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Improving energy efficiency and optimizing energy structure is the key to achieving the “dual carbon” goal and high-quality development. This paper calculates the energy efficiency of 30 provinces in China between 2000 and 2017 using the DEA method. The study found that in China, the energy efficiency is higher in East China than in West China, in South China than in North China, and in the coastal areas than in the interior. Moreover, the efficiency gap between clean fuel and fossil fuel is widening. Taking total power consumption as energy input and measuring carbon emissions using regional grid base line emission factor can accurately measure China’s clean energy efficiency. The conclusions of the study provide important references for promoting China’s energy transformation and the development of the green economy.
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1 INTRODUCTION
On 22 September 2020, President Xi Jinping solemnly announced to the world at the 75th UN General Assembly that China would strive to achieve the goal of “carbon peaking” by 2030 and further realize “carbon neutrality” by 2060, which are also called “double carbon” goal. There is no doubt that the key to achieving the “double carbon” goal is to improve energy efficiency and optimize energy structure.
Although China is a country rich in natural resources, the per-capita quantity of resources is relatively low compared with other countries. As a result, China’s import dependence on oil and natural gas has always been high. However, owing to the impact of the COVID-19 pandemic and regional political and military conflicts, there exists dramatic imbalance between energy supply and demand in today’s world, with drastic fluctuations in energy prices and a gap in imported fossil energy supply. Considering these difficulties, it is particularly important whether clean energy can fill the gap and improve the overall energy efficiency. Koirala and Bohara (2021) proposed that households have no incentive to adopt the energy efficiency policy, which has created an unusual gap in energy efficiency of US. Wang et al. (2022) found that the energy efficiency of different provincal regions in China is different, and here is a resource curse at the national level. Paramati et al. (2022) believed that the energy intensity of 28 OECD countries has been decreasing in recent years as the application of environmentally friendly technologies. However, most of the existing studies still focus on fossil energy efficiency, while there is a lack of comparative researches associated with clean energy efficiency, which results in the shortage of theoretical basis for clean energy-related policies. Therefore, this paper adopts DEA method based on directional distance function to calculate China’s inter-provincial efficiency and the structure of fossil energy and clean energy. Besides, this paper also makes a comparative analysis between clean energy efficiency and fossil energy efficiency, and discuss how to improve the overall energy efficiency or realize the transformation of energy structure.
The rest of this paper proceeds as follows: The second part is a review of related literature. The third part introduces the DEA model, describes the variables adopted and data sources. The fourth part reports the calculation results of clean energy and fossil energy efficiency, and analyzes China’s energy efficiency structure. The fifth part provides a summary and policy suggestions.
2 LITERATURE REVIEW
Existing studies on energy efficiency can be divided into three categories: Calculation of energy efficiency, determinants of energy efficiency and the influences of energy efficiency on the economy or the society. There are mainly two ways to calculate energy efficiency. One is the calculation of single-factor energy efficiency. Shi (2002) analyzed the changes in China’s energy efficiency from the perspective of energy intensity, arguing that the opening up, the upgrading of industrial structure and the reformation of economic system are the three key reasons why China was able to improve its energy efficiency since 1978. Lyubich et al. (2018) used energy productivity to measure the energy efficiency of enterprises, arguing that this index is more comparable with other productivity index. Although the calculation of single-factor energy efficiency is easy to perform, but it has a disadvantage that only the relationship between energy input and economic output is measured, while the influences of other input factors on productivity are ignored, possibly bringing about biases during the calculation of energy efficiency. Another method is total factor energy efficiency. The radial definition of technical, allocative and overall productive efficiency introduced by Farrell (1957) and the non-radial concept of input specific technical efficiency introduced by Kopp (1981) can be helpful to understand the concept of total factor productive efficiency. Inspired by Kopp (1981), Filippini and Hunt (2009) proposed that total factor energy efficiency can be calculated more accurately through estimating a single conditional input demand frontier function. Hu and Wang (2006) measured China’s total factor energy efficiency for the first time.Shi et al. (2008) calculated China’s energy efficiency from 1980 s to the beginning of this century using stochastic frontier production function (SFPF), concluding that improving the efficiency of resource allocation in the backward regions and enhancing the scientific and technological communications between developed regions and backward regions are the only two ways for backward regions to improve energy efficiency. Shi and Shen (2008) took knowledge stock into consideration while calculating total-factor energy efficiency, and analyzed the determinants of China’s inter-provincial total-factor energy efficiency. The results show that the resource-rich regions, such as Shanxi and Sichuan, had relatively lower total factor energy efficiency. The main reason is that market segmentation distorts the efficiency of resource allocation. Chen (2010) took pollution as an undesirable output, finding that the green total-factor energy efficiency level was much lower than the traditional energy efficiency. Zhang et al. (2011) calculated the total factor energy efficiency of the Yangtze River Delta region and found that when considering pollutant emissions, the excessive use of energy has resulted in a decrease in the growth rate of energy efficiency in the Yangtze River Delta region.
The second category of the studies focused on the determinants of energy efficiency or structure, such as industrial restructuring, technological progress and management (Kumbhakar and Wang, 2005; Yuan et al., 2012; Wang and Feng, 2013). According to structural division, these studies can be divided into two types. The first type focuses on the time structure of energy efficiency. Wilson et al. (1994) analysed the energy efficiency trends in Australia over the 17 year period from 1973 to 1974 to 1990–1991 and proved that energy efficiency gains in Australia may have been earlier underestimated. Shi (2002) explained the rise of energy efficiency following China’s rapid economic growth in the mid-1990 s from a long-term perspective, and pointed out that multiple factors, such as the opening up, the reformation of the economic system and the improvement of industrial structure, contribute to the accelerated growth of China’s energy utilization efficiency; Wu (2009) analyzed the changes in China’s energy efficiency from the perspective of short-term fluctuations, concluding that s government consumption and short-term changes in energy prices have significant impacts on energy efficiency. The second type of research focuses on the regional structure of energy efficiency. Wei and Shen (2009) analyzed the differences of energy efficiency at the country level, concluding that a uniform market can be established to improve energy efficiency. Zhang and Wu (2011). Measured total factor energy efficiency of 24 developing countries and found a U-shaped relationship between total factor energy efficiency and income per capita. Sun et al. (2021) investigated the energy efficiency of 24 innovating countries in the world between 1994 and 2013 and showed a positive, significant relationship between knowledge spillover and country-specific energy efficiency performance. Pan et al. (2017) analyzed the influences of technological progress on energy efficiency at the provincial level, and found that the impacts of technological progress on energy efficiency vary in different regions and years. The difference was mainly caused by market distortion. Chen and Chen (2019) analyzed the energy efficiency structure of enterprises, concluding that enterprise scale and regional disparity are the two main factors for the differences in the energy efficiency between enterprises. Shi and Li (2020) found that the establishment of emission trading market exerted an influence on green total-factor energy efficiency, and discussed the transmission effects of green technology innovation.
The third category of the studies focused on the influences of energy efficiency on the economy, society or the environment. Herring (2006) has argued that improving energy efficiency due to the energy rebound effect does not reduce national energy consumption and a more effective CO2 policy is to concentrate on shifting to non-fossil fuels. However, Shao et al. (2013) argues that the idea of reducing energy consumption by improving energy efficiency is generally practicable in China. Wang et al. (2010) argues that carbon dioxide emissions are reduced with the improvement of energy efficiency in the industrial sector. Lin and Liu (2015) claims that foreign trade has increased energy efficiency and thus improved the ecological environment. Liu et al. (2020) explored the relationship between energy efficiency and social welfare and found that the reduction of energy efficiency could reduce social welfare.
Reviewing the existing literature, it can be found that while using the indicator of energy efficiency, whether it is single factor energy efficiency or total factor energy efficiency, most of the studies simply convert coal, oil, natural gas and electricity into standard coal consumption as energy input without distinction between fossil energy and clean energy. This implicates the lack of sufficient researches on clean energy efficiency. In view of the above, this paper includes clean energy in the research to calculate fossil energy efficiency and clean energy efficiency respectively, and further explore the gap between the two types of energy efficiency.
3 DEA MODEL
3.1 Model introduction
In this paper, data envelopment analysis (DEA), a method based on the multiple input-multiple output (MIMO) technology, is primarily used to calculate energy efficiency. The advantage of DEA model is that it can evaluate the operation efficiency of multi input and multi output decision making unit. DEA model does not need to specify the production function in the form of input and output, so it can evaluate the efficiency of decision making unit (DMU) and more complex production relations. In addition, the weight of DEA model is generated by mathematical programming based on data, and it is not necessary to set the weight of input and output in advance, so it is not affected by human subjective factors.
Based on the directional distance function (DDF) proposed by Fare et al. (2007), output-oriented DEA method is used to investigate China’s inter-provincial fossil energy efficiency and clean energy efficiency, during which we treat carbon dioxide emissions as an undesirable output. Specifically, each province is taken as a decision-making unit (DMU), and it is assumed that there are [image: image] DMUs, the input vector is [image: image] , the desirable output vector is [image: image], the undesirable output vector is [image: image], and the production technology is:
[image: image]
According to Chung et al. (1997), production possibility is a closed and bounded set, while production inputs and desirable output are characterized by strong disposability. Besides, if we want [image: image] to correctly describe environmental technology, we must set up two additional preconditions, i.e., null hypothesis and weak disposability.
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To calculate green energy efficiency more accurately, Chung et al. (1997) also considered the directional distance function (DDF), which is expressed as follows:
[image: image]
where [image: image] represents input and output vectors, and [image: image] is the inefficiency value. Combined with the above equations, we can solve the following DEA model and obtain the value of DDF [image: image], which can be used to calculate the environmental inefficiency value of each DMU. Then the energy efficiency (ee) are revealed.
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
3.2 Variable selection
There are three types of variables used to calculate energy efficiency: inputs, desirable output and undesirable output. In this paper, the input variables selected for the calculation of China’s fossil energy efficiency are capital, labor, and energy. The desirable output variable is GDP. The undesirable output variable is carbon dioxide emission, and this is also a common practice in energy efficiency calculation. For capital input, capital stock is selected as an indicator, and the perpetual inventory method is used for calculation. In this paper, the method proposed by Zhang et al. (2004) is adopted for calculation with 2000 as the base period. For labor input, the year-end number of people employed in each province is selected as an indicator. Since coal, petroleum and natural gas are three major types of fossil energy. We convert seven specific types of fossil fuels into standard coal per 10,000 tons, including coal, coke, crude oil, gasoline, diesel, fuel oil, and natural gas, which is used as energy input. For GDP, the year2000 is taken as the base period to deflate the nominal GDP of each year in order to obtain the real annual GDP. The amount of consumption of the above seven energy types is multiplied by their carbon emission factor respectively to calculate the amount of carbon dioxide emissions.
For the calculation of clean energy efficiency, the following five variables are required: capital stock, labor force, energy input, GDP, and carbon dioxide emissions. The capital stock, labor force, and GDP are the same as those for fossil energy, but the major difference lies in energy input and carbon dioxide emissions. According to the existing literature, clean energy input can be measured by each province’s total yield of hydropower, wind power, nuclear power and photovoltaic power generation or total power consumption. For the former, the corresponding carbon emission factor is zero, and for the latter, the corresponding power carbon emission factor can be measured by either of the average regional grid emission factor and regional baseline grid emission factor. This paper calculates China’s clean energy efficiency using the above three different methods, and further explores which method is more accurate.
3.3 Data sources
This paper uses panel data of 30 Chinese provinces and regions collected from 2000 to 2017, with a total of 540 samples, and Tibet is excluded due to the lack of data. In addition, some energy input data of several provinces and years are missing, and these missing data are complemented by interpolation. All the above data are from China Statistical Yearbook, China Labour Statistical Yearbook, Chinese Energy Statistics Yearbook, and carbon emission factor reports issued by the National Development and Reform Commission (NDRC).
4 EMPIRICAL RESULTS AND ANALYSIS
4.1 Calculation results of China’s fossil energy efficiency
First, the fossil energy efficiency is calculated. The results are shown in Figures 1, 2. As can be seen, among the three major economic zones, i.e., East China, central China and West China, the fossil energy efficiency of West China is significantly lower than that of the former two.
[image: Figure 1]FIGURE 1 | 2000-2017 fossil energy efficiency structure of China.
[image: Figure 2]FIGURE 2 | 2000-2017 fossil energy efficiency structure of China’s eight economic zones.
The energy efficiency of the eastern and central regions was similar between 2000 and 2007, after which the eastern region gradually became larger than the central region. The fossil energy efficiency of South China and North China showed the same trend, i.e., rose first and then leveled off, but the fossil energy efficiency of South China was higher than that of North China.
Figure 2 shows the fossil energy efficiency structure of China’s eight major economic zones. In general, the fossil energy efficiency of most of China’s economic zones rose first and then tended to stabilize. The national average was 0.66 in 2000, and this value gradually increased to 0.80 by 2007. Later, it gradually leveled off, and finally stabilized at 0.76. For each economic zone, most of them showed steady growth in fossil energy efficiency over the period from 2000 to 2007. The difference began to appear in 2007. The North Coast Economic Region, East Coast Economic Region and Southwest Economic Zone still showed an upward trend after that. The Middle Yangtze River Economic Zone, South Coast Economic Region, and Northwest Economic Zone gradually stabilized, accompanied by slight fluctuations from time to time. On the contrary, the fossil energy efficiency of the Northeast Economic Zone and Middle Yellow River Economic Zone declined somewhat. To be specific, the energy efficiency of the East Coast Economic Region, South Coast Economic Region, and Middle Yangtze River Economic Zone ranked top nationwide. The energy efficiency of the Middle Yellow River Economic Zone was low for the main reason that Inner Mongolia, Shanxi and some other provinces in Middle Yellow River Economic Zone were heavily dependent on resources, with fossil energy such as coal, accounting for a large proportion of the entire energy industry, thus resulting in excessively high carbon dioxide emissions and further leading to low energy efficiency. Finally, the energy utilization efficiency of the Northwest Economic Zone ranked last nationwide possibly due to its weak economic foundation, lack of energy and traffic inconvenience. Despite its backward development of science and technology compared with developed regions such as the East Coast Economic Region and South Coast Economic Region, the output efficiency would be far lower than the latter given the same amount of input.
4.2 Calculation results of China’s clean energy efficiency
Regarding the calculation of China’s clean energy efficiency, this paper adopts two indicators of clean energy (including hydropower, wind power, nuclear power, solar power, etc.) on the energy input side, i.e., total production and total power consumption. For the calculation of carbon emissions corresponding to total power consumption, the average regional grid emission factor and regional baseline grid emission factor are adopted. Thus, three different results of China’s clean energy efficiency can be obtained.
(1) Calculation results based on the new energy Figures 3, 4 show China’s clean energy efficiency calculated with the total production of clean energy such as hydropower, wind power, nuclear power, and solar energy as energy inputs, and the corresponding carbon emission factor is zero. As can be seen from Figure 3, among the three major economic zones, the clean energy efficiency ranked from high to low in east China, central China and West China. The clean energy efficiency of central China was very close to the national average. In addition, the clean energy efficiency of South China was significantly higher than that of North China. The gap between the two began to gradually widen in 2000, and remained stable after reaching a peak in 2011.
[image: Figure 3]FIGURE 3 | 2000-2017 clean energy efficiency structure of China (new energy).
[image: Figure 4]FIGURE 4 | 2000-2017 clean energy efficiency structure of China’s eight economic zones (new energy).
In Figure 4, China’s energy efficiency structure calculated on this baseline is analyzed from the perspective of the eight major economic zones. As can be seen from Figure 4, the clean energy efficiency of most of China’s economic zones remained stable with slow growth. The average national clean energy efficiency was 0.69 in 2000, and increased to 0.78 in 2017, a growth rate of only 13%. From a regional perspective, the fossil energy efficiency of 17 provinces in five major economic zones, including the Northeast Economic Zone, North Coast Economic Region, East Coast Economic Region, South Coast Economic Region and Middle Yangtze River Economic Zone, was generally higher than the national average. The North Coast Economic Region, East Coast Economic Region, and South Coast Economic Region, located in coastal areas, had very high energy efficiency, mainly due to good economic benefits from excellent geological conditions and policy support. On the other hand, clean energy was commonly applied in these regions, so the growth of carbon dioxide emissions was slower than that of GDP. The Middle Yellow River Economic Zone had lower efficiency for the main reason that Shanxi and Inner Mongolia, major producers of thermal power, are located in this region, where coal and other fossil energy occupy an absolutely dominant position, while clean energy develops slowly. Moreover, they provide energy for other provinces. The green energy efficiency of the Southwest Economic Zone and Northwest Economic Zone was always significantly lower than the national average. However, the Southwest Economic Zone had relatively higher green energy efficiency compared with Northwest Economic Zone, which underwent a slight increase. From the perspective of time, the green energy efficiency of most economic zones showed an upward trend from 2000 to 2006. After that, the efficiency of the Northeast Economic Zone Middle Yellow River Economic Zone decreased, while other economic zones remained at a certain level.
(2) Calculation results based on total power consumption and average emission factor
Figures 5, 6 show China’s clean energy efficiency calculated using average regional grid emission factor with total power consumption as the energy input. As shown in Figure 5, under this calculation principle, the clean energy efficiency of central China was higher than that of East China before 2009, and then slightly lower than the latter, while the energy efficiency of West China remained at a relatively backward level. The clean energy efficiency of South China was significantly higher than that of North China. From the perspective of time, the clean energy efficiency of all economic zones, including East China, central China and West China or North China and South China, maintained a steady growth from 2000 to 2007, and then stabilized at a certain level.
[image: Figure 5]FIGURE 5 | 2000-2017 green and clean energy efficiency structure of China (average emission factor).
[image: Figure 6]FIGURE 6 | 2000-2017 green and clean energy efficiency structure of China’s eight major economic zones (average emission factor).
As can be seen from Figure 6, the clean energy efficiency of most Chinese economic zones grew slowly. The average national clean energy efficiency was 0.72 in 2000 and increased to 0.81 in 2017, a growth rate of 12.5% only. Specifically, the clean energy efficiency of three major economic zones, including the Northeast Economic Zone, Middle Yangtze River Economic Zone and South Coast Economic Region, consistently ranked top nationwide. Taking the Middle Yangtze River Economic Zone as an example, its total-factor clean energy efficiency was 0.83 in 2000, 0.11 higher than the national average, and 0.93 in 2017, 0.12 higher than the national average. It was followed by the Southwest Economic Zone and North Coast Economic Region. The efficiency of the Middle Yellow River Economic Zone was significantly lower than the national average after 2007, mainly because the region is rich in fossil energy such as coal, which provided the impetus for its early economic growth, promoting the improvement of energy efficiency. Further, path dependence would occur at the later stage, with energy transformation and upgrading running into a bottleneck. The clean energy efficiency of the Northwest Economic Zone consistently ranked last nationwide.
(3) Calculation results based on total electricity consumption caliber baseline grid emission factor
Figures 7, 8 show China’s clean energy efficiency calculated using the regional baseline grid emission factor with total power consumption as the energy input. Figure 7 shows that the clean energy efficiency of East China and central China are similar, and both are significantly higher than West China. On the other hand, the clean energy efficiency of South China was also higher than that of North China. From the perspective of time, clean energy efficiency was growing slowly nationwide.
[image: Figure 7]FIGURE 7 | 2000-2017 green and clean energy efficiency structure of China (baseline grid emission factor).
[image: Figure 8]FIGURE 8 | 2000-2017 green and clean energy efficiency structure of China’s eight economic zones (baseline grid emission factor).
Figure 8 shows that clean energy efficiency was gradually increasing in most economic zones of China. The average national clean energy efficiency was 0.67 in 2000 and increased to 0.82 in 2017. From a regional perspective, the green energy efficiency of the Northeast Economic Zone, Middle Yangtze River Economic Zone, East Coast Economic Region, and South Coast Economic Region was always higher than the national average. Taking the Middle Yangtze River Economic Zone as an example, its green total-factor clean energy efficiency had risen to 0.92 by 2017, a value close to the productive frontier. This is mainly because this zone includes areas such as Hubei, Hunan and other places that are rich in hydropower resources. It was followed by the North Coast Economic Region and Southwest Economic Zone. The North Coast Economic Region does not have clean energy reserves, but rather a good economic foundation. Sichuan provides hydropower for the Southwest Economic Zone, which is, however, dragged down by the slow economic growth of Yunnan and Guizhou. The efficiency value of the Middle Yellow River Economic Zone was significantly lower than the national average after 2007. From the perspective of time, the green energy efficiency of most economic zones was on the rise. Although the energy efficiency of the North Coast Economic Region and Southwest Economic Zone was positioned at the intermediate level nationwide, it showed good growth momentum and great development potential.
(4) Comparison of different calculation methods
In conclusion, there is barely a difference in green total-factor energy efficiency structure between the three methods. From a regional perspective, the efficiency of East China and central China was higher than that of West China, the efficiency of South China was higher than that of North China, and the efficiency of the coastal areas was higher than that of the interior. From the perspective of time, the efficiency increased rapidly from 2000 to 2007, and then gradually stabilized. Also, there is a difference among the results achieved by the three methods. The energy efficiency of the North Coast Economic Region in Figure 4 is significantly higher than that in Figures 6–8. The highest clean energy efficiency of the North Coast Economic Region in the three figures is 0.95 (Figure 4), 0.82 (Figure 6), and 0.85 (Figure 8), respectively. The clean energy efficiency of the Middle Yellow River Economic Zone is also lower than that in Figures 6–8. This is mainly because the first result is achieved from the production data of clean energy, which was used as the energy input, but sometimes, this cannot reflect the actual regional energy input. The Northern Economic Zone, including Beijing, Tianjin, Hebei, and Shanxi, is short of clean energy, and its actual energy production is smaller than its actual consumption. If energy efficiency is calculated under this condition, the input will be underestimated, with higher efficiency obtained. The Middle Yellow River Economic Zone comprises of major energy provinces, such as Shanxi and Inner Mongolia. For example, Inner Mongolia is rich in wind power. The energy produced in these regions is not only consumed locally, but also provided to other provinces. Its actual energy production is greater than its actual consumption. So, if the energy efficiency is calculated under this condition, the energy input will be overestimated, with lower efficiency obtained. Besides, the clean energy efficiency shown in Figure 6 grows at a slower rate than those in the other two figures. Taking the national average as an example, the 2000-2017 growth rate of national clean energy efficiency was 0.09 in Figures 6, 0.11 (Figure 4) and 0.15 (Figure 8) in other two figures. This is mainly because carbon emissions are calculated using the regional grid average emission factor in Figure 6, but this factor was not updated after 2012. The emission factor should also be gradually reduced with the advancement of technology. If the average regional grid emission factor is adopted, the undesirable output and carbon emissions of subsequent years will be overestimated, resulting in low energy efficiency and overall growth. Therefore, when clean energy efficiency is calculated, it is relatively more reasonable and practicable to take total power consumption as the energy input and use the regional baseline grid emission factor to calculate carbon dioxide emissions as an undesirable output. This calculation method will be taken as the baseline hereinafter to compare fossil energy efficiency with clean energy efficiency.
4.3 Analysis of the gap between fossil energy efficiency and clean energy efficiency
China’s efficiency of fossil energy efficiency and clean energy efficiency was calculated respectively above, and the following is a comparative analysis of the two types of efficiency. For the convenience of research, this paper figures out the gap between China’s clean energy efficiency and fossil energy efficiency (the value of clean energy efficiency minus that of fossil energy efficiency) (as summarized in Table 1) and the change rate of both (as summarized in Table 2).
TABLE 1 | The gap between China’s fossil energy efficiency and clean energy efficiency.
[image: Table 1]TABLE 2 | Change rate of China’s fossil energy efficiency and clean energy efficiency.
[image: Table 2]Table 1 shows that in general, there is a small gap between China’s clean energy efficiency and fossil energy efficiency. As can be seen from the national average, the minimum gap between them is 0.1, while the maximum difference is 0.6. However, it is worth noting that this difference is gradually widening, which may be due to progress in clean energy application technology and increased returns to scale from growing clean energy production. Foreseeably, the gap between clean energy efficiency and fossil energy efficiency will widen in the future. This shows that given sufficient clean energy endowment, it is practicable to gradually replace fossil energy with clean energy to improve overall energy efficiency, develop the green economy, and achieve the goal of carbon neutrality at an early date.
For each economic zone, there is a different gap between the two types of efficiency. The green energy efficiency of the three major economic zones, i.e., the Northeast Economic Zone, Middle Yangtze River Economic Zone and Southwest Economic Zone, was higher than their fossil energy efficiency. The Northeast Economic Zone has a solid foundation for wind power generation and photovoltaic power generation. At the same time, the hydrogen energy industry shows a promising development trend. There are sufficient hydropower resources in the Middle Yangtze River Economic Zone and Southwest Economic Zone. The efficiency of the Middle Yellow River Economic Zone decreased first and then increased, from 0.02 in 2000 to -0.07 in 2008 and finally to 0.06 in 2017. In economically developed areas such as the East Coast Economic Region, North Coast Economic Region, and the South Coast Economic Region, the green energy efficiency was closer to or even slightly lower than the fossil energy efficiency. The main reason is that there is no geographical environment for clean energy development in these areas.
The indicator MLPI will be used hereinafter to further analyze the difference in change rate between fossil energy efficiency and clean energy efficiency. As shown in Table 2, MLPI was greater than 1 in most of the years, indicating that both fossil energy efficiency and clean energy efficiency were at the growth stage. According to the national average, for either fossil energy or clean energy, its growth showed a “U”-shaped trend. The trough period began in 2007 and ended in 2012. MLPI was lower than 1 in most of the years, and the energy efficiency declined to some extent.
From the perspective of regional disparity, the rate of change in fossil energy efficiency and clean energy efficiency was similar among the five major economic zones, including the North Coast Economic Region, East Coast Economic Region, South Coast Economic Region, Middle Yangtze River Economic Zone and Northwest Economic Zone. There was a large difference in the rate of change of the two energy efficiency in the Middle Yellow River Economic Zone, mainly due to the relatively large fluctuations in the rate of change of clean energy efficiency, but in recent years the two have gradually converged. From 2015 to 2017, the clean energy efficiency of the Southwest Economic Zone grew faster than its fossil energy efficiency. From 2008 onward, the fossil energy efficiency of the Northeast Economic Zone grew more slowly than its clean energy efficiency. To sum up, despite similar growth rates of clean energy efficiency and fossil energy efficiency nationwide, for each economic zone and even each province, due to the differences in resource endowment, technical conditions and economic foundation, the rate of change in the efficiency of both energy types was not the same. For each region, reasonable energy policies should be formulated according to the actual local conditions to further develop the energy industry. For example, clean energy can be further developed in the Northeast Economic Zone.
5 DISCUSSION
In this paper, the DEA method was used to calculate the 2000-2017 fossil energy and clean energy efficiency of 30 Chinese provinces. The research findings are as follows: First, the fossil energy efficiency of most Chinese provinces increased first and then gradually stabilized, and was higher in East China than in West China, higher in South China than in North China, and higher in the coastal areas than in the interior. This result is consistent with the conclusions of Guan et al. (2015), Zhao and Dong (2022). According to the research of Guan et al. (2015), the fossil energy efficiency of the eastern region was significantly higher than that of the central and western regions between 2006 and 2011, about 0.84–0.98 in the eastern region, about 0.56–0.75 in the central region, and about 0.65–0.70 in the western region, which was consistent with the calculation data in this paper (Figure 1). Zhao and Dong (2022) believe that China’s industrial energy efficiency presents a spatial distribution pattern of South Central China > East China > Southwest China > Northeast China > North China > Northwest China. The conclusions of this paper are basically the same. It is believed that the energy efficiency of each economic region can be divided into three levels: the first level is the Eastern Coast, Southern Coast and Middle Yangtze River; The second level is the Northeast, the Northern Coast and the Great Southwest; The third level is the Middle Yellow River and the Northwest (Figure 2, Figure 4, Figure 6 and Figure 8). The difference of energy efficiency is related to economic basis, industrial structure, location factors, factor endowment and other factors, which also confirms the hypothesis of “resource curse” proposed by Wang et al. (2022).
Second, the clean energy efficiency of most Chinese provinces gradually increased. Moreover, the clean energy efficiency of the Northeast Economic Zone, Middle Yangtze River Economic Zone, East Coast Economic Region and South Coast Economic Region has consistently been higher than the national average (Figure 4, Figure 6 and Figure 8). Although the energy efficiency difference between clean energy and fossil energy is low at present, the gap is gradually expanding. It can be seen that the use of clean energy instead of fossil energy can improve the total factor energy efficiency. This is consistent with the conclusion of Cai and Cheng (2022), but they also pointed out that with the increase of the proportion of clean energy consumption, its promotion effect will continue to weaken.
Third, the change trend of clean energy efficiency has been gradually stable since 2008, and the clean energy efficiency of the middle reaches of the Middle Yellow River Economic Zone and the Northwest Economic Zone has even shown a downward trend, which is inconsistent with Shi and Li (2020) that the emission right market improves the green total factor energy efficiency, or at least, the emission rights trading has limited impact on the improvement of clean energy efficiency.
6 CONCLUSION
Based on the above discussions, this paper puts forward some conclusions as follows:
First, it is more reasonable and practicable to calculate China’s green energy efficiency by taking total power consumption as the energy input and adopting the carbon dioxide emissions calculated using the regional baseline grid emission factor as an undesirable output. Therefore, relevant government departments, such as NDRC, should chair the carbon emission calculation work and update the power carbon emission calculation coefficient in a timely manner. With the expanding application scope of clean energy, the update of the power carbon emission factor will not only help to measure carbon dioxide emissions, but also improve the accuracy of clean energy efficiency. The accurate measurement of indicators is of great importance for implementing and evaluating China’s energy conservation and emission reduction policies.
Second, it is practicable to upgrade and optimize industrial structure and energy structure, and vigorously develop clean energy. Clean energy has broad development prospects. With the advancement of technology, the clean energy efficiency is gradually exceeding fossil energy efficiency. By expanding the application of clean energy, we can effectively realize energy transformation and upgrading, develop the green economy, and achieve the “double carbon” goal at an early date.
Third, it is practicable to create a reasonable institutional environment, and transfer environmental responsibility to governments at all levels to avoid any negative effect of “one-size-fits-all” energy policies. There is a difference in resource endowment and economic foundation from region to region, so energy development policies should be formulated according to local conditions.
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