation of the efficiency curve between the manufacturing and logistics industries shows that the study area failed to achieve linkage development considering undesirable outputs, but the main industries that failed to achieve linkage development were not the same. Among them, the low efficiency of the manufacturing industry in 2009–2013 failed to achieve linkage development, and the low efficiency of the logistics industry in 2014–2016 failed to achieve linkage development.
[image: Figure 1]FIGURE 1 | Efficiency changing trend of the logistics industry, manufacturing industry, and manufacturing and logistics linkage efficiency.
Empirical Analysis of Spatial Diffusion Effect

1) Empirical Analysis of Global Spatial Autocorrelation
Utilizing ArcGIS 10.2 software, the data of the logistics and manufacturing industries in 25 cities in the Yangtze River Delta from 2006 to 2016 are calculated, and Moran’s I value and its standardized Z value are obtained (see Table 5). The results show that the index of the logistics and manufacturing industries of 25 cities in the Yangtze River Delta is positively correlated. The Z value for each year is positive, and the p-value is less than α (0.05), which indicates that the spatial autocorrelation is significant. This indicates that the regions with similar development levels (high or low) of the logistics and manufacturing industries in the Yangtze River Delta are concentrated in space; that is, the cities with higher linkage levels of the two industries have higher linkage levels of the two industries in their peripheral cities, and vice versa. From 2006 to 2016, the Moran index of the logistics and manufacturing industry in the Yangtze River Delta showed a trend of first rising and then declining, but the Z value of the linkage efficiency of the two industries was greater than 5, indicating that the spatial distribution of the logistics and manufacturing industries in the Yangtze River Delta during this period showed a globally significant similar level of agglomeration characteristics.
2) Empirical Analysis of Local Spatial Autocorrelation
TABLE 5 | Global autocorrelation analysis of linkage efficiency between logistics industry and manufacturing industry in the Yangtze River Delta.
[image: Table 5]In order to reflect the spatial structure changes of logistics industry and manufacturing industry in the Yangtze River Delta region from 2006 to 2016, according to the local spatial autocorrelation analysis method, this study selects the linkage efficiency of logistics industry and manufacturing industry in 2006, 2008, and 2016 as the research data and analyzes the spatial characteristics and changes of the linkage efficiency between each city and adjacent cities in the Yangtze River Delta region. The results (Table 6) show that there is an obvious spatial distribution pattern of logistics and manufacturing industry in the Yangtze River Delta.
TABLE 6 | Results of the Lisa analysis on the linkage efficiency of logistics industry and manufacturing industry in the Yangtze River Delta in 2006, 2008, and 2016.
[image: Table 6]According to the results of Lisa, each city is divided into four quadrants according to its nature. As shown in Table 6, this study selects several representative cities for analysis.
The first quadrant is the HH agglomeration type of logistics and manufacturing linkage ecological efficiency. The cities in this quadrant have relatively large local Moran values, and the local Moran values of the surrounding cities are also relatively large. That is to say, the logistics and manufacturing linkage efficiency of this city is relatively high, and it has a significant positive impact on the logistics and manufacturing linkage efficiency of neighboring cities. The high-value area of industry linkage efficiency is surrounded by the same high-value area, and the diffusion effect is obvious. It can be seen that the high agglomeration areas of logistics and manufacturing linkage efficiency in the Yangtze River Delta are mainly concentrated in Shanghai, Hangzhou, and Nanjing. By comparing 2006 and 2016, it can be found that in 2006, they were mainly distributed in Shanghai, the provincial capital and municipality directly under the central government; in 2016, Wuxi, Suzhou, Changzhou, and other surrounding cities were added. The linkage efficiency of the two industries in these cities represents a development trend from multiple agglomeration areas to one agglomeration area in the space, which indicates that the linkage of logistics industry and manufacturing industry in the research area has entered a relatively centralized development stage (Li et al., 2020).
The second quadrant is the LH agglomeration type. The local Moran value of cities in this quadrant is relatively small, and the local Moran value of surrounding cities is relatively large, that is, the cities with low linkage efficiency of logistics and manufacturing industry are surrounded by high-value cities. It can be seen that the low and high efficiency agglomeration areas of logistics and manufacturing in the Yangtze River Delta are mainly concentrated in Jiaxing, Taizhou, and other cities. By comparing 2006 and 2016, it can be found that in 2006, they were mainly distributed in Jiaxing, a city close to Shanghai, and Taizhou, a city close to the Suzhou Wuxi Changzhou economic zone. By 2016, they were reduced to only Jiaxing, and the surrounding areas of Jiaxing were developed by Shanghai, Hangzhou, Ningbo, and other cities. It is surrounded by the city.
The third quadrant is LL agglomeration type. The local Moran value of cities in this quadrant is relatively small, and the local Moran value of surrounding cities is also relatively small. That is to say, the linkage efficiency of logistics and manufacturing in this city is low, and it has a significant negative impact on the linkage efficiency of logistics and manufacturing in neighboring cities The low value area of industry linkage efficiency is surrounded by the same low value area. It can be seen that the low efficiency of the linkage between logistics industry and manufacturing industry in the Yangtze River Delta is mainly concentrated in the northern and southern mountainous areas, such as Suqian, Lishui, Quzhou, and other cities. By comparing 2006 and 2016, we can find that the low and low concentration areas are all the cities in northern Jiangsu and southern Zhejiang. The linkage efficiency of the two industries in these cities presents a negative externality agglomeration in space, and these cities will easily cause a vicious circle between cities and form a marginal area through the spatial spillover effect (Hackius and Petersen, 2020; Kant and Pal, 2017; Zhang et al., 2018; Chen et al., 2020; Li et al., 2018).
The fourth quadrant is the HL agglomeration type. The cities in this quadrant have relatively large local Moran values, and the local Moran values of the surrounding cities are relatively small, that is, the logistics and manufacturing linkage efficiency of the city is higher, and the local Moran values of the surrounding cities are relatively low, that is, the cities with high logistics and manufacturing linkage efficiency are ignored Surrounded by low value cities, it has spatial spillover effect on the surrounding cities. It can be seen from Table 6 that the agglomeration areas of logistics and manufacturing linkage efficiency in the Yangtze River Delta are mainly concentrated in Wenzhou and other cities. By comparing 2006 and 2016, it can be found that these cities are concentrated in southern Jiangsu. There are too many low value cities around, which indicates that Wenzhou, as a big city around, has limited power to drive the efficiency of the two industries linkage (Chen et al., 2020; Wang et al., 2015; Choi et al., 2016; Shi et al., 2016).
To sum up, the spatial agglomeration attribute of logistics and manufacturing linkage efficiency in the Yangtze River Delta is relatively stable, and the spatial diffusion effect is strong. In recent years, the rise of Suzhou, Wuxi, and Changzhou makes the Yangtze River Delta form a development trend from multiple agglomeration areas to relatively concentrated agglomeration areas. Jiaxing and Taizhou are the typical cities in the low–high agglomeration type. These cities are in the transition zone of Shanghai, Nanjing, and Hangzhou megalopolis; surrounded by these developed these low-low cluster type cities are the transition zone of the study area megalopolis used for factor flow. Lishui and Suqian are typical cities in low–low cluster type. The development level of logistics industry in these cities is backward, the foundation of manufacturing industry is poor, and the linkage efficiency of the two industries in the surrounding areas is also low, which is easy to form marginal areas. The typical city in high–low agglomeration type is Wenzhou, where the export-oriented economy is developed, and the manufacturing industry has a good foundation, resulting in the spatial spillover effect (Jiang et al., 2018; He et al., 2020; John., 2018).
Empirical Analysis of Spatial Econometrics
According to the previous analysis, the spatial autocorrelation test of linkage efficiency of logistics industry and manufacturing industry indicates that it exists as a spatial agglomeration. To find a proper spatial econometric model, this study use (robust) Lagrange multipliers (LM) test, the likelihood ratio (LR) test, the Wald test, and Hausman test (Table 7).
TABLE 7 | Estimation results without spatial interactive effects.
[image: Table 7]LM test results show that the spatial lag effect is more significant than the spatial error effect. Therefore, it is more suitable to use the spatial Durbin model.
It is noteworthy that the coefficients of the SDM model do not directly reflect the marginal effects of the corresponding explanatory variables on the dependent variable (LeSage and Pace, 2010), so it needs to verify spatial effects from the total effect, the direct effect, and indirect effect (Table8).
TABLE 8 | Estimation and test results based on the spatial Durbin model (SDM) for the driving factor.
[image: Table 8]The regression results are shown in Table 8; the industrial structure (IS) has a negative impact on the linkage ecological efficiency; it fully shows that the increase in the proportion of China’s logistics industry and manufacturing industry has a negative effect on ecological efficiency. With the acceleration of industrialization, the secondary industry drives economic growth will not change in a short period of time.
Foreign direct investment is the invisible driving force of the logistics industry and manufacturing industry development. Foreign direct investment increases 1%, linkage ecological efficiency will increase 0.116%, the hypothesis of ‘‘polluting heaven’’ is not established. This is mainly because in the process of logistics and manufacturing transformation, China gives priority to the development of green logistics and advocates green production. Relevant documents have been formulated and very strict measures have been taken for pollution prevention and ecological protection. In addition, we should pay more attention to the introduction of high-quality foreign investment and strengthen the examination and approval of foreign investment. The spillover effect of high-quality foreign capital is conducive to improving the linkage ecological efficiency of logistics industry and manufacturing industry in the Yangtze River Delta.
Environmental regulation has a negative impact on the improvement of logistics ecological efficiency, the higher the intensity of environmental regulation, the lower the logistics ecological efficiency. The inefficiency of environmental regulation is caused by the decentralized governance structure and the performance appraisal mechanism. This leads to the “race-to-the-bottom” competition of local governments in the process of enacting and implementing environmental regulations. Because environmental pollution is external and can be transmitted between regions, even if strict environmental regulations are implemented in this region, it will not necessarily reduce the damage caused by environmental pollution.
The government intervention direct coefficient is 0.046, indicating that the current government intervention has a positive impact on the linkage ecological efficiency. The problems existing in the linkage development of logistics industry and manufacturing industry are that the degree of marketization is not enough, the direct information asymmetry of the two industries, and the willingness of active cooperation is still not high. Therefore, government intervention can play a positive role in standardizing the market order, coordinating the operation of logistics and manufacturing industries, continuously guiding the two industries to actively cooperate, and improving the linkage efficiency of the two industries.
The energy intensity direct coefficient is 0.028, indicating that the energy intensity has a significant negative effect on the improvement of logistics ecological efficiency. The greater the energy intensity, the stronger will be the dependence of logistics industry and manufacturing industry on energy and also the greater the energy consumption. At the same time, the proportion of clean energy used in China’s logistics industry is small. Therefore, high energy consumption and high carbon emission restrict the efficient and sustainable development of logistics industry.
Human capital direct coefficient is 0.193, indicating that the human capital has a positive impact on linkage ecological efficiency. The indirect coefficient of human capital is 0.421, indicating that human capital has a positive spillover effect. The result shows that the higher the education level of the labor force in a certain city, the more propitious it is to promote the progress of linkage ecological efficiency in neighboring city. This is related to the development stage of logistics and manufacturing in the Yangtze River Delta. At present, the Yangtze River Delta is the most active region in China’s economic development and the leading region of high-tech development. The logistics industry and manufacturing industry have gradually crossed the primary stage driven by material capital and labor input, and entered the growth stage driven by human capital and core technology.
Empirical Analysis of Trend Prediction
According to the index system analyzed and the ecological efficiency results (logistics industrial efficiency, manufacturing industrial efficiency, and two industries’ linkage efficiency) calculated by the SBM model in the previous study, three input indexes of the logistics industry and two input indexes of the manufacturing industry are selected as network input, and the logistics industrial efficiency (LE), manufacturing industrial efficiency (ME), and two industrial linkage efficiencies (MLLE) are utilized as network output to establish the GRNN network. In view of the small amount of data and to improve the accuracy of the prediction, K-Fold cross-validation is used for data cross-validation, the GRNN network is trained, and the best SPREAD is found by circulation. The calculation process is programmed and completed in MATLAB 2012, and the calculation value of the linkage efficiency of the two industries from 2006 to 2016 is taken as the test sample for simulation. From the calculation results, it can be found that when the spread value of the network is 0.44, the prediction effect of the network is the most ideal, the simulation value is consistent with the actual value, and the feasibility of the model is high (Table 9). (LE is logistics efficiency; ME is manufacturing efficiency; MLLE is manufacturing and logistics linkage efficiency; SV is sample value; AV is analog value; Me is measurement error.)
TABLE 9 | Network training error test of the efficiency of two industries linkage development in the Yangtze River Delta from 2006 to 2016.
[image: Table 9]Using the established GRNN model, the efficiency of the logistics and manufacturing industries and the linkage efficiency of the two industries in 2017–2025 are simulated (Table 10). It can be seen from the table that the linkage efficiency of the two industries will continue to be at a high level in the future and that the overall linkage development is relatively stable at a medium and high level, but there is still room for improvement.
TABLE 10 | Development trend forecast of the efficiency of the linkage development of the two industries in the Yangtze River Delta from 2017 to 2025.
[image: Table 10]CONCLUSION
In this study, the ecological efficiency of logistics and manufacturing industry is evaluated by the SBM model; the spatial heterogeneity and spatial aggregation of the efficiency of the two industries are analyzed by the spatial correlation analysis; the driving factors of linkage efficiency are analyzed by using the spatial measurement method; and the dynamic evolution of the trend is predicted by using a neural network. It provides a theoretical reference and decision support for improving the linkage efficiency of logistics and manufacturing industry in the Yangtze River Delta.
The calculation results of industrial linkage ecological efficiency show that the ecological efficiency of the manufacturing industry in the study area has steadily improved; the ecological efficiency of the logistics industry has fluctuated greatly, first rising, then falling, and finally steadily improving; and the deviation of the ecological efficiency curve between the logistics and manufacturing industries shows that when considering the undesirable outputs, the logistics and manufacturing industries cannot achieve an absolutely high level of linkage development during the research period, but the ecological efficiency of the logistics and manufacturing industries is relatively stable. The linkage development is at a high level.
The results from spatial heterogeneity show that there is a positive spatial correlation between the indexes of the logistics and manufacturing of 25 cities in the Yangtze River Delta. Areas with similar development levels (high or low) of the logistics and manufacturing industries are concentrated in space. From 2006 to 2016, the Moran index of the logistics and manufacturing industries in the Yangtze River Delta region showed a trend of first rising and then declining, which indicates that the spatial distribution of the logistics and manufacturing industries showed a significantly similar level of agglomeration characteristics.
The results of the local spatial autocorrelation analysis show that the linkage ecological efficiency of the two industries in the Yangtze River Delta presents a development trend from multiple agglomeration areas to one agglomeration area in space, which indicates that the linkage of logistics industry and manufacturing industry in the Yangtze River Delta has entered a relatively centralized development stage.
The results show that FDI, GI, and HC have positive effects on the linkage ecological efficiency, while IS, ER, and EI have negative effects on the linkage ecological efficiency. The future trend of linkage development shows that the linkage ecological efficiency of the two industries will continue to be at a high level in the future and that the overall linkage development is relatively stable, which is at medium and high levels, but there is still room for improvement.
SUGGESTIONS AND POLICY IMPLICATIONS
According to the aforementioned research conclusion, this study presents some suggestions for the linkage development of the logistics and manufacturing industries in the Yangtze River Delta region.
First, although the efficiency of the regional logistics industry is at a high level, this still cannot meet the needs of the manufacturing industry, and the linkage ecological efficiency of the two industries lags behind the efficiency of the manufacturing industry. Therefore, in order to improve the level of linkage development, it needs to continue to make greater effort to develop high-end logistics dominated by high-tech, which can greatly improve the service level, specialization level, and economies of scale that are advantageous for logistics enterprises, and to help the manufacturing industry to reduce costs and to improve efficiency.
Second, the transformation and upgrading of the local manufacturing industry need to be continually promoted. Although the efficiency of the manufacturing industry in the research area is at a high level, there is still room for development. In the future, the transformation and upgrading of China’s manufacturing industry should be promoted under the guidance of the Internet of Things, artificial intelligence, big data, cloud computing, and other advanced technologies to achieve the goal of “made in China 2025.”
Third, it is increasing concern to society about the environment impact of the development of the logistics and manufacturing industries. The development policies of the logistics and manufacturing industries formulated by relevant managers should not only consider the economic benefits but also consider the impact on the environment.
Fourth, energy conservation and emission-reduction technology should be promoted. The government should increase investment in the development of energy-saving and emission-reduction technology, enhance the exchange of advanced technology and the management experience of energy savings and environmental protection, and actively develop and promote energy savings and emission-reduction technology to effectively improve the increasingly serious problem of environmental pollution.
Fifth, the government should actively develop the circular economy and realize the recycling of resources. Government managers can expand the scope of circular economy pilots to spread all over the country, formulate environmental regulation policies reasonably, encourage industries with high-energy consumption and large amounts of pollution to develop an internal circular economy, and reduce undesirable outputs.
The limitations of this study include the following. Regarding research data acquisition: because the logistics industry is a network industry involved in many other industries, currently, a systematic evaluation index of the efficiency of the logistics industry is still missing; there are currently no authoritative logistics statistical indicators in China; compared to urban logistics and manufacturing data, the availability of undesirable outputs data is poorer.
Regarding future research, with the development of informatization, big data, and the Internet of Things, more extensive research can be conducted on index selection and data acquisition in the future. This study is limited to the Yangtze River Delta region. The interaction between the logistics and manufacturing industries has a different development status in different regions in China. In the future, the study area can be extended to the entire country.
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The mining industry (MI) has played a key role in ensuring a stable supply of minerals for industrial production and human survival. The Chinese government is implementing various policies to promote the MI and needs quantitative information on the economic role and effects of the MI. Thus, this article uses comprehensive and multi-period input-output (IO) analysis to investigate the roles of four mining sectors, including the entire mining sector in the Chinese national economy, from the period 2007–2017. To this end, three models are employed. First, the production-inducing effects, value-added creation effects, and wage-inducing effects of 1 dollar of production in the MI sector are analyzed using a demand-driven model. One dollar of production or investment in the sector causes 0.862–1.171 dollars of production, 0.271–0.333 dollar of value-added, and 0.106–0.125 dollar of wage, respectively. Second, by applying a supply-driven model, it is found that one dollar of supply shortage in the MI causes 4.383–5.949 dollars of production failure throughout the national economy. Third, by utilizing a price-side model, it is discovered that a 10% increase in the price of output of the MI raises the overall price level by 0.108%–0.171%. The results of this article were critical to enlighten policy-makers to forward ever-improvement on the MI and combine the MI within national economic system reform and planning, by offering a clear vision of how MI will affect the various sectors and the economic system as a whole.
Keywords: input-output analysis, mining industry, economic impacts, China, national economy
1 INTRODUCTION
The mining industry (MI) plays an essential role in accelerating industrialization and urbanization, as it provides raw materials to meet the growing demand for resources. In addition, it contributes to increased foreign capital investment, exports, and employment, key factors in socio-economic development (Chen et al., 2020; Jiskani et al., 2020). In other words, the MI’s primary purpose is to offer energy resources, metallic materials, and non-metallic minerals for the development of other industries, and extensive and multi-level direct and indirect links with other industries in the economy (Lei et al., 2013; Kim et al., 2020).
China has discovered 173 minerals and has proven reserves in 163 minerals, ranking third globally after the United States and Russia. These resources include 13 energy, 59 metal, 95 non-metal, and 6 water and gas minerals, with some resources’ reserves being relatively abundant (The Report of China Mineral Resources, 2020). Furthermore, from 2003 to 2014, the annual growth rate of mining investment in China consistently exceeded 10% (Fan et al., 2017), and with the implementation of the “Made in China 2025” strategy, the enormous potential and growth space of China’s economy transitioning to a high-quality development stage will continue to boost demand for mineral resources (Feng et al., 2019; The Stats Council of the People’s Republic of China, 2020), with China expected to become the world’s largest coal market by 2035 (Wang et al., 2019). However, the traditional extensive development model is unsustainable, and pressures on resource security, economic security and ecological security are growing. Therefore, the development of the mining industry must accelerate structural optimization and adjustment, improve the efficiency of development and utilization, promote the transformation and upgrading of the mining industry and green development, realize the modernization of governance capabilities, so as to comprehensively promote the high-quality development of the mining industry (Al Asbahi et al., 2019; Yang et al., 2021). In addition, green and efficient mining of advantageous minerals through new digitalization and new technologies, such as tantalum, niobium, lithium, rare earth, scandium, germanium, gallium, indium, rhenium, tellurium, and arsenic has become a global concern as these minerals are in short supply in the United States, Europe and other Western countries. Thus, China’s MI is a major stimulant for both the local and global economies.
The input-output (IO) analysis suggested by Leontief (1936) is thought to be an effective top-down approach to underpin embodiment accounting. The inverse matrix is used to solve the inter-industry transaction table’s mathematical relationship in IO analysis based on the general framework of the IO table. Additionally, the IO model is significant in various areas, notably energy issues, regional economies, environmental issues, and employment (Beylot and Villeneuve, 2015; Ju et al., 2016; Means et al., 1939; Wang and Wang, 2019). Furthermore, IO analysis has broad applicability to mining and mining-related businesses in regional and national economies. For example, between 1971 and 1993, Stilwell et al. (2000) used the IO table to analyze the impact of gold, coal, and other mining activities on the South African economy. Based on this model, San Cristóbal and Biezma (2006) employed IO analysis to identify three significant subsectors: the German coal mining industry, the Swedish iron ore mining business, and the Austrian mining and quarrying industry. In empirical studies, Ivanova (2014) used input-output modeling to analyze the economic diversity of Australia’s Queensland region to identify key sectoral, backward, and forward linkages. In addition, Kim et al. (2020) used IO tables published by the Bank of Korea in 2015 to conduct an input-output analysis identifying Korean mining industry characteristics, such as production-induced effects and supply shortage impacts.
Many scholars have proven the link between energy resources and economic development, such as the fact that recycling and using natural resources increases economic growth potential (Upadhyay et al., 2021), and the mining industry adds to the economy’s demand for materials for productive activities (Suh, 2021). Also, in the process of economic transformation, sustainable economic growth can be stimulated through the transformation of natural resources (Sun et al., 2020). Agyekum et al. (2021) examined the environment in the renewable energy sector through a mix of PESTLE-AHP methodologies and found economic factors as key challenges. Several scholars have focused on the MI of China. For instance, Lei et al. (2013) conducted a quantitative analysis of sub-sectors in China’s MI using data from the China Statistical Yearbook 2004–2010 and China’s 2007 IO tables to identify input-output, industry linkage, and income distribution effects. Further research evaluated the contribution of mining-related industries. Xu (2011) used an IO model to analyze the Chinese petroleum industry’s direct and indirect economic impact coefficients and inducing effects. Wu and Zhang (2016) examined the rising demand in China’s coal sector from 1997 to 2012 using an IO structural decomposition analysis (IO SDA) model, concluding that industrial upgrading could successfully restrict coal demand growth with a contribution of 108.6%. Song et al. (2019) used the same model to analyze the drivers of metal consumption in China at the national, industry, and sub-industry levels. Furthermore, Wang and Ge (2020) used a multi-regional IO model to calculate external demand for coal consumption in mainland China, deconstructed critical elements using structural decomposition analysis, and then calculated the impact of external demand on direct and indirect coal consumption in mainland China.
Most previous studies of China’s MI focused on a single mining sub-sector, such as coal, metal ores, or petroleum. In addition, few studies conducted a comprehensive assessment of the economic impact of China’s entire mining sector. Therefore, this study analyzed the economic and social effects of the Chinese MI through an IO analysis, using China’s recent official data from 2007, 2012, and 2017 IO tables (National Bureau of Statistics of China, 2012; National Bureau of Statistics of China, 2017; National Bureau of Statistics of China, 2019). An additional four MI sub-sectors were recovered, and their outputs were extracted to create a set of MI sector models. The results were estimated as the production-inducing, wage-inducing, and value-added creation effects of MI investment (demand-driven model), the effect of MI loss in supply shortage (supply-driven model), the effects of a 10% increase in the price of MI products (price-side model), and the inter-industry linkage effect. The major goal of these studies was to show how the MI interacts with the primary, secondary, and tertiary industries, as well as other sectors within the mining industry. In this way, the industrial association and industrial spread effect of the mining industry are revealed, and the contribution of the mining industry to China’s national economy is quantified. In addition, another purpose of studying the mining industry is to provide data support for decision-makers who are developing mining development policies. The findings of this paper can be used to better understand the status and role of the mining industry and its internal departments in the development of the national economy, as well as to guide the formulation of China’s mineral product price adjustment policies and how to use industrial policies to promote the development of the mining industry.
This study is structured as follows: Section 1 shows the introduction; Section 2 describes the current status of China’s mining industry; Section 3 introduces the data and methodology for examining the MI’s contribution to the national economy from four aspects: the demand-driven model, the supply shortage model, the price-side model, and the inter-industry linkage model; Section 4 analyzes the results; and, finally, Section 5 draws the conclusions and critical policy implications.
2 CURRENT STATUS OF THE MINING INDUSTRY IN CHINA
According to the industry classification in the National Bureau of Statistics of the People’s Republic of China (NBSC), the MI consists of five main sub-sectors: non-ferrous metal ore mining and processing (NFMOMP), coal mining and washing (CMW), ferrous metal ore mining and processing (FMOMP), petroleum and natural gas extraction (PNGE), and non-metal ore mining and processing (NOMP) (Wang and Feng, 2017). As shown in Table 1, the MI is divided into four sections in the Chinese IO table: coal, crude petroleum and natural gas, metal ores, and non-metallic mineral mining, with FMOMP and NFMOMP counted as metal ores.
TABLE 1 | The categories of the four major mining sectors.
[image: Table 1]The MI is an essential sector in the national economy since it provides raw materials for manufacturing (Shen et al., 2015; Wang and Sun, 2017). However, the global mining industry is currently in flux due to economic restructuring and price drops in most mineral products. Between 2003 and 2011, China’s mining economy was in a high-speed development phase, with the output value increasing from 0.74 trillion yuan to 5.86 trillion yuan and an average annual growth rate of 29.6%, but since 2012, China’s MI has been in a “transition period” (Chen et al., 2015), with an average annual growth rate of 3.5% between 2012 and 2014. As shown in Figure 1, the fixed-asset investment growth rate in China’s MI has declined, even in 2016 and 2017, with successive negative growth, and has since only maintained an average annual growth rate of around 2%. In 2020, among the mining sector’s fixed-asset investments, those in the coal and non-metallic sectors grew slightly, by 2.2 and 4.9%, respectively. Meanwhile, due to the plunge in crude oil prices, fixed-asset investments in crude petroleum and natural gas fell sharply by 21.8%. In addition, fixed-asset investments in FMOMP and NFMOMP narrowed, down 9.9 and 6.1% year-on-year, up 8.9% points and 21.5% points from last year, respectively. It has been said that China’s mining economy is in a new phase dubbed “new normal,” characterized by medium-speed growth, economic restructuring, and upgrading (Cheng et al., 2015; Tung, 2016).
[image: Figure 1]FIGURE 1 | China’s fixed-assest investment in mining and secondary industry from 2007 to 2019.
This year (2021) is the opening year of China’s 14th Five-Year Plan when China officially starts a new journey to build a comprehensive socialist modern state. Moreover, with its expected population peak in 2030, China will remain the primary driver of global economic growth in the next decade, and the demand for mineral resources will continue to grow (Guo et al., 2021). In particular, bulk minerals such as iron ore and copper, closely related to new infrastructure, are in solid demand, driven by investment. In 2019, the total number of people employed in China’s MI and MI-related sectors reached 3.677 million, accounting for 2.14% of national employment (National Bureau of Statistics of China, 2020). In the background, implementing China’s “One Belt, One Road” strategy will bring development opportunities for China’s MI, and the rational development and utilization of mineral resources will effectively promote economic recycling and protect the ecological environment (Zhou et al., 2020).
3 MATERIALS AND METHODS
3.1 Data Sources
We used China’s IO tables for 2007, 2012, and 2017 compiled every 5 years by the NBSC (National Bureau of Statistics of China, 2019), to analyze the roles of China’s MI. Furthermore, the essential data, such as value contributed, total output value, and employee remuneration, were from the China Mineral Resources report and the National Plan for Mineral Resources 2016-2020(Ministry of Natural Resources), issued by the Ministry of Natural Resources (Ministry of Natural Resources PRC).
The entire mining sector was not available in China’s IO tables. Therefore, based on the sectoral analysis, the main issue was summing up the sub-sectors of the mining industry in the IO table to obtain data for the entire mining industry. The steps were as follows: first, the Chinese mining industry’s four major sub-sectors were identified (Table 1) based on the industry classification standard and main mining activities. Next, based on statistics, such as total output value and value-added for the four mining sub-sectors, we aggregated the entire mining industry, the sum of all sub-sectors. They are the basis for further evaluation on economic effects of MI on the national economy of China.
IO analysis is the analysis method to quantitatively grasp the interrelation among the industries produced through production activity by using the input-output table covering the whole of national economy. It is possible for this analysis to analyze the interrelation among the industries which does not deal with macro-analysis. It is useful to analyze a concrete economic structure (Ghosh, 1958; Wu and Chen, 1990). Exogenous specification can examine the influence which one variable has on the endogenous economy sector by treating the variable exogenously. By using the exogenous specification, we can know the influence which the output of a specific sector has and the effect that the output causes other industries.
3.2 General Framework of the IO Model
The first researcher to employ an IO matrix depiction of a national or regional economy was Leontief (1966), who employed an inverse matrix to solve the mathematical relationship of inter-industry transaction tables based on the IO table’s general framework. In an IO table, the columns indicate the input values for each sector, while the rows represent the output values. For example, if the IO table is divided into N sectors: sector i’s total input is denoted by [image: image]; [image: image] signifies the final demand for items in the industry i; [image: image] denotes the sector-between direct input coefficients matrix (from sector i to sector j). The sector-between direct output coefficients matrix (from each sector i to each sector j) is denoted by [image: image]; the total output value of sector j is denoted by [image: image]; and the added value of sector j is denoted by [image: image]. The primary assumption is related to the basic Leontief model and can be used as an indicator to assess the contribution of a specific sector over a given period. The traditional representation of IO equations is as follows (Miller and Blair, 1985):
[image: image]
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3.3 Demand-Driven Model
The inducement effects on production, value-added, and wage-inducing can be evaluated in the demand-driven model. These effects mean that how much the production, value-added, and wages of other industries, excepting for the target industry increase, when the production of the target industry which is the industry related to the China’s MI increases with $1. The following equations to evaluate the inducement effects of the production, value-added, and wage-inducing by treating the industry regarding with the China’s MI (hereinafter referred to as “H sector”) as exogenous. The process to induce each equation can refer to a large number of papers on IO analysis (Yoo and Yang, 1999; Oosterhaven, 2019).
3.3.1 Production-Inducing Effects

[image: image]
[image: image] represents the emission variation of the other sectors with except of sector H, [image: image] is the Leontief inverse matrix of reduced input coefficient matrix, with elimination of the row and column of sector H, [image: image] denotes a column vector except for an element of sector H, [image: image] identifies the scalar of the change in the sectorial gross output of H.
3.3.2 Value-Added Creation Effects

[image: image]
[image: image] represents the value-added of the other sectors with except of sector H, [image: image] represents the matrix of reduced diagonal matrix of value-added coefficient upon eliminating the row and column of sector H.
3.3.3 Wage-Inducing Effects

[image: image]
[image: image] represents the wage-inducing of the other sectors with except of sector H, [image: image] represents the matrix of reduced diagonal matrix of wage-inducing coefficient upon eliminating the row and column of sector H.
3.4 Inter-Industry Linkage Model
The industry linkage model is proposed to measure the backward and forward relationship between one industry and other sectors in order to examine the strengths of the industry linkage within the national economy account. That is, the backward linkage represents the importance of the MI as demanders, whereas the forward linkage represents the importance of the MI as suppliers (Hirschman, 1958).
In terms of dispersion power, the backward linkage reflects a column vector analysis of the Leontief inverse matrix. This model examines the effects on all sectors of production when the MI’s ultimate demand increases by one unit. All sectors have a societal average level of 1. When the MI’s backward linkage is more than one, it implies that the sector’s influence on the national economy surpasses the societal average level of all sectors. The backward linkage effect can be expressed as follows:
[image: image]
Where [image: image] denotes the backward linkage effect, [image: image] is the sum of the Leontief inverse matrix column vector, and [image: image] is the average of the Leontief inverse matrix.
In terms of dispersion sensitivity, the forward linkage examines the change in one mining sector when the ultimate usage in the remaining sectors increases by one unit. A row vector analysis of the Leontief inverse matrix is reflected in the forward linkage. The following is an expression for the forward linkage effect:
[image: image]
Where [image: image] denotes the backward linkage effect, [image: image] is the sum of the Leontief inverse matrix row vector.
3.5 Supply-Driven Model
Equation 2 in the IO table can also be expressed as [image: image]. The upper mark (′) denotes the transposition of the given matrix, R represents the direct distribution coefficient matrix, and [image: image] denotes the complete distribution matrix for eliminating the row and column of the MI (Giarratani, 1976; Davis and Salkin, 1984). Thus, the supply shortage effect can be expressed as follows:
[image: image]
Where [image: image] denotes the supply shortage effect; In addition, this approach may also be used to calculate the cost of loss in the MI’s supply shortfall.
3.6 Price-Side Model
The price-side model or Leontief price model can be used to assess the impact of price changes in one sector on the price levels of other sectors (Hirschman, 1958). The IO price-side model does not take into account the impact of changes in net wages or production taxes and operating earnings on prices (Yoo and Yoo, 2009). The price-side effect can be modified as follows:
[image: image]
where [image: image] denotes the vector of the price change excluding sector H; [image: image] presents a scalar of the price change of sector H. Assuming that the cost change in each sector is able to completely transferred, plus the annual sectorial outputs are offered, how the cost change of the MI sector will drive the wholesale price changes on the economic system can be investigated by Eq. 9.
4 RESULTS AND DISCUSSION
4.1 Data
The MI is divided into four sub-sectors in the basic scale IO table: coal, crude petroleum and natural gas, metal ores, and non-metallic mineral mining. The sector categorization utilized in this study is shown in Table 2, comprising 38 large-scale sectors and four MI sub-sectors. Consequently, five analysis findings are presented: one for the whole MI and one for each of the four sub-sectors. In addition, all findings are based on research identifying the MI sector as exogenous rather than endogenous.
TABLE 2 | Sector classification adopted in this study.
[image: Table 2]4.2 Results of the Demand-Driven Model
The sectoral impacts of mining investment are summarized in Tables 3–5. Table 3 shows the results of the demand-driven model in analyzing the MI’s production-inducing impact. The sum of $1 of production or investment in the other sectors is $0.896–$1.360 (coal), $0.880–$1.214 (crude petroleum and natural gas), $1.185–$1.711 (metal ores), and $1.522–$1.716 (non-metallic mineral mining), respectively. Thus, the overall production-inducing effect of $1 of mining production or investment on other sectors is $0.862–$1.171.
TABLE 3 | Production-inducing effects of mining industry.
[image: Table 3]TABLE 4 | Value-added creation effects of mining industry.
[image: Table 4]TABLE 5 | Wage-inducing effects of mining industry.
[image: Table 5]Table 4 evaluates an impact analysis of the MI’s value-added creation on other sectors. Production or investment of $1 in the coal, crude petroleum and natural gas, metal ores, and non-metallic mineral mining sectors, respectively, generates $0.131–$0.426, $0.144–$0.356, $0.179–$0.536, and $0.460–$0.539 of value-added for other sectors. Thus, the effect of $1 production or investment in value-added creation in the entire MI on other sectors is $0.271–$0.333.
Table 5 presents the conclusions of calculating the MI’s wage-inducing effects. Production or investment of $1 in the coal, crude petroleum and natural gas, metal ores, and non-metallic mineral mining sectors, respectively, produces $0.131–$0.145, $0.117–$0.158, $0.149–$0.179, and $0.171–$0.212 of wages in other sectors. Thus, the wage-inducing effect of $1 of MI production or investment on other sectors is $0.106–$0.125.
4.3 Results of the Supply-Driven Model
Table 6 depicts the costs of sectoral mining supply shortages in 2007, 2012, and 2017. Each figure represents how much output loss would be suffered in other sectors in the case of a $1 supply failure in the MI. The total impact of a supply failure in each MI sub-sector on the national economy can be obtained by combining the effects of a supply shortfall in each sector. The supply shortage effects of the coal, crude petroleum and natural gas, metal ores, non-metallic mineral mining sectors, and the entire MI is calculated to be $4.026–$5.280, $5.045–$9.553, $9.300–$13.755, $5.294–$6.557, and $4.383–$5.949, respectively. All of the results are significantly greater than one. In other words, a $1 failure in MI supply could substantially influence the overall national economy, implying that MI products are critical to manufacturing in other industries.
TABLE 6 | Supply shortage effects of mining industry.
[image: Table 6]4.4 Results of the Price-Side Model
Table 7 shows the effect of a 10% rise in the price of MI products on the price levels of other sectors. For example, in the food and tobacco industry, the MI price-pervasive effect is given as 0.037–0.063, meaning that a 10% rise in the price of MI products increases the price of food and tobacco by 0.037%–0.063%.
TABLE 7 | Price-pervasive effects of 10% increase in the price for the output of mining industry.
[image: Table 7]When calculating the impact of price changes in the mining sector on the whole economy, the percentage values for each industry are summed and averaged, and the total impact is overestimated. Therefore, the price-pervasive effect on the economy can be calculated by weighted averaging of each sector’s price-pervasive effect on each sector’s output. For example, the weighted averages of the price-pervasive effect of a 10% increase in the price of coal, crude petroleum and natural gas, metal ores, and non-mineral mining sectors, and the entire MI sector, are estimated to be 0.033%–0.055%, 0.041%–0.087%, 0.033%–0.049%, 0.014%–0.018%, and 0.108%–0.171%, respectively.
4.5 The Inter-Industry Linkage Effect
Table 8 shows the mining sector’s inter-industry forward and backward linkage effects in 2007, 2012, and 2017. Two interesting facts were uncovered. First, except for metal ores (2007), the mining sector’s sensitivity to dispersion was less than one, implying that the MI’s forward linkage impact is less than the total of other industries. In other words, the MI is unaffected by changes in other industries and contributes significant input to the country’s economy. Second, the MI’s dispersion power is greater than one, indicating that mining exerts considerable economic influence on other industries. Therefore, the MI should be classified as a final manufacturer, as it has high backward and low forward linkages (Ivanova, 2014).
TABLE 8 | The inter-industry linkage effect.
[image: Table 8]4.6 Discussion of the Results
This paper investigated the influence of the four MI sectors, including the overall MI sector, on the Chinese national economy from 2007 to 2017 using extensive IO analyses, including the demand-driven, supply-driven, and price-side models, and inter-industry linkage effect. The economic consequences of the IO analysis had three significant implications.
First, we used the demand-driven model to evaluate the MI’s economic consequences. As a result, the production-inducing effects, value-added creation effects, and wage-inducing effects of $1 of MI production or investment on the national economy were calculated to be $0.862–$1.171, $0.271–$0.333, and $0.106–$0.125, respectively. The figures on sectoral impacts of MI investments from the demand-driven model can be interpreted as benefits which ensue from development projects. As a result, policy decisions on whether to conduct a proposed MI project or not could, in principle, be deduced from an examination of costs and benefits associated with the project (Heo et al., 2010).
Since the study also estimated the economic effects for each sector, it is possible to examine the impacts of increased production or investment in the MI on each sector. In particular, the chemical products sector is the most affected by production or investment in the MI. This means that if the MI is activated, the Chemical Products sector will be activated the most. That is, the MI demands output from the Chemical Products sector more than it does from other sectors. However, production and investment in the MI have little influence on the Production and Supply of Tap Water sector.
Second, we used the supply-driven model to investigate the MI impact on supply shortages. Using the supply-driven model in IO analysis has increased in recent years due to the increased frequency of global natural disasters, such as COVID-19 pandemics and earthquakes, as it is helpful in setting economic reliability standards in the MI industry, but also in determining pricing and load management strategies (Howe et al., 1994). The effects of $1 of supply shortages in the Coal, Crude Petroleum and Natural Gas, Metal Ores, Non-Metallic Mineral Mining sectors, and the entire MI on the national economy were calculated to be $4.0262–$5.280, $5.045–$9.553, $9.300–$13.755, $5.294–$6.557, and $4.383–$5.949, respectively.
The results demonstrate that these numbers are much higher than one, indicating that MI production failure would significantly negatively impact the national economy because MI output is a primary input in other sectors’ manufacturing. Therefore, the government should make every effort to guarantee a steady MI supply, as a MI supply deficit could substantially negatively impact the economy (Feng et al., 2019). Supply shortages effects of the Metal Ores sector would be the most serious in the four MI sub-sectors.
Third, we employed a price-side model to analyze the impact of increased MI pricing on other industries. In addition, as the MI is exogenous in classic models, we attempted to consider the MI as an exogenous sector in this research. The impacts of a 10% price increase in the MI sector on the national economy were 0.033%–0.055%, 0.041%–0.087%, 0.033%–0.049%, 0.014%–0.018%, and 0.108%–0.171%, for the Coal, Crude Petroleum and Natural Gas, Metal Ores, Non-Metallic Mineral Mining sectors, and the entire MI, respectively. Thus, the price effects were minor overall.
For some reasons, there may be changes in the price of the output of the MI. A rise in raw material prices or labor expenses for the MI, tighter government regulations linked to safety and the environmental protection for the MI, or a decrease in yield due to a natural reduction in mineral deposits may cause an increase in the price of production in the MI (Ilankoon et al., 2018). Therefore, these results can be useful in formulating a MI pricing strategy based on the price-side model. Furthermore, it is possible to predict the sectors with significant or minor influence because mining costs have a high and low impact on different industry sectors. For example, the price effect of the MI is the largest for the Products of the Smelting and Metal Pressing sector.
5 CONCLUSION AND IMPLICATIONS
5.1 Main Findings and Conclusions
This study investigated the influence of the MI sector on the Chinese national economy from 2007 to 2017 using comprehensive IO analyses, such as the demand-driven, supply-driven, and price-side models and inter-industry linkage effects. Except for our inter-industry linkage effects analysis, the MI sector was treated as exogenous to evaluate the net effects by changes in investment, supply, or price in each sector.
Based on the analytical results from the demand-driven model, a $1.0 change in the MI sector investment induced $0.862–$1.171 of the output, $0.271–$0.333 of the value-added, and $0.106–$0.125 of the wages in the national economy.
According to the analytical results from the supply-driven model, the supply shortage effect of the MI sector was $4.383–$5.949. In detail, sectors including “Processing of Petroleum, Coking, Processing of Nucleus Fuel”, “Products of Smelting and Pressing of Metals”, and “Repair Services of Metal Products Equipment and Machinery” presented high shortage effect.
According to the analysis based on price-side model, the national economic effect under 10% increase in the MI sector rate was 0.108%–0.171%. High sectoral price impacts were found in “Processing of Petroleum, Coking, Processing of Nucleus Fuel”, “Products of Smelting and Pressing of Metals”, and “Production and Supply of Electric Power, Steam and Hot Water”.
Finally, in the inter-industry linkage effect, the backward linkage effect of the MI sector was found greater than one, as 2.228–2.350, and the forward linkage effect was less than one, as 0.825–0.896. This indicated that the MI sector can be classified as a final manufacturer. This implies that the MI has bigger impacts in terms of investment expenditures on the national economy than other business. That is, the MI has a relatively strong capacity for pulling in other industries.
In conclusion, the temporal analysis shows that MI sectors play an increasingly important role in China from 2007 to 2017. The total contribution of the MI sectors shows a significant increase in this decade, but the growth rate slows down between 2012 and 2017. This may be caused by the lack of new mining economic motivation in the process of China’s mining restructuring. Another reason may be the global concern for environmental protection issues and mining sustainability strategy. The Chinese National 13th 5-year plan (2016–2020) recommends low carbon, clean, safe and modern energy systems (e.g., replace coal power generation with nuclear power) (Xing et al., 2017). However, with the promotion a series of mining regulations, such as the development of Green Mining Construction (GMC), the sustainable mining industry is gradually recovering.
5.2 Policy Implications
While our findings verified the positive effects of MI on national economy based on the evidence of China, much more work is needed to really integrate MI as an economic system innovation. Enlightened by the experiences of China and the key findings from our analysis, several policy implications were proposed and discussed as follows:
• First, the IO analysis was found to be beneficial in evaluating the economic effects of the Chinese MI, which is in line with prior study findings (Wang et al., 2019; Kim et al., 2020). IO analysis is a useful tool for studying various MI-related policy concerns, despite its inherent constraint of assuming fixed input needs. To modernize the MI and develop a sustainable, low-carbon, safe and efficient energy system, it is necessary for the Chinese government to transform the extensive mining paradigm by adopting new technologies, processes and equipment.
• Second, The analysis results from the price-side model showed that the adjustment of mining prices had little impact on household consumer goods. Considering the affordability of various industries in the national economy and people’s lives, it is necessary to reform the price of mineral products, change the unreasonable price relationship between mineral products and industrial products, and formulate a reasonable price system for mineral products.
• Third, in response to the environmental pollution caused by MI, the Chinese government has adopted a series of environmental control measures, such as setting up relevant environmental regulations to regulate the industry. However, due to the significant contribution of MI to the national economy, other measures should be taken by the Chinese government to overcome the lagging effect of the regulations on the industry development in addition to the implementation of them, so as to achieve a healthy and sustainable development of MI.
5.3 Research Limitations and Future Concerns
This paper used IO analysis to assess the feasibility of the mining sector’s overall economic contribution in China and produced a set of important indicators that could be utilized to build policy and the MI economy. However, the limitation of this article is that we treat the investments of MI projects as accumulative value rather than on-site survey data, while the NBSC is published every 5 years, hence the data match and timeliness issue might generate some uncertainty on the result.
As a follow-up to this study, future related studies may be carried out in two directions. First, although the article used the national IO table, multi-regional IO analysis can be carried out by employing a multi-regional IO table. This allows quantitative analysis of inter-regional effects as well as intra-regional effects. Second, the aim of the study is to assess the value of both direct and indirect contributions of China’s MI; however, it only considers the benefits of mining economy activities. Therefore, in future research, factors such as environmental pollution and shortage of mining resources should be taken into consideration to examine both the advantageous and disadvantageous impacts of the MI on the national economy.
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0.016

0.016

0.010
0.019

0.011

0.010

0.030

0.026

0.020

0.048

2012

0.005

0.007
0.010
0.010

0.021

0.036

0.019

0.024

0.035

0.268

0.125

0.088

0.082

0.071

0.104

0.041

0.051
0.041

0.014

0.081

0.021

0.020

0.013
0.066

0.006

0.016

0.005

0.017

0.006

0.005

0.022

0.023
0.015

0.015

0.005
0014

0.009

0.008

0.027

0.022

0.028

0.049

2017

0.004

0.005
0.008
0.008

0.015

0.026

0.009

0.017

0.025

0.2562

0.108

0.065

0.053

0.049

0.080

0.034

0.037
0.016

0.061

0014

0.007

0.009

0.045
0.004

0.008

0.004

0.007

0.004

0.002

0.012

0014

0.013
0.009

0.009

0.003
0.010

0.005

0.004

0017

0.009

0.018

0.033

2007

0.004

0.005
0.009
0.007
0.008

0.009

0.005

0.033

0.089

0.010

0012

0.009

0.009

0011

0011

0013

0012
0.001

0.004

0.004

0.005

0.038

0.004
0.004

0.003

0.002

0.004

0.001

0.002

0.006

0.008

0.004
0.006

0.006

0.004
0016

0.006

0.004

0.005

0.005

0.007

0.014

2012

0.006

0.006
0.009
0.008

0.010

0.013

0.071

0.029

0.101

0.016

0.014

0.012

0.012

0012

0.016

0011

0.013
0.014

0.004

0012

0.012

0.060

0.007
0.034

0.003

0.016

0.004

0.005

0.003

0.002

0011

0.010
0.010

0.007

0.003
0012

0.005

0.005

0.009

0.112

0.015

0.018

2017

0.004

0.005
0.007
0.007
0.008

0.010
0.075
0.023
0.005
0.013
0.010
0.009
0.009
0.009
0.013

0.009

0.010
0.005

0.009
0.009

0.071
0.005

0.032
0.002

0.010
0.004
0.003
0.002
0.001
0.006
0.007

0.006
0.007

0.005

0.003
0.010

0.004
0.003
0.009
0.141

0.013

0.015

2007

0.049

0.063
0.102
0.089
0.109

0.112

0.682

0.237

0.265

0.359

0.227

0.183

0.167

0.201

0.123

0.135

0.137
0.020

0.267

0.629

0.108

0.200

04177
0.086

0.050

0.050

0.067

0.029

0.0256

0.102

0.096

0.071
0.086

0.087

0.062
0.130

0.068

0.065

0.171

2012

0.052

0.057
0.085
0.077

0.102

0.133

0.689

0.217

0.287

0.401

0.240

0.181

0.175

0.156

0.211

0.119

0.132
0.169

0.044

0.185

0.359

0.616

0.104
0.190

0.032

0.167

0.043

0.067

0.035

0.022

0.114

0.009
0.000

0.068

0.082
0.101

0.062

0.053

0.168

2017

0.031

0.037
0.064
0.057

0.066

0.095

0.594

0.153

0.237

0.349

0.182

0.123

0.110

0.101

0.148

0.083

0.088
0.047

0.126

0.254

0.543

0.066

0.138
0.020

0.084

0.033

0.025

0.019

0.012

0.055

0.055

0.056
0.053

0.042

0.021
0.069

0.031

0.024

0.108
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ol

20

21

22

23
24

25

26

27

28

29

30

31

32
33

34

36
36

37

38

39

40

41
42

Products and Service of
Farming, Forestry, Animal
Husbandry and Fishery
Food and Tobacco
Textile Products
Manufacture of Leather,
Fur, Feather and Its
Products

Timber Processing and
Fumiture

Paper making, Printing,
Cultural and Educational
Goods

Processing of Petroleum,
Coking, Processing of
Nucleus Fuel

Chemical Products
Nonmetal Mineral
Products

Products of Smetting and
Pressing of Metals
Metal Products

General Machinery
Special Purpose
Machinery

Transport Equipment
Machinery

Electric Equipment and
Machinery
Communication
Equipment, Computer
and other Electronic
Equipment

Instruments and Meters
Other Manufacture,
Waster and Flotsam
Repair Services of Metal
Products Equipment and
Machinery

Production and Supply of
Electric Power, Steam
and Hot Water
Production and Supply
of Gas

Production and Supply of
Tap Water

Construction

Wholesale and Retail
Trade

Traffic, Transport,
Storage and Mail
Accommodation and
Restaurants

Information Transfer,
Computer and Software
Services

Barking

Real Estate Trade
Renting and Leasing,
Business Services
Research and
Development

Techrical Service
Management of Water
Conservancy,
Environment and Public
Establishment

Resident Services, Repair
and Other Services
Education

Health Care and Social
Work Activities

Culture, Sports and
Entertainment

Public Management,
Social Security and Social
Organization

Coal

Crude Petroleum and
Natural Gas

Metal Ores

Non-Metallic Mineral
Mining

Total

Value

Value

Value

Value

Value

2007

0.035

0.025
0012
0.011

0.018

0.018

0.066

0.106

0.024

0.181

0.048

0.116

0.038

0.053

0.038

0017

0.008
0.014

0.158

0.002

0.003

0.003

0.088
0.001

0.011

0.034

0.024

0.049

0.007

0.018

0.004

0.014
0.002

0.018

0.004
0.005

0.004

0.000

0.046

0.030
0.005

1.360

2012

0.025

0.023
0011
0.007

0.031

0016

0.043

0.093

0015

0.133

0037

0.041

0029

0014

0.025

0029

0.005
0.003

0.007

0.002

0.095

0.001

0.001
0.006

0038

0057

0013

0.007

0.084

0.009

0045

0017
0.002

0.011

0.001
0.001

0.003

0.001

0027

0027
0.008

1.044

2017

0.021

0.019
0.010
0.012
0.026

0.014

0.022

0.069

0.009

0.077

0.041

0.083

0.026

0.016

0.021

0.024

0.005
0.008

0.001

0.075

0.002

0.001

0.002
0.051

0.055

0.015

0.010

0.080

0.017

0.061

0.000

0.015
0.002

0.013

0.001
0.001

0.003

0.001

0.014

0.016
0.008

0.806

2007

0.022

0.020
0.011
0.010

0.011

0.016

0.083

0.110

0.022

0.168

0.030

0.112

0.031

0.042

0.087

0.025

0.005
0.012

0.166

0.003

0.003

0.002

0.050
0.001

0.009

0.030

0.019

0.036

0.005

0.013

0.004

0.016
0.002

0.012

0.002
0.002

0.003

0.001

0.035

0.028

0.005

1214

2012

0.020

0.023
0.009
0.005

0.004

0.013

0.075

811

0.014

0.127

0.024

0.037

0.047

0014

0.026

0.031

0.020
0.001

0.007

0.003

0115

0.001

0.001
0.005

0.034

0.042

0.010

0.006

0.054

0.007

0.029

0.026
0.002

0.008

0.001
0.000

0.003

0.001

0.043

0.025

0.112

1134

2017

0.016

0.017
0.006
0.006
0.005

0.011

0.029

0.094

0.009

0.061

0.015

0.027

0.043

0.014

0.018

0.025

0.017
0.006

0.001

0.065

0.002

0.001

0.001
0.033

0.087

0.012

0.008

0.058

0.012

0.042

0.000

0.012
0.002

0.007

0.001
0.000

0.003

0.001

0.020

0.011

0.142

0.880

2007

0.082

0.028
0.014
0.013

0.012

0.021

0.127

0.164

0.024

0.150

0.062

0.139

0.047

0.059

0.041

0.018

0.009
0.014

0.284

0.007

0.004

0.002

0.092
0.001

0.011

0.038

0.026

0.047

0.007

0.019

0.003

0.019
0.002

0.013

0.003
0.005

0.006

0.000

0.055
0.007

0.007

1711

2012

0.031

0.032
0014
0.007

0.008

0.023

0.103

0.157

0.018

0.113

0.044

0.054

0.041

0.022

0.035

0.033

0.010
0.002

0.007

0.003

0.193

0.002

0.002
0.007

0.048

0.080

0.017

0.010

0.080

0.010

0.049

0.022
0.003

0.008

0.001
0.001

0.005

0.002

0.066
0.064

0.013

1439

2017

0.025

0.030
0.008
0.008

0.008

0.016

0.082

0.134

0.013

0.066

0.040

0.043

0.087

0.025

0.030

0.028

0.009
0.007

0.002

0.145

0.002

0.001

0.002
0.056

0.061

0.018

0.013

0.069

0.015

0.054

0.000

0.019
0.003

0.007

0.001
0.001

0.004

0.001

0.044
0.044

0.012

1185

2007

0.036

0.031
0016
0013
0010

0.024

0.110

0.266

0.069

0.120

0.035

0.120

0.060

0.046

0.036

0015

0011
0.022

0.180

0.008

0.004

0.002

0.110
0.001

0011

0.040

0.029

0.047

0.008

0019

0.003

0015
0.004

0014

0.005
0.005

0.007

0.000

0.042

0.089

0.021

1687

2012

0.037

0.037
0.015
0.008

0.008

0.022

0.121

0.221

0.047

0.141

0.055

0.058

0.070

0.033

0.042

0.040

0.013
0.003

0.009

0.004

0.160

0.002

0.002
0.009

0.059

0.090

0.018

0.010

0.088

0.012

0.051

0.031
0.005

0.013

0.001
0.001

0.004

0.002

0.069

0.075

0.032

1716

2017

0.082

0.035
0.015
0.010

0.006
0.022
0.004
0.212
0.033
0.003
0.049
0.048
0.069
0.036
0.038

0.039

0.013
0.010

0.002
0.128

0.004
0.002

0.002
0.073

0.084
0.022
0.015
0.081
0.019
0.066

0.000

0.024
0.005

0.012

0.001
0.001

0.004
0.001
0.052
0.062

0.020

1522

2007

0.027

0.022
0.011
0.010

0.012

0.017

0.079

0.1256

0.025

0.142

0.036

0.106

0.085

0044

0.083

0.017

0.007
0.013

0.167

0.004

0.003

0.002

0.071
0.001

0.009

0.030

0.021

0.039

0.006

0.0156

0.003

0.014
0.002

0.013

0.003
0.004

0.004

0.000

1171

2012

0.023

0.023
0.010
0.006

0.015
0.015
0.063
0.109
0.016
0111
0.033
0.039
0.035
0.015
0.026

0.027

0.009
0.002

0.0068
0.002

0.113
0.001

0.001
0.005

0.036
0.054
0.012
0.007
0.067
0.008

0.037

0.019
0.002

0.009

0.001
0.000

0.003

0.001

0.965

2017

0.020

0.021
0.009
0.009

0.013

0.013

0.043

0.099

0.012

0.064

0.033

0.033

0.035

0.019

0.023

0.025

0.009
0.007

0.001

0.087

0.002

0.001

0.001
0.046

0.051

0.014

0.010

0.066

0.014

0.051

0.000

0.015
0.002

0.009

0.001
0.001

0.003

0.001

0.862
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Sectors

Products and Service of Farming, Forestry, Animal Husbandry and
Fishery

Food and Tobacco

Textile Products

Manufacture of Leather, Fur, Feather and lts Products
Timber Processing and Fumiture

Paper making, Printing, Cultural and Educational Goods
Processing of Petroleum, Coking, Processing of Nucleus Fuel
Chemical Products

Nonrmetal Mineral Products

Products of Smelting and Pressing of Metals

Metal Products

General Machinery

Special Purpose Machinery
Transport Equipment Machinery

Electric Equipment and Machinery

Communication Equipment, Computer and other Electronic Equipment
Instruments and Meters

Other Manufacture, Waster and Fiotsam

Repair Services of Metal Products Equipment and Machinery
Production and Supply of Electric Power, Steam and Hot Water
Production and Supply of Gas

Number

22

23
24
25
26
27
28
29
30
31
32
33

88e

a7
38
39
40
41
42

Sectors
Production and Supply of Tap Water

Construction

Wholesale and Retail Trade

Traffic, Transport, Storage and Mail

Accommodation and Restaurants

Information Transfer, Computer and Software Services
Banking

Real Estate Trade

Renting and Leasing, Business Services

Research and Development

Technical Service

Management of Water Conservancy, Environment and Public
Estabiishment

Resident Services, Repair and Other Services
Education

Health Care and Social Work Actiities

Culture, Sports and Entertainment

Public Management, Social Security and Social Organization
Coal

Crude Petroleum and Natural Gas

Metal Ores

Non-Metalic Mineral Mining
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Category

Coal

Crude Petroleum and Natural Gas
Metal Ores

Non-Metallic Mineral Mining

Specific sectors

cMw
PNGE
FMOMP
NFMOMP
NOMP
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s

20

21

22

23
24

25

26

27

28

29

30

31

32
33

34

356

36

37

38

39

40

M
42

Total

ot Farming, Forestry,
Animal Husbandry and
Fishery

Food and Tobacco
Textie Products
Manufacture of
Leather, Fur, Feather
and ts Products
Timber Processing
and Fumiture

Paper making,
Printing, Cultural and
Educational Goods
Processing of
Petroleum, Coking,
Processing of Nucleus
Fuel

Chemical Products
Nonmetal Mineral
Produots

Products of Smelting
and Pressing of Metals
Metal Products
General Machinery
Special Purpose
Machinery

Transport Equipment
Machinery

Electric Equipment
and Machinery
Gommunication
Equipment, Computer
and other Electronic
Equipment
Instruments and
Meters

Other Manufacture,
Waster and Flotsam
Repair Services of
Metal Products
Equipment and
Machinery

Production and Supply
of Electric Power,
Steam and Hot Water
Production and Supply
of Gas

Production and Supply
of Tap Water
Construction
Wholesale and Retail
Trade

Traffic, Transport,
Storage and Mail
Accommodation and
Restaurants
Information Transfer,
Computer and
Software Services
Banking

Real Estate Trade
Renting and Leasing,
Business Services
Research and
Development
Technical Service
Management of Water
Conservancy,
Environment and
Public Establishment
Resident Services,
Repair and Other
Services

Education

Health Care and Social
Work Activities
Culture, Sports and
Entertainment

Public Management,
Social Security and
Social Organization
GCoal

Crude Petroleum and
Natural Gas

Metal Ores
Non-Metallic Mineral
Mining

0.040
0.042
0.028

0.043

0.079

0311

0215
0.183

0.261
0.084
0.095
0.048
0.088

0.038

0.176

0.046

0.248

0.695

0.132

0.118

0.007

0.088
0.062

0.057

0.053

0.049

0.108

0.019

0.067

0.103

0.105
0.043

0.066

0.009

0.018

0.050

0.005

0478

0.433
0.161

4990

0.063
0.105
0.088

0.107

0.140

0.194

0.281
0.270

0.329
0215
0.162
0.158
0.141

0.190

0.115

0.123

0.142

0.039

0.168

0.648

0.089

0.150
0.165

0.027

0.079

0.042

0.055

0.028

0.018

0.076

0.080
0.083

0.085

0.028

0.122

0.047

0.041

0.085

0.144
0.127

59280

0.041
0.036
0.020

0.026

0.064

0.237

0.224
0.205

0.200
0.048
0.050
0.039
0.017

0.061

0.027

0.168

0.146

0.150

0.616

0.069

0.054

0.004
0.049

0.069

0.037

0.019

0.065

0.018

0.059

0.001

0.031
0.031

0.082

0.004

0.003

0.022

0.003

0.456

0.375
0.226

4.026

0.042
0.032
0.026

0.040

0075

1515

0.339
0.062

0.120
0.083
0.108
0.049
0.067

0.040

0.176

0043

0.150

0279

0.228

0.125

0.002

0.108
0.067

0.056

0.064

0.062

0.100

0.020

0.082

0.124

0.127
0.043

0.062

0.006

0012

0.047

0.002

0373

0219

0.143

51355

0.114
0.168
0.1563

0177

0.196

2108

0.532
0.276

0.299
0.233
0.201
0.201
0.194
0.236

0177

0175

0.232

0.065

0213

0.262

0.285

0.127
0217

0.062

0.422

0.084

0.088

0.068

0.087

0.245

0.194
0.164

0.118

0.061

0.225

0.095

0.109

0.111

0.253

0.258

9553

0.028
0.027
0.020
0.023

0044

1.783

0.321
0.038

0.060
0.046
0.060
0.066
0.026
0.085

0.0256

0.132

0.072

0.109

0.205

0.300

0.053

0.001
0.055

0.071

0.040

0.018

0.065

0.019

0.072

0.000

0.031
0.026

0.033

0.002

0.003

0.024

0.002

0.361

0.129

0.580

5045

0.067
0.062
0.064

0.087

0.138

0.636

0.269
0.169

2.352
0.283
0.322
0.131
0174

0.088

0.346

0.146

1718

0.679

0.431

0.319

0.003

0.258
0.168

0.210

0.167

0.140

0.267

0.046

0.154

0.323

0.283
0.089

0.151

0.015

0.039

0.124

0.003

0.740

0979

0.276

12 OR7

0.072
0.071
0.043

0.081

0.131

0.603

0277
0.183

2.364
0217
0.262
0.140
0.054

0.121

0.086

0319

0.132

2.807

0.550

0.657

0.142

0.199
0.009

0.125

0.253

0.122

0.068

0310

0.050

0.232

0.168
0.099

0117

0.010

0.005

0.114

0.009

0.834

1.200

0.453

13.755

0.085
0.055
0.038

0.049

0.081

0477

0213
0.106

2.279
0.146
0.160
0.141
0.044

0.082

0.055

0.191

1.287

0.256

0.501

0114

0.107

0.002
0117

0.185

0.096

0.043

0.182

0.045

0.137

0.002

0.073
0.066

0.065

0.004

0.005

0.058

0.003

0.636

0.855

0.268

9300

0.052
0.043
0.033

0.085

0.133

0.286

0582
0.687

0225
0.162
0121
0.059
0.095

0.045

0.163

0.074

0312

0.269

0.183

0.156

0220

0155
0.098

0.084

0.087

0.078

0.132

0.029

0.107

0.149

0.153
0.047

0072

0.010

0.018

0.068

0.003

0329

0497

0.395

6557

0.048
0.054
0.024

0.075

0.003

0.204

0.354
0.771

0.140
0.117
0.078
0.056
0.026
0.064

0.038

0.126
0.061

0.248

0.217

0.215
0.061

0.085
0.129

0.067
0.109
0.056
0.035
0.105
0.020

0.101

0.089
0.037

0.054
0.004
0.002
0.046
0.003
0.306
0.641

0.280

5204

0.045
0.039
0.033
0.095

0.095

0.206

0.290
0.802

0.167
0.150
0.092
0.065
0.034
0.084

0.047

0.127

0.163

0.184

0.206

0.073

0.081

0213
0.093

0.107

0.070

0.041

0.103

0.032

0.105

0.000

0.148
0.034

0.056

0.003

0.002

0.035

0.003

0.335

0.581

0.335

5428

0.049
0.041
0.036

0.059

0.098

0.767

0319
0211

0.651
0.138
0.151
0.068
0.101

0.050

0.204

0.072

0.539

0.493

0.233

0.168

0.033

0.144
0.092

0.093

0.086

0.078

0.144

0.027

0.097

0.162

0.154
0.056

0.086

0.010

0.021

0.069

0.003

0.050
0.051
0.025

0.063

0.085

0.774

0274
0218

0.700
0.114
0.119
0.080
0.030

0.075

0.050

0.233

0.082

0.864

0.302

0.549

0.119

0.107
0.021

0.075

0.182

0.066

0.037

0.159

0.027

0.129

0.090
0.056

0.067

0.006

0.004

0.060

0.005

0,042
0.040
0.027

0.046

0.069

0613

0.254
0.248

0612
0.089
0.084
0.071
0.028

0.064

0.036

0.149

0.379

0.167

0.433

0.130

0.069

0.038
0.073

0.092

0.056

0.028

0.008

0.027

0.088

0.001

0.060
0.038

0.045

0.003

0.004

0.082

0.003

5852 5049 47383
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Products and Service of
Farming, Forestry, Animal
Husbandry and Fishery
Food and Tobacco
Textile Products
Manufacture of Leather,
Fur, Feather and Its
Products

Timber Processing and
Fumiture

Paper making, Printing,
Cultural and Educational
Goods

Processing of Petroleum,
Coking, Processing of
Nucleus Fuel

Chemical Products
Nonmetal Mineral
Products

Products of Smetting and
Pressing of Metals
Metal Products

General Machinery
Special Purpose
Machinery

Transport Equipment
Machinery

Electric Equipment and
Machinery
Communication
Equipment, Computer
and other Electronic
Equipment

Instruments and Meters
Other Manufacture,
Waster and Flotsam
Repair Services of Metal
Products Equipment and
Machinery

Production and Supply of
Electric Power, Steam
and Hot Water
Production and Supply
of Gas

Production and Supply of
Tap Water

Construction

Wholesale and Retail
Trade

Traffic, Transport,
Storage and Mail
Accommodation and
Restaurants

Information Transfer,
Computer and Software
Services

Barking

Real Estate Trade
Renting and Leasing,
Business Services
Research and
Development

Techrical Service
Management of Water
Conservancy,
Environment and Public
Establishment

Resident Services, Repair
and Other Services
Education

Health Care and Social
Work Activities

Culture, Sports and
Entertainment

Public Management,
Social Security and Social
Organization

Coal

Crude Petroleum and
Natural Gas

Metal Ores

Non-Metallic Mineral
Mining

Total

Value

Value

Value

Value

Value

2007

0.020

0.002
0.001
0.001

0.002

0.001

0.003

0.006

0.002

0.009

0.003

0.010

0.003

0.003

0.002

0.001

0.001
0.000

0.011

0.000

0.001

0.000

0.011
0.000

0.001

0.005

0.003

0.009

0.001

0.002

0.001

0.004
0.001

0.002

0.002
0.001

0.001

0.000

0.006

0.004
0.001

0.137

2012

0015

0.002
0.001
0.001
0.003

0.002

0.002

0.006

0.002

0.007

0.003

0.004

0.003

0.001

0.002

0.003

0.001
0.000

0.000

0.000

0.007

0.000

0.000
0.001

0.008

0010

0.004

0.001

0016

0.001

0.007

0.003
0.000

0.004

0.001
0.000

0.001

0.001

0.003

0.004
0.002

0.131

2017

0.004

0.003
0.001
0.002
0.003

0.003

0.003

0.008

0.001

0.008

0.005

0.004

0.003

0.003

0.003

0.004

0.001
0.001

0.000

0.008

0.000

0.000

0.000
0.011

0.010

0.003

0.002

0.018

0.004

0.014

0.000

0.003
0.000

0.004

0.000
0.000

0.001

0.000

0.002

0.002
0.002

0.145

2007

0.012

0.001
0.001
0.001

0.001

0.001

0.004

0.007

0.002

0.009

0.002

0.010

0.002

0.002

0.002

0.002

0.001
0.000

0.011

0.000

0.001

0.000

0.006
0.000

0.001

0.004

0.002

0.006

0.000

0.001

0.001

0.004
0.000

0.002

0.001
0.001

0.001

0.000

0.008

0.004

0.001

0.117

2012

0012

0.002
0.001
0.001

0.000

0.001

0.003

0.007

0.001

0.007

0.002

0.004

0.005

0.001

0.002

0.003

0.002
0.000

0.000

0.000

0.009

0.000

0.000
0.001

0.007

0.007

0.003

0.001

0.010

0.001

0.005

0.005
0.001

0.003

0.000
0.000

0.001

0.001

0011

0.004

0.022

0144

2017

0.003

0.003
0.001
0.001

0.001

0.002

0.005

0.013

0.002

0.007

0.003

0.004

0.006

0.003

0.003

0.004

0.002
0.001

0.000

0.009

0.000

0.000

0.000
0.006

0.007

0.002

0.002

0.013

0.002

0.009

0.000

0.002
0.000

0.002

0.000
0.000

0.001

0.000

0.003

0.001

0.033

0.158

2007

0.018

0.002
0.001
0.001

0.001

0.002

0.007

0.010

0.002

0.008

0.004

0.012

0.004

0.003

0.002

0.002

0.001
0.000

0.019

0.001

0.001

0.000

0.011
0.000

0.001

0.006

0.003

0.008

0.001

0.002

0.001

0.005
0.001

0.002

0.001
0.001

0.001

0.000

0.012
0.013

0.001

0.169

2012

0.018

0.002
0.001
0.001

0.001

0.003

0.004

0.010

0.002

0.006

0.004

0.005

0.004

0.002

0.002

0.003

0.001
0.000

0.000

0.000

0014

0.000

0.001
0.001

0.010

0.014

0.005

0.002

0.015

0.001

0.008

0.004
0.001

0.003

0.001
0.000

0.001

0.001

0.016
0.008

0.002

0179

2017

0.003

0.004
0.001
0.001

0.001

0.003

0.005

0.012

0.001

0.007

0.005

0.005

0.004

0.003

0.003

0.004

0.001
0.001

0.000

0.015

0.000

0.000

0.000
0.011

0.010

0.003

0.002

0.013

0.003

0.011

0.000

0.004
0.001

0.001

0.000
0.000

0.001

0.000

0.005
0.003

0.001

0.149

2007

0.020

0.002
0.001
0.001

0.001

0.002

0.006

0016

0.006

0.006

0.002

0010

0.004

0.002

0.002

0.001

0.001
0.000

0012

0.001

0.001

0.000

0013
0.000

0.001

0.006

0.003

0.008

0.001

0.002

0.001

0.004
0.001

0.002

0.002
0.001

0.001

0.000

0.009

0012

0.003

0171

2012

0.022

0.003
0.001
0.001

0.001

0.002

0.004

0.015

0.005

0.008

0.005

0.006

0.007

0.003

0.003

0.004

0.001
0.000

0.000

0.001

0012

0.000

0.001
0.001

0.012

0.016

0.005

0.002

0.016

0.001

0.008

0.006
0.001

0.005

0.001
0.000

0.001

0.001

0017

0.009

0.005

0212

2017

0.004

0.004
0.002
0.001
0.001
0.003
0.006
0.019
0.004
0.010
0.006
0.005
0.008
0.004
0.004

0.005

0.001
0.001

0.000
0.013

0.001
0.000

0.000
0.014

0.014
0.004
0.002
0.015
0.004
0.012

0.000

0.005
0.001

0.003

0.000
0.000

0.001
0.000
0.007
0.003

0.002

0.190

2007

0.004

0.002
0.001
0.001

0.001

0.002

0.006

0.010

0.002

0.010

0.003

0.009

0.003

0.003

0.003

0.002

0.001
0.001

0.012

0.000

0.000

0.000

0.008
0.000

0.001

0.003

0.002

0.005

0.001

0.002

0.000

0.003
0.000

0.001

0.001
0.001

0.001

0.000

2012

0.003

0.003
0.001
0.001

0.002
0.002
0.005
0.010
0.002
0.009
0.003
0.004
0.004
0.002
0.002

0.003

0.001
0.000

0.001
0.000

0.009
0.000

0.000
0.001

0.006
0.008
0.002
0.001
0.010
0.001

0.006

0.003
0.000

0.002

0.000
0.000

0.001

0.000

2017

0.003

0.003
0.001
0.001

0.001

0.002

0.003

0.010

0.001

0.007

0.004

0.004

0.004

0.0083

0.003

0.004

0.001
0.001

0.000

0.009

0.000

0.000

0.000
0.010

0.009

0.003

0.002

0.014

0.003

0011

0.000

0.003
0.000

0.003

0.000
0.000

0.001

0.000

0.106 0.108 0.125
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34
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37

38

39
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41
42

Products and Service of
Farming, Forestry, Animal
Husbandry and Fishery
Food and Tobacco
Textile Products
Manufacture of Leather,
Fur, Feather and Its
Products

Timber Processing and
Fumiture

Paper making, Printing,
Cultural and Educational
Goods

Processing of Petroleum,
Coking, Processing of
Nucleus Fuel

Chemical Products
Nonmetal Mineral
Products

Products of Smetting and
Pressing of Metals
Metal Products

General Machinery
Special Purpose
Machinery

Transport Equipment
Machinery

Electric Equipment and
Machinery
Communication
Equipment, Computer
and other Electronic
Equipment

Instruments and Meters
Other Manufacture,
Waster and Flotsam
Repair Services of Metal
Products Equipment and
Machinery

Production and Supply of
Electric Power, Steam
and Hot Water
Production and Supply
of Gas

Production and Supply of
Tap Water

Construction

Wholesale and Retail
Trade

Traffic, Transport,
Storage and Mail
Accommodation and
Restaurants

Information Transfer,
Computer and Software
Services

Barking

Real Estate Trade
Renting and Leasing,
Business Services
Research and
Development

Techrical Service
Management of Water
Conservancy,
Environment and Public
Establishment

Resident Services, Repair
and Other Services
Education

Health Care and Social
Work Activities

Culture, Sports and
Entertainment

Public Management,
Social Security and Social
Organization

Coal

Crude Petroleum and
Natural Gas

Metal Ores

Non-Metallic Mineral
Mining

Total

Value

Value

Value

Value

Value

2007

0.021

0.006
0.002
0.002
0.004

0.004

0.012

0.022

0.007

0.035

0.010

0.027

0.007

0.009

0.006

0.004

0.002
0.011

0.044

0.000

0.001

0.001

0.041
0.001

0.007

0.020

0.009

0.034

0.006

0.006

0.002

0.008
0.001

0.008

0.002
0.002

0.002

0.000

0.027

0.011
0.002

0426

2012

0015

0.002
0.001
0.001
0.003

0.002

0.002

0.006

0.002

0.007

0.003

0.004

0.003

0.001

0.002

0.003

0.001
0.000

0.000

0.000

0.007

0.000

0.000
0.001

0.008

0010

0.004

0.001

0016

0.001

0.007

0.003
0.000

0.004

0.001
0.000

0.001

0.001

0.003

0.004
0.002

0.131

2017

0.007

0.006
0.003
0.003
0.006

0.005

0.007

0.019

0.003

0.019

0.011

0.008

0.007

0.006

0.006

0.007

0.002
0.003

0.000

0.023

0.001

0.000

0.001
0.024

0.021

0.006

0.004

0.039

0.008

0.022

0.000

0.006
0.001

0.006

0.000
0.000

0.001

0.000

0.004

0.004
0.003

0.300

2007

0.013

0.005
0.002
0.002
0.003

0.004

0.015

0.022

0.006

0.083

0.006

0.026

0.006

0.007

0.006

0.005

0.001
0.010

0.046

0.001

0.001

0.001

0.023
0.000

0.005

0.018

0.007

0.025

0.004

0.004

0.002

0.008
0.001

0.005

0.001
0.001

0.001

0.000

0.016

0.010

0.002

0.356

2012

0012

0.002
0.001
0.001

0.000

0.001

0.003

0.007

0.001

0.007

0.002

0.004

0.005

0.001

0.002

0.003

0.002
0.000

0.000

0.000

0.009

0.000

0.000
0.001

0.007

0.007

0.003

0.001

0.010

0.001

0.005

0.005
0.001

0.003

0.000
0.000

0.001

0.001

0011

0.004

0.022

0144

2017

0.005

0.006
0.002
0.002
0.001

0.004

0.010

0.029

0.003

0.0156

0.005

0.008

0.012

0.005

0.006

0.008

0.005
0.002

0.000

0.023

0.001

0.001

0.000
0.013

0.014

0.005

0.003

0.027

0.005

0.016

0.000

0.005
0.001

0.003

0.000
0.000

0.001

0.000

0.007

0.003

0.063

0322

2007

0.018

0.007
0.003
0.003

0.003

0.005

0.023

0.083

0.007

0.029

0.011

0.082

0.009

0.010

0.007

0.004

0.002
0.011

0.079

0.001

0.002

0.000

0.042
0.001

0.007

0.023

0.010

0.082

0.006

0.006

0.001

0.010
0.001

0.006

0.001
0.002

0.003

0.000

0.025
0.058

0.003

0.536

2012

0.018

0.002
0.001
0.001

0.001

0.003

0.004

0.010

0.002

0.006

0.004

0.005

0.004

0.002

0.002

0.003

0.001
0.000

0.000

0.000

0014

0.000

0.001
0.001

0.010

0.014

0.005

0.002

0.015

0.001

0.008

0.004
0.001

0.003

0.001
0.000

0.001

0.001

0017
0.008

0.002

0179

2017

0.007

0.009
0.002
0.002

0.002

0.005

0.022

0.034

0.004

0.017

0.010

0.011

0.009

0.007

0.008

0.009

0.003
0.002

0.001

0.045

0.001

0.000

0.001
0.024

0.022

0.006

0.005

0.030

0.006

0.019

0.000

0.007
0.001

0.003

0.000
0.000

0.002

0.000

0.015
0.012

0.004

0.368

2007

0.021

0.008
0.003
0.003
0.002

0.006

0.020

0.054

0016

0.024

0.007

0.028

0010

0.008

0.006

0.003

0.003
0018

0.050

0.002

0.002

0.000

0.051
0.001

0.007

0.024

0011

0.033

0.006

0.006

0.001

0.008
0.002

0.006

0.003
0.002

0.003

0.000

0019

0.063

0.007

0537

2012

0.021

0.009
0.003
0.002
0.002

0.005

0.022

0.042

0.012

0.025

0.011

0.012

0.015

0.007

0.007

0.007

0.003
0.001

0.007

0.001

0.041

0.000

0.001
0.002

0.041

0.033

0.007

0.005

0.052

0.009

0.017

0.012
0.002

0.007

0.001
0.000

0.002

0.001

0.034

0.046

0.013

0539

2017

0.009

0.010
0.004
0.003
0.002

0.007
0.025
0.063
0.009
0.023
0.013
0.012
0.017
0.010
0.010

0.011

0.004
0.003

0.001
0.039

0.001
0.001

0.001
0.031

0.030
0.007
0.006
0.034
0.008
0.022

0.000

0.009
0.002

0.005

0.000
0.000

0.001
0.001
0.018
0.014

0.005

0.460

2007

0.009

0.007
0.003
0.003
0.003

0.005

0.019

0.030

0.007

0.082

0.008
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Loss In (quantity of electricity loss) 454 3.906 1.078
Out_ trans In (iransfer out volume of the province) 451 -3.898 2471
In_ trans In (transfer in volume of the province) 468 3.842 2.265
TCE In (total clean electricity production) 519 4.493 1.942
Consumption In (quantity electricity available for local consumption) 536 3457 4.189

Notes : The rule of choosing relevant variables (RV): generate RV = In (RV), if RV >0 and generate RV = -In (-RV), otherwise. The unit of all the original variables is 0.1 billion KWh.
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Brewing period

Implementation
period

Year

2014

2015

2016

2017

2018

2019

Policy signals

(1) The MIIT organizes officials, experts, and scholars to study ZEVM
and EUETS.

(2) China estabiished the China-U.S. NEV policy laboratory

(1) The MIT solicits suggestions from the public for the dual-credit
policy

(2) The management measures for CAFC (craft) was issued

(1) The MIIT announced the first round draft of the dual-credit policy
(2) The Chinese government noltified the WTO of the dual-credit
policy

The MIT officially promulgated the dual-credit policy

The MIIT provides automakers with a one-year buffer period to
calculate credits but does not require compliance assessment (it was
originally required to reach 8% in 2018)

The assessment standard is adjusted to be 14, 16, and 18% of NEV*
in 2021-2023. Compared with 2017, the calculation methods of
NEVC and CAFCC have also undergone many changes

Enterprise behaviour

Representatives of automakers (BYD, BAIC, BMW, Ford, and Nissan)
participated in the signing ceremony of the China-US NEVs policy
laboratory and received the signal of the dual-credit policy

With the production and sales of NEVS exceeding 330,000, China has
become the world’s largest market.

Some countries and automakers have put forward requests for
lowering the credit assessment standard and delaying implementation

In order to respond to the credit assessment, foreign automakers have
begun to establish NEV joint ventures

CAFC drops to 5.8 L/100 km, and the ratio of NEV* is as high as 17%,
far exceeding the 8% set value

(1) The product structure of automakers has been significantly
adjusted
(2) The top ten NEV"* are all Chinese-independent brand automakers
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Dimension

Economic

Technological

Social

Governmental

Problems identified

@ Significantly high econormic costs, even after subsidies
@ Costs of coal to electricity higher than that of coal-to-gas
@ Uncertainties of receiving subsidies in due course

@ High risk of increasing gas price after instala
@ Coal prices were uplifted due to restrict prohi

n

@ Safety concems, potential danger of gas leaking, fire and explosion
@ Accidents of gas explosion and leaking happened in many areas
@ Low energy efficiency of rural houses

@ Poor installation

@ Low quaty of facilties and instruments

@ Poor provision of after-installation services

@ Poor stabilty of gas provision in some regions

@ Unmatched upgradation of power grids

@ Operational diffioulties for rural elderly
@ No time for acceptance and adaption

@ Lack of altematives for the disadvantageous

@ High rate of coal re-burning

@ Potential danger of low heating or ‘zero’ heating for poor people

@ Inequality of heating gap between the rich and the poor

@ Widespread public concers of sustainabilty of CCHP in poor areas

@ Financial pressure to subsidize the project
@ Poor transparency in selecting qualified energy enterprises.

@ Default on project funding from local governments

@ Excessively restrict on coal usage

@ Poor coordination among sectors at both central and local levels

@ Rapid and biind promotion leads to resource waste and public discontentment

@ Fake reports toward upper level administrations

@ Low flexibilty of subsidy standard from the central government toward piot cities

@ Low flexibilty of subsidy standard from local government toward different levels of residents
@ High changeability of policies
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Studies

Zhao et al. (2019)

Chen and Chen,
(2019)

Lin and Jia, (2019)

Barrington-Leigh
etal. (2019)

Zhang et al. (2019¢c)

Wang Z et al.
(2019b)

Huang, et al. (2019)

Yun, et al. (2018)

Liu, (2017)

Du et al,, 2018

Li and Chen, (2019)

Wu, et al. (2018)

Yan et al. (2019)

Song, et al. (2019)

Meng et al. (2019)

Xie, et al. (2019)

Xu and Ge, (2020)

Wang et al. (2020)

Zhang et al. (2020)

Yan et al. (2020)

Wu, et al. (2020)

Gong et al. (2020)

Environmental aspect

1. 30% contribution to provincial pollution
control

2. Coal-to-gas performs better than coal-
to-electricity

1. 33% contribution to national total
scattered coal reduction during
2015-2020

2. Considerable air pollutants reductions

1. CTE project is effective in reducing SO,
and NOx emission than GO, emissions
2. CTE plays a positive role in adjusting the
energy structure

3. The positive impact on energy structure
is ot as significant as other energy policies
4. The environmental effect of coal to
electricity is significant

1. Successfully removed bulk coal in
targeted vilages

2. Significantly better in-door air quality

1. Significantly improve air quality

2. PM2.5 concentration in the three regions
can be reduced by 6-15 ug/m? in 2020
1. Clean energy, particularly electricity has
become the dominant energy for heating in
study area

1. CTG in the case vilage reduced 25.66t
SO;, 1.76t CO,, generating significant
environmental effects

2. CTG has energy-saving effects, saving
86.03t coal equivalent energy per winter
season

1. CTG produces the most environmental
benefits for Beijing, the least for Hebei

2. For CTE, Beijing and Hebei receive no
significant environmental benefits

1. Insignificant impact on reduction of CO,
2. Insignificant impact on energy
consumption per unit of GDP

1. Significantly reduce PM2.5 in Beiing,
Tianjin and Hebei

2. Beiing and Tianjin achieve much more
environmental effects than Hebel.

1. The PM2.5 of 12 pilot cities in 2017 has
declined about 30% compared to 2016,
some cities more than 40%

2. All 12 pilot cities accomplished the
PM2.5 reduction tasks set by MEE

1. More than60% of househoids willremove
solid fuels by 2021 in northem China

2. CCHP will signficantly reduce PM2.5
intensity

1. Bulk coal was significantly reduced after
COHP

2. Environmental benefits are greater than
econormic cost

1. CTG and CTE contributed to 60% of
total PM2.5 reduction in winter 2017 in
northemn China

2. The gas shortage triggered by biind
promotion of CTG in 2017 indirectly
contributed 15% upsurge of PM2.5 in
Southem China

1. CCHP can effectively reduce poliutant
emissions in northern China

1. Coalin CTE targeted area was effectively
reduced.

2. Indoor and outdoor air quality were
improved due to the CTE implementation

Socio-economic aspect

1. Higher energy efficiency and more
financial subsidy than bulk coal

2. Low cost of CCHP can be achieved with
subsidies

1. Health and ciimate benefits equivalent to
3% of GDP in the 28 major northern cities

2. Heavy financial burden for local
governments

3. CTE will be a more promising model
than CTG

4. Financial pressure for poor people from
poor cities

1. High costs of promotion and operation

2. Governmental subsidies are necessary

3. Marketization of electricity prices is an
effective mechanism to sustain CTE

1. Higher level of well-being brought by CTE

2. Cost of higher expenditure can be traded
off by the benefts of increased health,
comfort and convenience

3. Benefits vary according to income levels
4. Poor households need more subsidies

1. Will bring significant health effects by
avoiding 22.2 thousand cases of premature
death and 607.8 thousand morbidity cases.
2. Will bring RMB18.73-19.87 billion social
net benefits for BTH

1. Income level is highly associated with
adoption of clean heating practices

2.CTG s more effective in practice transition
than CTE project due to lower costs.

3. Inflexibilty of implementation obstructed
recipients’ adoption

4. Poor infrastructurein rural areas s a barrier
for the promotion of CCHP

1. Low income families face pressure of
increased heating costs

2. After coal-to-gas project, the lfe
satistaction of recipients increased

1. Higher level of life satisfaction

2. Heating costs increased

3. Some places suffered gas shortage in
2017

4. Costs of CTE are higher than CTG

1. With subsides, heating costis about 3% of
family income

2. For low income families, the proportion
could reach to 32.4%

3. Heavy financial pressure for local
governments

1. The economic cost of GTG is higher than
GTE in Beijing, Tianjin and Hebei

1. CTG and CTE have not signiicantly
increased the quantity of gas provision and
electricity consumption

1. 24-65% of rural recipients did not use the
heating devices; the electricity consumption
quantity of 11-26% of recipients was zero
2. Subsidies took 30-70% of heating
electricity costs

3. Low profitability of rural coal-to-electricity
projects could not attract private capital
investment

1. Significant health beneits for Beiing,
Tianjin and Hebei

2. Beijng will achieve the largest health
beneits, with Hebei second, and Tianjn third
1. Some diies face heavy financial pressure

2. Gas prices rose up due to increased gas
demand

3. Poor rural grid infrastructure restrained the
promotion of CTE

4. Expenditure of CTG recpients increased
RMB874 after substly, thatof CTERMBI333.
5. Majorty of rural recipients fellinto energy
poverty after COHP

1. Significantly improve indoor air quality

2. Rural women benefit more than rural men

3. Exposure reduction comes more from
improved indoor air quality than ambient air
quality

4. Financial burden as a major constraint

1. CTE and CTG significantly increased
heating costs

2. CTE and CTG improved subjective
satisfaction of rural recipients

3. Mandatory promotion harmed well-being
of recipients

4. Universal subsidy led to energy inequaiity
for heating

1. Overall satisfaction of residents regarding
CTG is medium

2. Residents aresatisfied withthe heating level;
but not satisfied with the subsidy amourt

1. The CTG project nearly doubled the
heating expenditure of rural recipients

2. Contemporary compensation standards
are insufficient to cover the increased cost
brought by the CTG project

3. Thelow income level of rural households is
the main barrier to clean energy transition

1. Households involved in CTE received poor
heating experience

2. High heating costs brought by CTE are
unbearable for rural poor households.

3. Clean coal program is more viabie for rural
households

1. Majority of rural households are willing to
pay dlean heating less than RMB 1000

2. Financial support from government is
critical to the success of clean heating
project

Research
region

Hebei province

28 key cities of
CCHP

Northern China

Beiing

Henan province

Shandong
province

Hebei province

Beiing

Beijng Tianjin
Hebei

41 cities from
northern China

Beijing, Tianjing,
Hebei and Henan

Beijng, Tianjin
and Hebei

12 pilot cities
from northern
China

28 key cities in
northern China

Beiing

Hebei

2 + 26 cities in
northem China

35 pilot cities in
northemn China

One county in
Shanxi province

Bejing rural
vilages

Hebi city, Henan
province

Projects.

CTG
CTE

CTG

CTE

CTE

CTE

CTE

CTG

CTG

CTG

CTG

CTG
CTE

CTG

CTE

CTE

CTE

CTG

Cc1G

CTG

CcTCcC

CTE

CTG
and CTE

CTG,
CTEetc.
CTG

CTE and
clean coal

CTE

Methods

Simulation
Field tests

Simulation

Simulation

Quasi-field

experiment

Survey

Modeling

Simulation

Indoor survey
(1,080 households)

Indoor survey
(N =388

Indoor survey
(n =150)

Modeling

Simulation

Modeling

Case study

Secondary dataset
from grid
enterprises

Simulation
modeling

Fieldwork

Secondary data

Survey-based
modeling

Indoor survey (N =
3949)

Indoor survey
(N = 908)

Simulation

Daily monitored
panel data
Survey (0 = 374)

Survey (N = 3949)

Survey (N = 324)
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Category Concrete instruments

Mandatory @ Poitical mobilization
instruments @ Administrative organization
® Regulations

Mixed instruments @ Subsidy

@ Contract
@ Financing
@ Information and exhortation

Voluntary instruments @ Rural residents and
communities
@ Private enterprises

Source: Author’'s compilation from CCHP policy documents.

Major content

@ Take CCHP as a major poltical task
@ Form specific organizational mechanisms for CCHP at both national and local levels
@ Set mandatory and regulative action plans within administrative system

@ Execute market regulation of civil bulk coal

@ Reguiate gas and electricity price mechanisms

@ Establish environmental inspection institutions

@ Establish policy task-evaluation institutions

@ Provide substantial subsidies from the central govermment to local governments, and from governments to
recipients

@ Sclect and subsidize pilt cities for conducting COHP

@ Outsource the project to energy enterprises

@ Encourage banks to give loan to market entities related with CCHP

@ Support clean heating enterprises to conduct financing

@ Encourage state-owned central enterprises to participate in CCHP with supportive performance
assessment institutions

@ Provide information of different technologies to local governments and rural residents

@ Conduct pubiiciy to rural residents about the advantages of clean heating

@ Endow rural residents with the right of voluntary option

@ Encourage local community to choose viable projects based on local conditions
@ Encourage people to report malfeasance of offiials via specific channels
@ Invite social (private) investments to participate in clean heating
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Variable type

Explained variables

Explain variable

Moderating variables

Control variables

Variable name

R8D scale
R8D intensity
R8D structure
Did,

Enterprise scale
Profitabiity
Market orientation
Subs

Tax preference

Variable description and calculation method

(Current period) R&D investment (natural logarithrm)

(Current period) R&D investment/(current period) revenues capitalized R&D investment/R8D investment

R8D staff/all staf

Across-term between sample groups and evaluation time; /= 0 for commercial vehicles; i = 1 for passenger vehicles; t = 0 for
before the dual-credit policy effect; t = 1 for after the dual-credit policy effect

Ending total assets (natural logarithm)

Return on eqity (last period)

1 for passenger vehicles; O for commercial vehicles

Government subsidies/revenues (last period)

(Taxes payments—refunds of taxes)/revenues (ast period)
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T-group: PV makers C-group: CV makers

BYD (002,594); Dongfeng Motor (600,006); Foton Motor (600,166); GAC group (601,238); Haima Motor (000,572); JAC  Anhui Ankai Automobile Co. Ltd. (000,868)

Motor (600,418); Lifan Motor. (601,777); SAIC Group (600,104); FAW sedan (000,800); Chang’an Motor (000,625);  Xiamen King Long Motor Group Co. Ltd. (600,686)

Chang chen Motor (601,633); Jiang ling Automobile (000,550); Zhong tai Automobile (000,980); Geely Automobile  Yangzhou Yaxing Motor Coach Co. Ltd. (600,213)

(00,175) Zhengzhou Yutong Bus Co. Ltd. (600,066)
Zhongtong Bus Holding Co. Ltd. (000.957)
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Provincial and prefecture level administations
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Beijng
Tianjin
Hebei
Shanxi
Inner Mongolia
Liaoning
Jilin
Heilongjiang
Shanghai
Jiangsu
Zhejiang
Anhui

Fujian
Jiangxi
Shandong
Henan
Hubei
Hunan
Guangdong
Guangxi
Hainan
Chongaing
Sichuan
Guizhou
Yunnan
Shaanxi
Gansu
Qinghai
Ningxia
Xinjiang

Beijng
Tianjin
Hebei
Shanxi
Inner Mongolia
Liaoning
Jilin
Heilongjiang
Shanghai
Jiangsu
Zhejiang
Anhui

Fujian
Jiangxi
Shandong
Henan
Hubei
Hunan
Guangdong
Guangxi
Hainan
Chongaing
Sichuan
Guizhou
Yunnan
Shaanxi
Gansu
Qinghai
Ningxia
Xinjiang

Beijing  Tianjin

1.61
1.91
0.46
0.72
0.64
1.02
0.53
1.068
1.30
1.74
2.23
0.15
0.84
1.34
1.91
1.02
0.41
2.58
0.50
0.09
0.87
0.35
0.39
0.38
0.86
0.23
0.10
0.09
0.42

Henan

28.39
13.61
13.99
12.69
8.47
13.83
5.19
8.70
24.36
63.37
65.40
36.14
7.53
7.84

9.06

831
13.01
38.89

5.88

4.28
23.07
10.16

6.97
13.24
18.01

797

0.93

3.94

6.86

4.67

2.00
1.21
1.16
1.64
1.18
0.87
279
4.90
4.00
3.72
0.70
0.94
207
3.16
1.40
1.01
5.20
0.79
0.42
1.60
1.02
0.81
0.84
175
0.75
0.14
028
0.44

Hubei

426
235
278
1.99
1.38
227
063
1.21
4.64
874

11.26
7.16
1.41
1.31
048
467

2.42
9.97
143
0.76
3.49
1.56
1.54
278
287
1.1
0.18
0.46
0.92

Hebei

59.82
20.92

19.27
16.51
22.80
11.27
14.69
36.06
108.42
89.46
82.60
10.69
15.91
43.16
74.57
13.98
20.29
74.47
9.27
5.47
33.36
17.01
12.04
13.67
22.89
8.52
1.27
4.49
9.88

Hunan

6.38
3.02
369
323
2.93
359
1.41
312
7.79

1481

1694

1136
3.19
273
4.80
12.16
2.63

17.32
313
2.00
7.70
413
2.96
4.54
5.35
2.08
0.32
0.70
1.65

Shanxi

19.61
5.74
26.33

572
8.74
12.98
6.90
22.56
63.35
40.86
39.00
4.21
17.02
27.068
19.46
26.25
17.09
44.37
7.78
2.05
10.07
5.27
3.25
3.33
7.69
311
2,07
385
149

Guangdong

8.55
243
264
2.85
3.19
4.33
218
236
9.1
11.75
11.14
9.45
216
2.96
3.20
9.34
3.39
5.21

5.03
2.49
6.95
3.52
3.90
6.85
5.43
2.64
071
0.63
2.08

Inner Mongolia

34.99
9.00
23.82
.08

16.32
10.23
10.04
26.97
84.01
60.27
47.81
741
16.41
33.89
36.96
22.99
17.63
43.89
6.65
417
20.80
1.61
6.10
5.33
15.41
10.28
1.46
5.65
6.61

Guangxi

5.20
212
243
220
1.88
282
0.80
1.97
4.55
15.11
12.94
9.34
211
230
5.92
835
2.61
3.60
17.16

2.30
6.37
3.15
272
3.84
3.13
1.40
0.35
0.62
1.02

Liaoning

11.32
4.98
6.62
2.56
5.12

5.46
5.85
11.32
1411
18.77
19.74
1.90
259
7.69
15.56
2.90
4.36
13.22
265
0.92
5.99
2.69
2.64
2.76
3.94
1.35
0.35
0.69
1.94

Hainan

1.08
0.58
0.82
0.14
0.63
0.30
0.30
0.39
1.18
1.50
1.68
2.87
0.19
0.59
2.69
2.49
0.59
0.85
322
0.75

0.85
0.40
0.57
0.69
0.49
0.21
0.08
0.07
0.27

Jilin

11.19
71
6.42
729
4.52
14.51

16.48
12.11
19.76
19.19
8.68
5.71
4.54
882
12.42
4.93
4.25
18.49
3.57
1.68
5.59
3.98
245
3.90
4.95
352
0.60
1.97
1.93

Chongaing

1.85
0.88
1.29
1.24
0.99
1.36
0.73
0.68
3.09
335
355
311

1.03
1.02
228
3.34
1.18
1.24
6.02
1.89
0.49

1.61
1.38
175
2.18
0.81
0.20
0.24
0.66

Heilongjiang ~ Shanghai

9.06
6.35
7.44
263
5.16
8.09
2.58

11.74
16.20
14.78
16.36
293
5.14
23.69
14.01
6.42
3.51
14.67
2.16
1.76
5.09
291
2.01
2.27
3.93
1.51
0.48
1.48
1.81

Sichuan

226
1.29
1.57
1.07
0.98
1.39
0.43
0.76
3.07
4.79
2.65
2.92
117
1.20
1.30
3.30
1.44
1.78
4.93
1.21
0.52
3.99

1.31
228
235
1.45
0.44
0.39
127

8.00
250
6.74
294
2,64
4.52
3.89
253

12.47
19.49
20.51
282
3.69
6.23
16.47
270
3.71
17.36
4.59
1.16
531
3.34
3.38
3.61
5.18
1.82
0.45
0.57
252

Guizhou

10.48
5.16
7.87
3.89
412
5.61
245
5.57
11.05
34.03
27.02
18.70
5.37
7.90
14.01
15.29
10.82
10.96
38.33
7.67
3.67
17.39
6.88

10.25
7.43
326
091
1.54
1.90

Jiangsu

46.98
17.21
18.97
16.90
16.33
25.29
9.49
1.837
43.59

68.38
54.63
12.96
12.74
10.19
4414
7.22
12.16
79.36
13.38
6.92
21.19
18.17
11.81
24.20
26.35
10.04
1.69
2.56
8.43

Yunnan

2.57
1.04
1.42
0.52
0.82
0.84
0.72
0.77
2.33
4.69
4.43
4.67
0.89
1.28
229
3.40
172
1.19
4.27
0.92
0.56
3.34
126
1.08

1.89
0.56
0.16
0.14
0.46

Zhejiang

11.06
4.48
4.47
2.69
4.71
5.69
4.86
4.21
19.15
16.58

21.69
3.06
5.43
4.34
19.44
5.55
5.60
16.26
4.94
1.68
7.08
2.89
3.60
6.74
8.12
255
0.79
0.76
4.07

Shaanxi

7.51
2.63
6.32
2.81
3.57
397
259
3.00
9.78

24.36
17.66
16.09
1.97
4.33
14.30
16.60
6.37
6.52
17.32
2.82
1.63
7.00
3.37
2.48
3.41

2.43
0.52
1.95
2.10

Anhui

41.88
16.82
17.59
17.92
14.98
24.92
9.79
13.30
50.64
106.91
90.44

16.58
21.27
22.00
58.30
17.33
18.90
86.07
13.40
7.40
29.20
19.35
12.50
21.64
27.74
11.02
1.86
3.97
7.37

Gansu

023
346
684
230
5.07
322
252
353
853

2324

23.86
19.45
2.44
2.89
1147
16.07
4.90
556
16.98
217
1.34
11.65
468
305
354
5.44

0.92
097
229

Fujian
2.34
0.65
0.67
0.70
1.21
1.29
1.12
0.76
2.97
2.59
3.37
3.08

1.24
0.98
1.60
1.82
1.15
4.36
0.95
0.44
1.84
0.87
0.88
1.80
1.87
0.70
017
0.20
0.50

Qinghai

1.84
0.53
1.97
0.65
0.27
0.94
0.41
0.66
1.59
7.53
8.77
4.75
0.7
0.43
1.79
243
0.85
1.16
3.58
0.42
0.45
3.31
1.40
0.67
0.81
1.28
1.82

0.66
1.18

Jiangxi

6.47
2.09
3.45
181
1.60
2.86
1.26
2.36
6.02
18.27
21.56
15.21
224

3.39
8.96
2.02
3.67
12.21
1.58
1.06
5.66
298
1.82
2.78
3.39
1.30
0.20
0.47
1.08

Ningxia

20.52
4.89
14.53
7.09
14.28
9.18
8.99
8.94
22.62
54.73
38.74
26.08
522
8.95
9.18
25.65
15.80
16.78
38.54
6.67
217
19.44
8.05
6.21
9.26
10.76
8.07
212

3.10

Shandong

23.64
713
11.556
8.76
8.89
10.22
6.47
747
21.28
33.67
31.13
36.20
4.64
4.23

38.17
5.08
10.46
31.86
5.71
219
11.87
5.47
6.57
8.33
10.48
5.08
0.92
1.60
5.06
Xinjiang
20.33
10.12
15.08
3.96
10.66
9.50
4.15
8.04
26.53
43.36
37.03
31.84
5.77
12.55
57.62
24.35
17.70
8.67
32.11
4.51
5.02
19.48
8.09
451
6.36
16.20
8.00
1.30
9.93

The numbers in this table indicate the net CO, exportation among provinces. Moreover, the numbers indicate the COy transfer from the region in the first row to the region in the first column. The elements in the
diagonal are empty for this table focusing on the regional carbon transfer.
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Region 2015
Intermediate products Final product Domestic Intermediate products Final product Domestic

Beijing —139.68 —25.62 —165.3 —368.16 —27.58 —395.74
Tianjin 21.55 —5.01 16.54 —97.44 —11.86 —-109.3
Hebei 184.87 30.69 215.56 615.46 29.99 645.45
Shanxi 50.06 —14.95 35.11 330.62 —14.24 316.38
InnerMongolia 68.28 —1.65 66.63 455.08 217 457.25
Liaoning —17.54 78.11 60.57 —31.06 88.95 57.89
Jilin 34.52 8.12 42.64 93.37 1212 105.49
Heilongjiang 43.98 —-8.14 35.84 60.54 —-11.13 49.41
Shanghai —26.95 —18.98 —45.93 —213.39 —25.07 —238.46
Jiangsu —144.47 13.95 —130.52 —190.81 29.57 —161.24
Zhejiang —96.53 —2.76 —99.29 —571.96 6.73 —565.23
Anhui 42.70 14.90 57.6 198.36 26.45 224.81
Fujian —-11.12 3.20 —7.92 —77.15 2.62 —74.53
Jiangxi —19.63 —4.31 —23.94 —30.11 —2.41 —-32.52
Shandong -1.10 9.73 8.63 27.52 1.07 28.59
Henan 91.90 27.76 119.66 —39.51 8.03 —31.48
Hubei —19.66 0.97 —18.69 —-119.14 5,75 —113.39
Hunan 21.57 19.22 40.79 —63.44 15.95 —47.49
Guangdong —95.00 —-10.78 —105.78 —569.48 —6.15 —575.63
Guangxi —16.36 —8.81 —25.17 10.90 —5.01 5.89
Hainan —9.30 —3.44 —12.74 —34.56 —2.99 —37.55
Chongqing —56.31 —14.95 —71.26 —234.09 —16.05 —250.14
Sichuan —1.02 9.25 8.23 —1083.39 0.76 —102.63
Guizhou 32.84 3.35 36.19 182.73 7.18 189.91
Yunnan —-12.07 —5.81 —17.88 —109.81 —10.98 —120.79
Shaanxi 15.81 —12.74 3.07 —-17.82 —14.61 —32.43
Gansu 25.66 —0.30 25.36 107.93 —0.79 107.14
Qinghai 7.87 —2.62 5.25 34.04 —2.88 31.16
Ningxia 24.63 0.17 24.8 370.53 2.21 372.74
Xinjiang 0.49 —-9.12 —8.63 384.21 -0.75 383.46

The negative numbers indicate that regions export embodied carbon emissions; The positive numbers indicate that regions import embodied carbon emissions.
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2018

2019

2019
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2019
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Policy title

Air pollution prevention and control action plan.

Temporary measures of coal consumption reduction and substitution
management in the key regions.

“Thirteenth five year plan’ of energy-saving and emission-reduction
comprehensive working scheme.
“Thirteenth five year plan’ of ecological and environmental protection.

“Thirteenth five year plan’ of energy development.

BTH air pollution and control strengthening measures.

Report on the work of the central government.

Working scheme of BTH and surrounding area air pollution prevention for 2017.

Action scherme of comprehensive governance of autumn and winter air polltion
in BTH and surround area (2017-2018).

Winter clean heating plan in Norther China (2017-2021).

Instructions of clean heating price policy in Northern China.

Notice on selecting pilot cities of CCHP supported by central finance in Northern
China.

Notice on conducting well the work of ‘coal-to-electricity’ to ensure people a
warm winter in Norther China.

Document No.1 of the central government: Instructions of enforcing the strategy

of rural vitalization.
Three-year action plan of winning Blue Sky protection campaign.

Action scheme of comprehensive governance of autumn and winter air polltion

in BTH and surrounding area (2018-2019).

Notice on expanding pilot cities of CCHP supported by central finance.

Report on the work of the government (2019).

Notice on mid-term evaluation of clean heating in Northern China.

Action scheme of comprehensive governance of autumn and winter i polltion
in BTH and surrounding area (2019-2020).

Action scheme of strengthening inspection and conducting designated
assistance in the key regions of Blue Sky Protection Campaign

Action scheme of comprehensive governance of autumn and winter air pollution
in BTH and surrounding area, and Fenwei River plain (2020-2021).

Contents regarding CCHP

Enhance the provision of clean energies and control coal consumption.
By 2015, buid new gas pipes able to convey 150 bilion m?.

Promote gas substitution of coal in residential sector.

Enhance the energy efficiency of residential properties in Northern China

By 2017, the inhalable particulates of BTH and surrounding areas should reduce
25% compared to 2012.

By 2017, Bejing should reduce 12 millon tonnes of coal consumption based on
the quantity of 2012, Tianjin 10 millon, Hebei province 40 milion, Shandong
province 20 million.

The governments of the key regions should formulate concrete coal reduction and
substitution action schemes, which should include CCHP.

“Plan firstly, develop secondly’, orderly promote ‘coal-to-gas’ and ‘coal-to-
electricity’ programs.

Transform energy structure, and promote clean energies.

Reduce bulk coal usage and promoting coal-to-gas and coal-to-electricity
substitution in residential heating.

By 2020, coal consumption is reduced to 58% of overall energy consumption.
Promote substitution of bulk coal in northern China, and implement ‘coal-to-gas’
and ‘coal-to-gas’ projects in BTH and surround areas.

Take comprehensive measures to reduce bulk coal usage.

Promote gas, electriity, cleaner coals and renewables to replace bulk coal.
Reform gas price mechanism to reduce gas cost and promote coal-to-gas
substitution.

Enforce electricity substitution project.

Promote rural GTG and GTE projects in BTH region.

By the end of October, 2017, all the plain area of Befing should be de-coalzed.
Strengthen the efforts of tackiing pollution from fire coal, comprehensively
addressing bulk coal

Accomplish three milion households of double substitution in 2017.

Take 2 + 26 cities as the first group of CCHP implementation region.

Set Bejing, Tianjin, Baoding and Langfang as ‘zero coal’ area.

By the end of October 2017, every city shouid finish CCHP covering
50,000-100,000 households.

Beiing, Tianjing and four provinces shouid finish coal-substitution for 3.55 millon
rural families by the October of 2017.

Take measures to forbid re-ignition of bulk coal in regions already covered by
COHP.

By 2019, the clean heating rate of northern China should be over 50%, reducing
70 millon ton of bulk coal; by 2021, dleaning heating rate of Northem China
should be over 70%, reducing 150 milion ton of bulk coal

Local goverments should promote differential strategies based on specific
endowments, and avoid ‘one-size-fts-all’ approach.

Promote differential prices.

Price subsidies to rural residents.

Tax preferences to enterprises that provide heating services to rural residents.
Select pilot cities for clean heating projects.

2.+ 26 corridor cities as the key targes.

Provide 3 year long financial support for pilot cities t differential scales: one billion
‘Yuan for province-level municipality; 700 million for provincial capital city; 500
millon for prefecture-level ity:

Take efforts to make sure rural residents have a warm winter.

Stabilize the provision of electricity in the rural areas conducting ‘coal-to-
electricity’ switch.

Accelerate construction and upgradie of rural electric grid.

Promote coal-replacing programs in Northern rural China.

Effectively promote clean heating in Northern China with case-by-case principle.
By the winter season of 2020, the BTH and surrounding areas and the pain areas
of Fen-Wei River should finish substitution of coal with clean energies.
Encourage to improve energy efficiency of rural houses.

Expand financial support for CCHP.

Local governments should make a three-year action pian to accomplish policy
goal of zero-coal by 2020 in plain vilages.

Implementing project based on flexible principle, choosing technological
approach based on local conorete situation.

Bring most of 2 + 26 cities, Zhang Jiakou city, cities from Fenwei plain into the
range of pilot city program.

Provide RMB 500 millon subsidy for Zhang Jiakou city, 300 millon for cities from
Fenwei plain.

After three years, the urban clean heating rate amounts to 100%; civil bulk coal in
plain area should be generally replaced.

Significant achievement on coal-to-gas and coal-to-electricity projects in 2018,
Continue working on clean heating in Northern China, and meanwhie guarantee
people to have warm winter.

Check the progress of local governments on CCHP from 2016.

‘Summarize the experiences and problems in CCHP implementation.

By the end of October, 2019, 2 + 26 cities should finish double substitution of
5.24 milion rural familes.

Before the heating season of 2019, the first trial cities funded by central finance
should accomplish the task of double substitution.

Promote double substitution in the unit of county or town, instead of scattered
vilages.

Take various efforts to stop re-burning of coal in areas already substituted.
Ensure substituted families receive subsidies timely and sufficiently.

Strengthen the inspection of the implementation of air quality improvement
policies.

Evaluate both environmental goals and the working process.

Conduct comprehensive check and verification of local working progress
regarding coal-to-gas and coal-to electricity heating projects.

Before the heating season of 2020, 7.09 millon rural households should be taken
into CCHP.

In the areas that have been covered by CCHP, local govemments shouid be
designated as zero-coal zone. Coal re-burning i strictly forbidden in these areas.
Guarantee the supply of natural gas and electricity for clean heating households.
Without a trial season, the coal faciities of rural households shouid not be
removed.

Provide price support for heating gas and electricity in winter season.

Practice differential subsidy policies, focus on poor households in rural areas.
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The target layer
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Energy subsystem

Grain subsystem

Ecology subsystem

Index layer
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Industrial water consumption (billion cubic meters)
Domestic water consumption (billion cubic meters)
Ecological water consumption (billion cubic meters)
Per capita energy consumption (tons per person)

Energy consumption per 10,000 Yuan of industrial added
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China

The United States

Policies

Content

Policies

Content

Establishment of the state
power company of China

The power system reform
plan

SERC established

SERC merged with NEA

Further deepening the
power system reform

Accelerating the pilot
reform of incremental
distribution business

e Company system reform of Ministry of electric
power industry
e set up a state-owned power company

e The assets of the State Power Company were
reorganized into 5 power generation companies
and 2 transmission and distribution companies
o Establishment of a power dispatching and
trading center implementation of electricity
bidding online

e Electricity price is divided into feed-in price,
transmission price, distribution price and
terminal selling price

o Power market regulation and operation
supervision

e Put forward price adjustment suggestions to
government price department

o Realizing the integration of power regulatory
responsibilities

e Improve the energy management system

e Orderly deregulation of electricity price in
competitive links other than transmission and
distribution

e Promote the independent and standardized
operation of trading institutions

e The profit model of electric power company is
changed into the model combining cost and
profit

e Increase the pilot scope of incremental
distribution business reform

o Further deregulation of power distribution

Energy Policy Act

Federal Energy
Commission Decrees
No.888 and No. 889

Federal Energy
Commission Decrees
No.2000

IRC established

Energy Policy Act 2005

Federal Energy
Commission Decrees
No.681, 719, 768, 816,
890, 1000

e Non-public companies are allowed to enter the
wholesale electricity market

e Transmission companies provide transmission
services at reasonable prices

Open and fair access for all utility companies through
open grid

e Promoting the competition in the wholesale electricity
market.

o All utility companies with transmission network join
regional transmission organization (RTO)

e Coordinate and manage power systems in different
regions

Promoting competition in wholesale electricity market
o Improve the competition level of power market

e Establish guidelines and operational rules for
independent transmission organizations

e Improve the operation ability and market competition
of wholesale electricity market

o Refine market pricing policies and procedures

e Optimization of transmission network open access
control framework

o Improve transmission cost and cost allocation
mechanism of power grid access
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Document title

Notice on launching pilot programs for the
demonstration and promotion of energy-saving and
green vehicles

Notice on pilot of subsidy for private purchase of green
vehicles

Notice on expanding the pilot of demonstration and
promotion of public hybrid buses

Notice on subsequent promotion and application of
green vehicles

Notice on further promotion and application of green
vehicles

Notice on thefinancial incentive policy for the promotion
and application of green vehicles from 2016 to 2020

Notice on adjusting the financial subsidies policies of
promotion and appiication for green vehicles

Adjustment of subsidies for new energy vehicles

Notice on further improving the fiscal subsidy policy for
the promotion and application of new energy vehicles

Notice on further improving the fiscal subsidy policy for
the promotion and application of new energy vehicles

Subsidy criteria

Passenger vehicles and light commercial vehicles for public
service, vehicles using hybrid energy, pure electric, and fuel
cells may receive 50,000, 60,000, and 250,000 yuan,
respectively. Urban public buses longer than 10 m, buses
using hybrid energy, and pure electric and fuel cells may
receive 420,000, 500,000, and 600,000 yuan, respectively.
For green vehicles satisfying the given criteria, the subsidy
standard is 3,000 Yuar/kWh. The subsidies for plug-in
hybrid passenger vehicle and pure electric passenger
vehicles could be up to 50,000 and 60,000 yuan,
respectively.

Depending on the fuel-saving rate, hybrid power system,
‘and maximum electric power ratio, the subsidies range from
50,000 to 420,000 yuan.

Pure electric and plug-in hybrid passenger cars could
receive subsidies ranging from 36,000 o 60,000 yuan.
Buses could get a subsidy ranging from 250,000 to
500,000 yuan in accordance with the length, and another
subsidy of 2,000 Yuan/kWh with a limit of 150,000 yuan
depending on batteries. Fuel cell passenger vehicles and
commercial vehicles may get 200,000 yuan and 500,000
yuan as subsidies, respectively. A back slope mechanismis
applied, implying that the subsidy standards in 2014 and
2015 would be reduced by 10 and 20% on this bass.
The subsidy standard for green vehicles is adjusted
downwards by 5 and 10% in 2014 and 2015, respectively.
Pure electric passenger vehicles and plug-in hybrid
passenger vehicles may receive a subsidy amount ranging
from 25,000 to 55,000 yuan per vehicle. The subsidy for
fuel cell vehicles ranges from 200,000 to 500,000 yuan. The
subsidy standard for electric vehicles, plug-in hybrid
vehicles, and other special vehicles and trucks is set at
1800 Yuan/kWh. A back slope mechanism is applied, from
2017 to 2020, exocept for fuel cell vehicles, subsidies for
other types of vehicies would be reduced gradually,
including a reduction of 20% in 2017-2018 and another
deciine of 40% in 2019-2020.

Raise the threshold standard with dynamic adjustment of
recommended vehicle types. Under the premise of
maintaining the overal stabity of the subsidy poiicy from
2016 to 2020, the subsidy standard for green vehicles is
adjusted as follows. For pure electric passenger vehicles,
the subsidies are 20,000 yuan, 36,000, and 40,000 yuan n
accordance to crising mileage. Plug-in hybrid passenger
vehicles may receive 24,000 yuan. Except for fuel cels, the:
subsidy standards for other types of vehicles reduces to
20% from 2019 t0 2020 on the basis of current standards,
New energy subsidies will be phased out one year ahead of
schedle, and a transitional period of subsidies will be
proposed for the first time; non-individuals will be required
to drive 20,000 km instead of 30,000 km for new energy
purchases; non-personal purchases of a new energy sales
license can apply for a part of the subsidy fund, after
reaching the mileage requirements of the full allocation
Starting from 2019, for vehicles with operational mileage
requirements, part of the fund will be allocated in advance
upon completion of sales license, and the liquidation will be
‘applied upon reaching the mileage requirements, that i, the:
“advance payment” mechanism will be proposed; local
governments can continue to subsidize the purchase of
new-energy buses

New energy subsidies, which expire at the end of the year,
will be extended until 2022, with an annual limit of about 2
milion vehicles; support “vehicle electric separation” and
othar new busineas modele

Covered regions

13 cities like Beijng, Shanghai and
Chongaing and so on

Shanghai, Changchun, Shenzhen,

Hangzhou, Hefei, Beiing

Winners in the bidding are responsible
for the promotion in non-pilt cities.

Promote green vehicles relying on big
cities.

39 city groups including 88 cities

Nationwide

Nationwide

Nationwide

Nationwide

Nationwide
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Dependent variable: In(wage)

Group by education Group by work experience Different region

High-skilled Low-skilled High-skilled Low-skilled East Middle West

Ex_poverty ~ —0.0791*(0.0445) —0.3552" (0.1614) —0.1531**(0.0704) —0.2297** (0.1053) —0.1174(0.1032) —0.1481*(0.0656) —0.4084" (0.1523)
In_poverty ~ —0.1311"**(0.0434) —0.4202* (0.1907) —0.2238" (0.1093) —0.3535" (0.1143) —0.1685(0.1647) —0.2910"(0.1205) —0.4007** (0.1518)

Each grid is a separate regression. And the net effect of energy poverty on the wage of rural workers with different skills or in different regions is calculated after controlling
individual attributes, family factors that affect the wage of rural workers. ***P < 0.01, *P < 0.05, and P < 0.1, robust standard errors in parentheses.
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Ex_poverty
In_poverty

Dependent variable: education

All samples Male workers

Female workers

U] ] 3 4

—0.5603"* (0.1674) —0.5407* (0.2316)

—0.2434™ (0.1056) —0.1884* (0.1202)

(5) (6)

—0.5863" (0.2361)
—0.2833"* (0.1333)

P < 0.01, P < 0.05, and *P < 0.1, robust standard errors in parentheses.
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Dependent variable: health

All samples Male workers

Female workers

U] 2 3 4

Ex_poverty —0.6129"** (0.1230) —0.4608™* (0.1715)
In_poverty —0.3512"*(0.1217) —0.1403" (0.0695)

®)

—0.7893"* (0.1753)

(6)

—0.5952"* (0.1736)

P < 0.01 and P < 0.05, robust standard errors in parentheses.
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Participant Notation

Government Ry
Ca1
Ca2

PV enterprises Ry

The value of all notations is >0.

Interpretation

“The economic benefits that the government gains from promoting the development of the PV industry
The cost when the government chooses conservative adjustment

The cost when the government chooses aggressive adjustment (Caz < Ca1)

“The political achievements that the government gains from technological innovation of enterprises
The impact of power generation cost reduction on the government expenditures (1 > 0)

The extent of the impact of PV generation costs on the government expenditures (0 < « < 1)

The probabilty that the government chooses conservative adjustment (0 < x < 1)

The subsidies that enterprises receive from the government

The innovation incentive for enterprises when the government chooses conservative adjustment

The innovation incentive for enterprises when the government chooses aggressive adjustment (Cez < Ce1)
The economic benefit of the enterprises through technological innovation

Innovation cost of PV enterprises (Cez > S)

The market disadvantages caused by insufficient technological innovation

“The extent of the impact of the subsidies reduction on enterprises (0 < y < 1)

The intensity of investment in technological innovation (0 < 8 < 1)

The probabilty that PV enterprises increase R&D investment (0 < < 1)
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P < 0.01 and P < 0.05, robust standard errors in parentheses.
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P < 0.01, P < 0.05, and *P < 0.1, robust standard errors in parentheses.
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BEL 1 1 1 1 HND 93 93 93 93 PAN 7 7 77 76
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Note: SO is the abbreviation for original rankings, S1 for Scenario 1, S2 for Scenario 2, and S3 for Scenario 3. The codes for countries refer to the World Bank Database.





OPS/images/fenrg-09-777244/fenrg-09-777244-t001.jpg
Dimensions Indicators Attribute

Energy availabilty(0.3492) Household energy consumption per capita (0.3375) =
Household electricity consumption per capita (0.3430) -
Proportion of population with access to electricity (0.3195) -
Energy affordabilty(0.3278) GDP per capita (0.3416) -
Household disposable income per capita (0.3710) -
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Trans cost 6.38 6.58 6.78 6.98 7.18 7.38 7.58 7.98
Total cost 669431.72 690.417.04 711.402.36 Non-convex 753.373.00 774.358.32 795.343.64 816.328.96





OPS/images/fenrg-09-704556/inline_67.gif





OPS/images/fenrg-09-701719/inline_23.gif





OPS/images/fenrg-09-686561/fenrg-09-686561-t004.jpg
Modeling

MG () = ug D,Cz“ ah; Subject to
Capacity constraint

Fund flow constraint1

Fund flow constraint?

Appropriation constraint

Coefficient constraint

Variable constraint and nonnegativity constraint

The programming model, which is denoted by (QP), is shown as follows:

Wi=M - 3 Vi 2D, 3 gy, i = (1,200 omph = (1,2,om)
& &

Vj - Hj 2 sahy + faj, hy), i = {1,2,...,n}, j = {1,2,...,m}

Az 3w

Osap<aysa<i

ReL; Vy, Hy, M, W

=0
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Index

i Index for the vilage such thati = (1,2,...,n3}, where n; denotes the largest indexed vilage in town j
i Index for the town such that j = {1,2,...,m}, wherem denotes the largest indexed town

Decision variables

@ Ratio of garbage diassification in household j in town i
Vi Funds allocated by town  to vilage/
Hy Funds retained in village i of town j
W Funds allocated by county to town j
M Funds retained in town j from W
R Location of the to-build refuse landfil, such that R = {R;, R,}, where the two elements represent the latitude and longitude,
respectively”
Parameters
s Unit wage of the cleaning staff in the vilage
hy Garbage production in village i in town j
5 Coordinate of the transfer station in town j
ny Population of vilage i in town j
T Location of  transfer station in town j, which is already known
u Marginal cost of transportation from the town to the refuse landfil
A Financial budget fixed by the county government
v Goefficient that associates the goverance cost with the assorted garbage volume
c

Annual garbage processing capacity of the landfill in the county
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Initial location (115.9072; 24.5829) Optimized location (115.9098; 24.6200)

Capacityltor) 8,000.00 Delivery (ton) 8,000.00
Salary(RMB) 176.8 FCTs (in RMB) 5,603,646.37
Constraint (1) Equality Gap of CART (in RMB) 970,832.15
Total cost(RMB) 648,446.40 Optimized ART (in RMB) 1,156,279.96

Optimized FTV (RMB)

Town Datuo Renju Dongshi Shizheng Bachi Chagan
Fund 1,491,023.58 397,246.21 621,426.13 603,192.44 312,078.83 194,061.21
Town Shangju Sishui Changtian Retwo Zhonghang Hetou

Fund 160,190.43 203,493.21 194,930.49 258,952.32 164,788.22 243,576.84

Optimized expenditure in villages (in RMB)

Town Datuo Renju Dongshi Shizheng Bachi Chagan
Fund 1,105,101.61 145,390.73 33232168 329,963.86 107,594.59 75,165.74
Town Shangju Sishui Changtian Retuo Zhonghang Hetou

Fund 4130824 61,267.66 76,208.39 100,004.54 50,808.26 91,184.67

Optimized ARV(in RMB)

Town Datuo Renju Dongshi Shizheng Bachi Chagan
Fund 192,960.98 125.927.74 144,552.23 136,614.20 102,242.12 50,447.73
Town Shangju Sishui Changtian Retuo Zhonghang Hetou
Fund 59,443.50 711277 50,361.05 74,973.89 52,447.48 76,196.08
CARV(in RMB)

Town Datuo Renju Dongshi Shizheng Bachi Chagan
Fund 385921.96 251,855.48 289,104.45 27322858 204,484.23 118,895.47
Town Shangju Sishui Changtian Retuo Zhonghang Hetou
Fund 118,887.19 142,225.54 118,722.09 149,947.78 104,894.97 152,392.17
Distance (km)

Town Datuo Renju Dongshi Shizheng Bachi Chagan
Fund 000 25,69 12.16 10.49 20.48 35.08
Town Shangu Sishui Changtian Retuo Zhonghang Hetou
Fund 25.37 23.94 26,18 1067 11.89 1.38

Notes: FCT, fundss from the county to towns; ART, amount retained in town; CART, amount retained in town that s calculated by subtracting the optimized cost in town from the optimized
alocated amounts from county to town; FTV, funds from towns to vilages; ARV, amount retained in vilage; CARV, the amount of ARV that is derived by the similar formulation used for
CART: “Distance” refers to the landfil site to each town.






OPS/images/fenrg-09-704556/inline_53.gif





OPS/images/fenrg-09-701719/inline_20.gif





OPS/images/fenrg-09-686561/fenrg-09-686561-t001.jpg
Initial location

Capacity (ton)
Salary (RMB)

Constraint (1)
Total cost (RMB)

Optimized FTV(RMB)

Town Datuo
Fund 793,657.80
Town Shangju

Fund 184,921.10

(115.9483; 24.5557)

35,000
176.8

Inequalty
640,390.66

Renju
339,301.98
Sishui

183232.70

Optimized expenditure in villages (in RMB)

Town Datuo
Fund 488,079.69
Town Shangju

Fund 4130324

Optimized ARV(in RMB)

Town Datuo
Fund 152,789.05
Town Shangju
Fund 71,808.93
CARV (in RMB)

Town Datuo

Fund 305,578.10
Town Shangju
Fund 143617.86
Distance (km)

Town Datuo
Fund 413
Town Shangju
Fund 2151

Renju

145,390.73

Sishui
61267.66

Renju
96,955.62
Sishui

60,082.52

Renju
193,911.25
Sishui
121,965.04

Renju
2158
Sishui
2058

Dongshi
512,99165
Changtian

175,396.01

Dongshi

332,321.68

Changtian
76208.39

Dongshi
90,334.99
Changtian
49,593.81

Dongshi
180,669.98
Changtian
99,187.62

Dongshi
858
Changtian
22,09

Optimized location

Delivery (tons)
Funds from county to
towns (in RMB)

Gap of CART(in RVB)
Optimized amount
retained in town (in RMB)

Shizheng
534,459.50
Retuo
229,808.93

Shizheng
320,963.86
Retuo

109004.54

Shizheng
102,247.82
Retuo
60,402.19

Shizheng
204,495.64
Retuo
120,804.39

Shizheng
13.75
Retuo
12.88

(115.9098; 24.6200)

6,052.33
4,590,507.55

823,764.00
924,682.74

Bachi
272,212.32
Zhonghang
150,475.93

Bachi

107,594.59

Zhonghang
50803.26

Bachi
82,30887
Zhonghang
4520134

Bachi
164,617.73
Zhonghang
90,682.67

Bachi
17.18
Znonghang
941

Chagan
174,684.67
Hetou

215,600.94

Chagan
75,165.74
Hetou

91184.67

Chagan
49,759.46
Hetou

62,208.14

Chagan
99,518.93
Hetou
124,416.27

Chagan
30.99
Hetou
7.53

Notes: FCT, fundss from the county to towns; ART, amount retained in town; CART, amount retained in town that s calculated by subtracting the optimized cost in town from the optimized
alocated amounts from county to town; FTV, funds from towns to vilages. ARV, amount retained in vilage; CARV, the amount of ARV that is derived by the similar formulation used for

CAR]

istance” refers to the landfil site to each town.
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Indicator

C1
c2
c3
C4
C5
Ce
c7
c8
co
c10
c11
C12
C13
Cl4
C15
C16
c17
c18
C19

Obijective weight

0.079
0.0323
0.0679
0.0238
0.0376
0.0375

0.065
0.0915
0.0699
0.0542
0.0976
0.0278
0.0614

0.043
0.0641

0.045

0.025
0.0358
0.0416

Rank 1

Subjective weight

0.0686
0.0633
0077
00172
0.029
0.033
00871
0.0926
0.0568
0.0607
0.1104
0.0296
0.0482
0.0405
0.0604
0.0526
00172
0.0233
0.0326

Rank 2

s3zro0

~on®

Interval of combination

weight

(0.0686, 0.079)
(0.0323, 0.0633)
(0.0679, 0.077)
(0.0172, 0.0238)
(0.029, 0.0876)
(0.033, 0.0375]
(0.065, 0.0893)
(0.0915, 0.0926)
(0.0568, 0.0699)
(00542, 0.0607)
(0.0976, 0.1104)
(0.0278, 0.0296)
(0.0482, 0.0614)
(0.0405, 0.043)
(0.0604, 0.0642)
(0.045, 0.0526)
(0.0151, 0.025)
(0.0233, 0.0358)
(0.0416, 0.0429)

Combination weight

0.079
0.061
0.077
0.017
0.029
0.033
0.065
0.082
0.070
0.0542
0.1104
0.0296
0.0614
0.043
0.0604
0.045
0.0151
0.0358
0.0421

Final rank
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Criterion Indicator

Availability Reserve
production ratio

Coal self
sufficiency

Coal supply per

capita
Economic Coal price
sustainability

Coal dependence

Market
concentration

Environmental  Coal strength
sustainabilty

Coal
consumption

CO, emissions

S0, emissions

Technological ~ Clean energy
sustainabiity  consumption

Coal mining
mechanization

degree

Coal Investment

Coking efficiency
Health and Proportion of
security preumoconiosis
patients

Deaths in mines

Mortalty per
milion tons

Transport Coal
sustainabity  transportation
distance
Goal
transportation
oliens

No

C1

c2

c3

C4

C5

Cc6

c7

cs

c9

c10

cn

Cc12

C13

ci4
C15

C16

ci7

c18

C19

Attribute

Positive

Positive

Positive

Negative

Negative

Negative

Negative

Negative

Negative

Negative

Positive

Positive

Positive

Positive
Negative

Negative

Negative

Positive

Positive

Equation Unit
2 Year
[ %
Q% -
a

CRu. ¥}, , ®HS; (&Imaginaryl; = 1,2,3,4), S, =

o GDPP = 885 Ten
thousand
tons of
standard
coal/yuan

Variable
description

GAnnual reserves
of coal, ¢, Total
annual production
of coal

c,Total coal
production,

c:Total coal
consumption

Coal price index

Q.~Coal supply in
primary energy,
Q-Net import of
coal in primary
energy

Q Represents the
sales volume of
manufacturers in
the market,g (i =
15505 N)
Represents the
sales volume of the
i th manufacturer,N
Represents the
number of
manufacturers in
the market.

GDP-gross
domestic product
POP-Total

population

Coal consumption
proportion in
primary energy

Carbon dioxide
eemissions from
coal industry

Contribution rate of
sulfur dioxide in
coal industry

Proportion of clean
energy power
consumption in
total national
energy generation
Coal mining
mechanization

degree

= 100 milion  Annual fixed assets

yuan

ot Kilometre

- Vehicle/
day

investment in coal
industry

Coking efficiency
Proportion of
preumoconiosis
patients in the total
number of
occupational
diseases

Total number of
deaths per year
due to mine
accidents

Mortality per million
tons of China coal
mine

Average railway
transportation
distance of coke
Dally average
railway loading
ot

Data
sources

Yang and
Fan,
(2008); Xu
andWang,
(2021);
Guo and
Wang,
(2010);
Tian and
Zhao,
(2015)
Wang
etal.
(2013b);
Fang and
Zhang,
(2013

Guo and
Wang,
(2010);
Fang and
Zhang,
(2013);
Tian and
Zhao,
(2015)
Xu and
Wang,
(2021)

Ai De.
(2008);
Tian and
Zhao,
(2015)
Chen and
Zhou,
(2010);
Guo and
Wang,
(2010);
Tian and
Zhao,
(2015)
Guo and
Wang,
(2010);
Tian and
Zhao,
(2015); Xu
andWang,
(2021)
Xu and
Wang,
(2021);
Guo and
Wang,
(2010)
Jing and
Jiang,
(2006);
Guo and
Wang,
(2010);
Wang
etal.
(2013b);
Wang and
li, (2013)
Jing and
Jiang,
(2006);
Guo and
Wang,
(2010);
Wang
etal
(20130);
Wang and
i, (2013)
Jing and
Jiang,
(2006)

Jing and
Jiang,
(2008);
Guo and
Wang,
(2010);
Wang
etal.
(2013b);
Wang and
li, (2013)
Yang and
Fan,
(2005);
Tian and
Zhao,
(2015);
Guo and
Wang,
(2010);
Wang
etal.
(2013)

Jing and
Jiang,
(2006);
Wang and
Ii, (2013)

Jing and
Jiang,
(2008);
Wang and
li, (2013);
Tian and
Zhao,
(2015)
Jing and
Jiang,
(2006);
Wang and
li, (2013);
Tian and
Zhao,
(2015)
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No

Source

Brown and Sovacool,
(2007)

Mondal and Denich,
(2010

Tsai. (2010)

Raza et al. (2014)

Kumar and Katoch,
(2014)

Mainali and Silveira,
(2015)

Iddrisu and
Bhattacharyya, (2015)

Narula and Reddy,
(2016)

Radovanovi¢ et al.
(2017)

Martin-Gamboa et al
(2017)

Paviovic et al. (2018)

Sovacool and Walter,
(2018)

Marquez-Ballesteros

etal. (2019)

Chen and Wu, (2020)

Jie et al. (2021)

Year

2007

2010

2010

2014

2014

2015

2015

2016

2017

2017

2018

2018

2019

2020

2021

Themes

Energy policy,
Energy
sustainabilty

Renewable
energy,
Sustainabiity

Sustainable

development,
Renewable
energy
Renewable
energy,
Sustainability

Hydropower
Sustainabiity
Indicators
Energy
technology
sustainability

Energy
Sustainabilty

Energy Supply,
Energy
sustainabilty
Energy security,
Sustainable
approach

Energy
sustainability

Energy supply
security

Sustainable
development,
Energy security

Urban energy
sustainabilty

Gas supply
reliabiity

Goal supply in
China

Name
of sustainability
index

Energy
sustainabilty
index (ESI)

Taiwan sustainable
development
indicator (TSDI)

Sustainabilty index

Sustainabiity
indicators

Energy technology
sustainabity index

Sustainable Energy
Development Index
(SED)

Sustainable energy
security index

Energy Security
Index

Review

The Composite
index (C)

Urban Energy
Sustainabilty Index
(UES)

Consumer
satisfaction index
(CS), Continuity
indexes (Cl)

Dimension No.  Time

of  frame
countries

Oil securtty, Electricity 1 10

reliabilty, Energy

efficiency, Environmental

quaiity

Solar energy, Wind 1 -

energy, Biomass
potential, Hydro resource

potential

Social, Econormic, 1 9
Environmental, Ecology

Gost, Reliabiliy, Load 1 9
response, Efficiency and

lite, Capacity variation,

Risk factors,

Environmental

extemalties, Energy

density

Sodial, Environmental, 1 1
Economic

Technical, Economic, 3 7
Social, Environmental,
Institutional Sustainability

Technical Sustainabilty, 20 1
Economic Sustainabilty,

Sodial Sustainabilty,

Environmental

Sustainabilty, Institutional

Sustainability

Avalabilty, Affordabiity 15 3
(Economic dimension),

Efficiency, Acceptabilty

Energy intensity, Energy 28 23
consumption, External

dependence, Per capita

GDP, Carbon intensity,

Renewable energy share

Technical, Economic, - -
Environmental, Social,

Mixed

Energy Import 1 15
Dependency Index,

Energy Intensity, Gross

Inland Consumption,

Index of National

Economy Dependence

on Natural Gas,

Herfindahl-Hirschman

Index, Shannon-Wiener

Index

Security, Poverty, 5 20
Development, Fiscal

responsibility,

Governance

Solid waste recycling, 2 6
Renewable energy power

generation, Energy

affordabilty, Power

supply quality

Demand, Supply, loss 1 1

gas amount for users,

frequency that gas supply

shortages happen, the

time when the gas supply

is insufficient

Coal resource, import, - -
export, final demand

No.
of
indicators

12

50

1

11

Assessment
model

GIS-based
GeoSpatial Tookit
(@sT), Hybrid System

weighted-sum
method

Weighting and
Aggregation

Multicriteria analysis,
PCA (principal
component analysis),
Weighting and
Aggregation
Economic model

Scoring matri,
Weighting matrix,
sensitivity analysis
PCA (principal
component analysis),
Weighting and
Aggregation

Weighting and
Aggregation

Scenario anal

Monte Carlo method

Scenario analysis
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