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Abstract

:

The co-benefits of mitigation technology in China’s petrochemical and chemical industry have not been evaluated, although they are deemed valuable for the cost-benefit analysis of carbon mitigation. On this basis, this study evaluates the carbon mitigation effects and environmental co-benefits of mitigation technologies that have been long ignored in China’s petrochemical and chemical industry. In addition, this study also fills the gap of provincial research in chemical industry. A bottom-up energy model and marginal abatement cost curves are constructed for each sector. The study is based on national and provincial levels to provide quantitative reference for the mitigation technologies. Results show that, among 18 technologies in the chemical industry, waste heat utilization and technological process transformation technologies have the highest marginal abatement benefits. Technologies in the petrochemical industry with the largest marginal abatement social benefit typically exists in three categories: efficiency improvement technology, waste heat utilization technology, and coating technology. At the national level, 8039 and 5105 premature deaths are effectively avoided by the promotion of chemical and petrochemical mitigation technologies, respectively. Monetary value of health impact in these two industries are 7.0 billion and 5.5 billion RMB, respectively. At the provincial level, coal gasification multi-generation gas turbine power generation technology, a technological process transformation technology, performs well in Shaanxi province with 122 million RMB of total social benefit.
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1. Introduction


China is facing environmental challenges, such as the global effects of curbing CO2 emissions and local air pollution and public health [1,2,3]. Environmental problems are a hot issue concerning the whole region, with specific industrial characteristics [4]. Focusing on the environmental impact and social cost of technology promotion will promote the progress of the industrial emission roadmap. To tackle the complicated environmental problem, academia has done great efforts. Some scholars have analyzed correlations between CO2 and other local pollutants, such as SO2, soot, and particulate matter (PM). On the basis of factor demand theory in economics, Li et al. [5] (2017) discovered that co-benefits would achieve a co-control policy in the mitigation of local pollutants and CO2 emission. Yang et al. [6] calculated CO2 and PM2.5 emissions and discovered positive correlations between consumption-based and production-based perspectives. In view of the positive correlation between CO2 and SO2 or PM, Zeng et al. [3] constructed a systemic framework for a co-control plan. They found that the reduction gains in Urumqi were 930 tons of SO2, 3170 tons of NOx, 5296 tons of PM10, and cost savings of 6.7 billion RMB per year [3]. Liu et al. and Jiang et al. [7,8] emphasized the significance of regional governmental cooperation in conducting a co-control policy. Furthermore, Dong et al. [2] discovered that the real co-benefits of emission reductions for SO2, NOx, and PM2.5 will reach 2.4, 2.1, and 0.3 Mt in 2020, respectively.



Past co-benefit studies have shown that the environmental co-benefits should be analyzed for whole sectors at the activity level, or focused on one specific sector on a technological levels. Peng et al. [4] analyzed the air quality and climate impacts in four sectors. They concluded that the industry sector benefits most from technology upgrades and fuel switching strategies, with a reduction of air-pollution-related death of 2.8% [4]. Yang et al. [9] found that in the building sector, the GDP losses saved from health benefits in 2020, 2030, and 2050 will reach 0.13%, 0.16%, and 0.23%, respectively, in co-control scenarios compared with reference scenarios. Xie et al. [10] found that 0.79% of GDP investment in PM2.5 control would yield 1.17% of GDP benefits. Yang et al. [11] found that the carbon mitigation cost can be compensated by environmental benefits, thereby resulting in net benefit of 0.06% of the GDP. Gao et al. [12] calculated the GDP losses in Beijing due to PM2.5 pollution in 2011 and obtained a result of 0.17–0.33% of GDP.



Besides power-generation and transportation sectors, industry sectors account largely for local pollutant emissions. Regarding industry sub-sectors, scholars have focused on the cement sector and iron and steel sector. In a study of the cement sector, Yang et al. [13] incorporated environmental co-benefits into marginal abatement cost, and suggested policy-makers integrate co-benefits into decision-making. Zhang et al. [14] discovered that energy efficiency measures would result in a 20% decline of the marginal cost; moreover, they analyzed the co-benefits at the provincial level and demonstrated the significance of integrating the energy efficiency and air quality policies [15]. Li et al. [16] emphasized the substantial role played by carbon taxes in the cement sector. On the basis of the national China-TIMES Model, Ma et al. [17] investigated the declining trends of local pollutants and GHG from iron and steel production, and calculated the co-benefits of the reduction measures; the results were 45.7–91.6 Mt of CO2, 114.5–256.4 Kt of SO2, and 20.2–49.9 Kt of PM2.5. Zhang et al. [18] estimated the co-benefits of implementing an energy efficiency policy and end-of-pipe emission policy in the iron and steel industry simultaneously, and found that large co-benefits exist, wherein emission mitigation of GHGs and air pollutants were 463 Mt of CO2eq, 253 Kt of PM, and 1392 Kt of SO2 [18].



In the co-benefit studies in the industry sector, most of the studies have focused on the cement and iron and steel sectors. However, studies on the co-benefit effect of chemical sector, as the second largest energy-consuming sector in industry [19], are scarce. Nevertheless, the study of the chemical sector is important in energy systems. Fossil fuels, such as coal, oil, and gas, remain dominant in the chemical and petrochemical industry, although their consumption are decreasing in other industries. Moreover, fossil fuels, especially coal and oil, are expected to keep decreasing in world energy demand. According to the world energy outlook reported by IEA, the proportion of fuel energy consumption will greatly decline [20] with the promotion of renewable energy in the power sector and of electric vehicles in the transportation sector. Additionally, reduction of fossil fuel consumption will help in the deep carbon reduction by China. However, in China, fossil fuels still dominate the industry; for example, coal and oil take a large proportion in energy consumption in the energy-intensive chemical industry at present and are expected to be the same in the near future. Specifically, the chemical industry with added-value of 8325.638 billion RMB accounts for 35% of total industry value added [21]. The chemical industry, considering petrochemical industry, has consumed 168.55 million tons of coal equivalent (tce) coal, as well as 168.08 million tce oil and 28.88 million tce gas in 2015; the emission of CO2 is 1479.4 million tons in 2015, which is approximately 22% of the total emissions [22]. Therefore, the energy saving and emission reduction technology development in these two sectors will be substantial for carbon abatement and pollution reduction efforts.



Research in the chemical industry has concentrated on energy-saving amounts and emission reduction. Lin et al. [19] found that a average energy efficiency is 68.9% in the chemical industry, with 89.42 Mtce energy saved from 2005–2011. Zhou et al. [23] indicated that in the ammonia industry in China, the fuel-switching and technology improving strategies caused a 23.5% CO2 emission decrease from 2005–2015. Chen et al. [24] compared three ethylene production routes, and discovered that natural gas to ethylene (NTO) is the most eco-efficient. Liu et al. [25] discovered that current technologies in the petroleum-refining process can maintain the average energy consumption within 57 kgoe/t-feed. Moreover, a further reduction of up to 10% can be achieved under a cap-and-trade scheme [25]. Xie et al. [26] found that industrial activity, industrial scale, and energy intensity are three factors in the CO2 emissions in the petroleum-refining and coking industry. Given the complexity in the petrochemical process, scholars such as Weng et al. [27], Han et al. [28], Geng et al. [29] and Chen et al. [30] have proposed improving the current model to quantify and predict the energy consumption and CO2 emissions well [20].



In conclusion, there have been many studies about the co-benefits from carbon abatement at the while sector level or in industrial subsectors like cement manufacture, but research on the petrochemical and chemical industries has focused on their energy-saving potential and CO2 emission mitigation, however, it rarely discusses the public health co-benefits and existing co-benefit analyses are seldom focused on the petrochemical and chemical industries. Hence, analysis and research in the co-benefits in the petrochemical as well as chemical industry are substantial. In addition, fossil fuels, such as coal, oil, and gas, are becoming less dominant in other sectors. Therefore, studies in the fuel energy-intensive industry, namely, chemical and petrochemical industry, is remarkable. On this basis, the present study focuses on the environmental health impact of chemical industry. A series of energy saving and emission reduction technologies are analyzed. This study aims to evaluate the health benefit of these technologies and revise the marginal abatement costs for showing the economy and feasibility of the promotion of energy saving and remission reduction technologies in the chemical industry.




2. Overview of Energy Intensive Chemical Industry


2.1. Total Final Energy Consumption and Energy Intensity


The industrial sector ranks first in China’s final energy consumption, accounting for 67.12% of total energy consumption in 2015 [31] (Figure 1). Historical trends indicate that total final energy consumption of the industrial sector has been experiencing sustainable growth in the last decade, which corresponds to the upward trend of the entire industry.



However, the rate of rapid growth has slowed down in recent years. In addition, the proportion of total industrial final energy consumption is between 60% and 70%, and has experienced a general constant decline since 2011 [31]. The energy consumption structure of the industrial sector includes coal, oil, natural gas, electricity, heat and other energy sources, accounting for 56%, 11%, 5%, 23% and 5%, respectively, in 2015 [32], close to the corresponding proportion of the country, with coal always being the dominant fuel in the industrial sector. The petrochemical and chemical industries are energy-intensive industries, consuming over 20% of the total industrial energy, where the proportion of petrochemical industry and chemical industry is 7.52% and 18.91%, respectively [32] (Figure 2). This figure has been rising in recent years up to a historic peak of 26.43% in 2015. In view of the high proportion, it is vital to improve the energy efficiency and optimize energy consumption structure in these two subsectors that would contribute to mitigation of the whole industry.



Energy intensity, which refers to energy consumption per GDP, has constantly been decreasing since 2000 (1.47) but reached its historic lowest point (0.62) in 2015 [31] (Figure 3).



In contrast, the industrial energy intensity—energy consumption per industrial added-value—is rather higher. Although experiencing a decrease from 2.58 in 2000 to 1.24 in 2015, it is still nearly twice as high as the overall figure [31]. Historical statistics show that industrial sector consumed 60–70% of the total energy while its added-value only remained at 40% [31]. This unpromising situation indicates the urgency in pushing the industrial sector to improve its energy efficiency. Energy intensity of petrochemical and chemical industry has decreased by years and maintained around 0.5 in the Twelfth Five Year Period. Specifically, energy intensity of petrochemical industry has declined from 1.64 (2000) to 0.67 (2015) and that of the chemical sector has also decreased from 2.56 (2000) to 0.58 (2015) [31]. Considering its energy consumption has been slightly increasing year by year, this low indicator implied substantial increases in production value.




2.2. Emissions


Emissions of CO2 have been rising for a long time, while just the single industrial sector has emitted nearly 60% of total CO2 (Figure 4). Taking the relationship of added-value and CO2 emissions into consideration, historical statistics show CO2 emissions per 10,000 GDP is declining year by year, and especially since 2005 this figure has decreased from above 4 tons to 2 tons or so [31,32,33,34] (Figure 5). Although the CO2 emissions per industrial added-value had a fluctuating decrease, it’s still higher than the overall level. In addition, the petrochemical and chemical subsector deserve to be observed due to their high energy-intensive production. The total amount of CO2 emissions in these two subsectors increases every year, accounting for almost 20% of the whole industry emissions, where the petrochemical subsector represented up nearly 6% and the chemical subsector produced 15% or so. Meanwhile, CO2 emissions per added-value in the petrochemical and chemical subsectors also declined, at 1.09 and 1.32 in 2015, respectively [31,32,33,34]. All the figures indicate that improving the energy utilization efficiency in these two subsectors would make remarkable contributions to carbon abatement.



According to the China Environmental Statistical Yearbook (2003-2015) [35], normal pollutants mainly include sulfur dioxide, nitrogen oxides and soot. Among these pollutants, SO2, NOx, and soot have been fluctuating. Especially in the Twelfth Five Year Plan period SO2 decreased by 16% and NOx decreased by 21%. Soot emissions increased slightly in recent years [35].



The petrochemical industry’s SO2 emissions ranged from 0.6 to 0.8 million tons, while that of the chemical industry’s emissions ranged from 0.9 to 1.3 million tons [35] (Figure 6). The proportion of SO2 emission in the petrochemical and chemical industry has been increasing and in 2014 it reached its historic peak (13.45%). The nitrogen oxides emissions in the petrochemical industry range from 350 to 400 thousand tons, while those in the chemical industry are fairly steady at 500 thousand tons. Emissions of the two subsectors represent 5–7% of the total industry’s emission, and this proportion has been constantly rising in recent years, reaching 7.52% in 2014 [35]. Soot emissions in the petrochemical and chemical industry changed irregularly. Soot emissions in the petrochemical industry ranged from 400 to 600 thousand tons while those of the chemical sector were between 500 to 700 thousand tons [35]. The historic peak of soot emissions of the petrochemical and chemical industry appeared in 2011, and was 10.85% of total industrial soot emissions.




2.3. National Program for Industrial Energy Conservation and Emission Mitigation


Requests for energy conservation and emission mitigation in all the industries are clearly listed in the Integrated Work Plan for Energy Conserve and Emission Mitigation During the Thirteenth Five Year Period [36]. In the energy saving part, total energy consumption is required to be limited within 5 billion tce and the energy intensity is expected to decrease by 15% compared to that of 2015. Besides, the consumption of coal in the whole energy consumption should be below 58% and non-fossil fuels’ proportion should increase to 15%. The policy also puts forward the energy conservation and emission mitigation target for the different regions. In addition, CO2 emission per GDP is required to decline 18% in the five years [37]. Technical requirements are given in Development Program for the energy conservation and environment protection industries during the 13th Five Year Period [38]. The detailed requirements about industrial sectors are elaborately listed in the Industrial Green Development Program (2016-2020) [39], which requires the energy intensity, CO2 emissions per added-value and pollutant emissions in those focused industries declining 18%, 22% and 20% by 2020, respectively. Besides, the proportion of green and low-carbon energy should increase from 12% to 15%. In the Development Program for Petrochemical and Chemical Industries (2016-2020) [40], an elaborate mitigation plan is conducted to promote these sectors’ green development. The main targets are shown in Table 1.





3. Methodology


A total of 40 energy saving and emission reduction technologies in the petrochemical and chemical industry, recommended by National Development and Reform Commission, are assessed in this paper. The health impact and marginal abatement cost of these technologies are evaluated. Health impact assessment methods [41] assess the number of premature deaths and the resulting economic losses of air pollution. The promotion of these technologies reduces the pollutant concentration. Hence, it can also avoid some premature deaths caused by air pollution. The avoided premature deaths are health benefits. Finally, health benefits are further integrated into the marginal abatement cost curves (MACCs) of the technologies.



3.1. Main Parameters about Mitigation Technologies


To promote energy conservation and emission reduction in the industrial sector, the National Development and Reform Commission issued a series of detailed technical indicators [42]; in which the petrochemical sector has 22 technologies, whereas the chemical sector has 18 technologies, as shown in Table A1 and Table 2, respectively. When handling application rates in different provinces, production quantity and proportion of relevant products of the technologies are considered.



To assess the health impact of specific industrial technologies, 40 technologies are discussed in detail. The 40 technologies comprise 22 technologies in petrochemical department and 18 technologies in chemical department. Table 2 display the economic and environmental parameters of these technologies. Petrochemical department technologies are divided into five groups, which are named Category A–E, on the basis of their mode of energy conservation.



Category A covers seven technologies that can save energy through efficiency improvement. By reducing the per unit energy utilization and CO2 emissions, these technologies can reduce the total air pollution and CO2 emissions. For example, tech21 may achieve 3000 Ktce energy saving and 7.92 Mt CO2 abatement per year, with an expected 5-year total investment of 1000 million RMB. Category B contains three heat exchanger technologies. Heat exchangers are important pieces of equipment in industrial production. The improvement of heat exchangers can save a considerable amount of energy.



Category C collects technologies that focus on waste heat utilization. Six technologies are included in this category. Recycling waste heat and applying it into industrial process can improve energy efficiency and reduce energy amount needed for industrial production. Category D has three coating technologies. After adding specific coating on equipment, the heat absorption rate or heat transfer rate can be improved to decrease energy utilization. Three technologies in Category E are system optimization technologies, which use energy system models to minimize the energy consumption under necessary constrains.



The chemical department has four categories from F to I. These categories focus on technological process, waste heat utilization, equipment modification, and fuel improvement. Each technology improves one section of industrial production process. Hence, these technologies have a total expectation of 18.01 million tce energy saving capacity per year. Specifically, Category F has five technologies that change the steps of industrial process to reduce energy waste. The other three categories, namely, G, F, and I, include 6, 2, and 5 technologies, respectively.




3.2. Model Assumptions


The health impact evaluation is one module of China-Multi-pollutant Abatement Planning and Long-term benefit Evaluation model (China-MAPLE), which is a bottoms-up model developed to optimize system cost and energy structure on the basis of constraints of mitigation policies and technology [9,11,43]. The social-economic assumptions in this paper are consistent with the China-MAPLE model. In China-MAPLE, the GDP growths are assumed to be 6.2%, 4.1%, and 3.2% in the periods of 2020–2030, 2030–2040, and 2040–2050, respectively [11,44]. The base year is set to be 2015. The social-economic parameters, such as population and value of statistical life (VSL), are calibrated to base year. The VSL used in this paper and the sources are listed in Table 3.



VSL is a statistical conception. The most popular way to get the VSL in one area is by a contingent valuation method. Researchers usually need to construct many questionnaires. The surveys are aimed to understand local people’s willingness to pay (WTP) to improve their environmental conditions for a long life span. The survey results reveal people’s preferences for different attributes. The results can also be influenced by some other factors, such as questionnaire design, survey method, and information exchange between investigators and respondents [45]. People in different regions have different perceptions, and the WTP can change over time. Therefore, the VSLs for different regions in different periods usually have obvious differences. The VSLs used in this paper are the latest research results for those areas. They are converted to base year using consumer price index. Some studies have been conducted approximately 10 years ago. As such, the VSLs should be updated. Nevertheless, the VSLs obtained from local surveys for individual areas are still the most appropriate for studying local air pollution health impact.




3.3. Health Benefit Evaluation


The reduced air pollutant emissions have some contributions to improve local air quality. Among numerous air pollutants, SO2, NOX, and PM2.5 are the most harmful to human beings. Hence, they are estimated in this paper. The health impact evaluation method consists of three steps [41]. First, we use emission amount and intake fraction to estimate concentration change. On this basis, we evaluate the relative risk of premature death. Last, we get the statistical value of economic loss caused by air pollution. The intake fractions mean the ratio of pollutant inhaled by human beings to the pollutant emission amount [51,52]. The intake fractions in this study for SO2, NOx, and PM2.5 are 0.89, 0.18, and 44.10 ppm, respectively. On the basis of the reduced emissions at the provincial level [41,53], the concentration change due to emission reduction can be estimated by Equation (1):


  Δ C =  (  E M × i F  )  /  (  P × B R  )   



(1)




where ∆C is the concentration change of air pollutants, EM is the emission reduction amount, iF is the intake fraction in ppm, P is the population, and BR is the breathing rate in m3/day.



We use the exposure-response coefficient (ERC) to denote the correlation between PM2.5 concentration and health impact. ERC is usually derived from a regression model called proportional hazards survival model [54,55,56]. The ERC used in this paper is 5.37 from the study of Nanjing University; hence, per 10 μg/m3 increase in PM2.5 concentration will cause the premature death to increase by 5.37 percent [56,57].



The relative risk (RR) means the ratio between the mortality risks under two different exposure conditions. Given other conditions unchanged, when concentration is higher, RR becomes higher [53]. The ERC is transformed to RR using Equation (2):


  R R = e x p ( E R C × Δ C )  



(2)




where RR is relative risk, ERC is the exposure-response coefficient and ∆C is the PM2.5 concentration increment.



The premature death caused by a PM2.5 concentration increment is calculated with the RR and the total mortality rate, as shown in the formulas below. The total premature death, I, equals the baseline premature death, I0, multiplied to the relative risk, RR, as shown in Equations (3)–(5). Moreover, the premature death attributed to the incremented air pollution is the difference between the total premature death and the baseline premature death [56]. Besides, data about premature death are collected from the Chinese Center for Disease Control and Prevention and the Global Status Report on Noncommunicable Diseases 2010 [58] from World Health Organization:


  I =  I 0  × R R  



(3)






   I 0  = I / R R  



(4)






  Δ I = I × [ 1 − ( 1 / R R ) ]  



(5)




where I is the real premature mortality, I0 is the premature mortality under the baseline exposure condition, and ∆I is the premature death attributed to the incremented air pollution.



To evaluate the monetary value of health impact, VSL is used for estimating the monetary value of each case of premature death caused by air pollution [59,60]. In this study, we use specific VSLs for different provinces from domestic WTP survey studies [46,47,48,49,50]. We use Equation (6) to calculate the monetary value of health impact:


  H I = Δ I × V S L  



(6)




where HI is the monetary value of health impact, and VSL is the value of statistical life.



We use local VSLs [46,47,48,49,50] to monetize health benefits. For comparing MAC curves, another series of VSLs are also used. The other VSLs are converted from the VSL of the United States of 7.4 million USD [41]. The conversion of VSL from one area to another is based on income ratio. In this paper, the income ratios are calculated between provinces of China and the US, and elasticity is 1.5 [61].




3.4. MACC Construction


In this study, we introduce marginal abatement cost curves (MACCs) to analyze the effect of mitigation technologies. The MACCs show the ladder-type relation between carbon abatement amount and the marginal cost of a group of technologies. In these curves, the lowest-cost technology is placed in the first place in x-axis; then, the second-lowest-cost technology is placed in the second place, and so on; the y-axis displays the unit carbon abatement cost of each technology [62]. In the original MACCs, only economic costs are considered as the difference between the investment and the saved energy fee.



Regarding economy, investment minus energy fee does not cover all the costs because of externality. Energy uses have negative externality, because the air pollution caused by energy consumption has health impact on human beings. Furthermore, the reduction of energy use can also provide some positive social benefits. Considering the externality, the cost of carbon abatement of promoted technologies becomes low. The MACCs are also revised when health benefit is removed from the original marginal abatement cost. As such, we derive the revised MACCs. The new MACCs curve are more accurate than the original ones are. Moreover, they move down compared with the original MACCs. Two revised MACCs based on the two group of VSLs for China’s provinces are generated. Then, they are compared with each other.





4. Abatement Cost Considering Environmental Health Impact


4.1. Abatement Potantial of Mitigation Technologies


The mitigation technologies have different effects on carbon emission and local pollutant abatement potential. Considering the CO2 abatement potential in the chemical sector, Tech7 (pulverized coal pressure gasification technology), Tech13 (modular cascade heat recovery clean coal gasification technology), and Tech12 (overhead multi-nozzle coal pressure gasification furnace technology) rank top three with amounts of 10.3, 5.16, and 4.36 Mt, respectively. Tech7, Tech13, and Tech12 belong to coal chemical technology. The coal chemical is an important part of the chemical sector, especially for the cement sector [63]. Coal, as raw material, is used via gasification; moreover, approximately half of the coal gasification products go to chemical production [63]. As shown in Figure 7, these three technologies also rank top four in the emission reduction potential of SO2, NOX, and PM2.5. On the contrary, Tech1 (conversion gas to alkali and new process technology for its cleaning), Tech18 (horizontal belt type vacuum filter alkali energy saving technology, and Tech16 (isothermal transformation energy-saving technology based on phase shift heat transfer have the smallest emission reduction potential for CO2 as well as SO2, NOX, and PM2.5. The high correlation between the emission reduction potential of CO2 and air pollutants reflects the homogeneity between CO2 and air pollutants. Hence, carbon abatement technologies have synergies of simultaneously reducing air pollutants.



The emission reduction potential of 22 technologies in the petrochemical industry are shown in Figure 7. The technologies with the largest CO2 abatement potential are tech21 (clean and efficiency technology of vehicle fuel) with CO2 abatement potential of 7.9 million tons, tech15 (energy-saving optimization technology of industrial cooling circulating water system) of 5.5 million tons, and tech16 (optimization of steam system operation and energy-saving technology) of 4.2 million tons, respectively. Also, the top three NOx emission reduction technologies are the same ones as those of CO2, with potentials of 56, 36, and 28 Kt, respectively. With regard to SO2 and PM2.5, the technologies rank a little bit different in the emission reduction potential; the highest reductions are 57 Kt SO2 and 10 Kt PM2.5 by tech15, 44 Kt SO2 and 8 Kt PM2.5 by tech16, and 25 Kt SO2 and 4 Kt PM2.5 by tech5 (energy-saving technology of thermal superconducting ceramic coating).



A small number of technologies exists with high CO2 emission reduction potential but low potential for air pollutants. Nonetheless, most of the technologies have the same trend of reduction potential for CO2 and air pollutions, whether high for both or low for both. Overall, a strong correlation between CO2 and air pollutants, namely, SO2, NOX, and PM2.5, is observed. The exception goes to tech1 (liquefied natural gas recovery and liquefaction engineering for oil field machinery) and tech18 (energy balance and optimal dispatching technology in petrochemical enterprises), whose SO2 emission reduction potential is almost as low as 0. The sound explanation for this result is that the energy type saved by these technologies is natural gas. Furthermore, the use of natural gas emits little SO2.




4.2. MACCs of Mitigation Technologies Considering Co-Benefits


As shown in Table 4 and Figure 8, half of the technologies in the chemical industry have unit carbon abatement costs lower than 0. Therefore, the economic gain brought by energy savings is higher than the investment cost. The most outstanding performance comes from tech15 (waste heat utilization and tail gas power generation (heating) technology in yellow phosphorus production), which reduces energy consumption by recycling waste heat from yellow phosphorus production. Besides, the absolute value of tech15’s negative MAC is 552 RMB/tCO2. After reducing the health benefit from economic costs, the MACC moves downwards. Moreover, the economic performance of all technologies become better. Some of the technologies whose unit abatement cost is larger than 0 become lower than 0 rendering them economical feasible. Examples of these technologies are tech7, tech13, and tech18 in both revised MACCs as well as tech3 and tech9 in revised MACC with US converted VSL. In addition, ranking of the economic performance also changes considering externality. For example, tech4 raises from 13th to 9th in revised MACC with domestic VSL, whereas tech15 falls to 3rd from 1st in revised MACC with US converted VSL because of relatively low health benefit.



Among the 22 technologies in the petrochemical industry, as shown in Table 5 and Figure 8, four have positive abatements costs, whereas 18 have negative abatement costs. The 18 technologies already have economic feasibility when only investment and energy fee are included. Taking tech21 for example, per ton of CO2 abated, 1632 RMB economic gain can be obtained. Moreover, tech6 and tech22 originally have positive costs, however, when domestic VSL is used to evaluate the externality, they have negative costs. When USA-converted VSL are used, other technologies, namely, tech4 and tech20, become cost effective; and also all technologies become cost effective. Furthermore, ranking of economic performance of petrochemical technologies also changes. Some technologies, such as tech5, tech10, tech16 and tech22, become economically feasible, whereas some other technologies, such as tech1, tech13, and tech18, fall behind.



The construction of MACCs has relatively high uncertainty. However the MACCs constructed based on bottom-up study or expert-based study, which analyze the technology mix, are more robust than system model-based MACCs are [64]. Nonetheless, the key parameters, such as cost of investment and energy saving and mitigation potentials, still have influence on the results that should not be ignored [65]. To reduce the uncertainty, key parameters are considered in this paper. First, the energy consumption in each province has its own price, thereby making the economic benefit of promoting the energy saving technologies accurate. Second, the national social benefits of these technologies are summed up by the benefits of provinces. Moreover, the environmental issues usually have regional characteristics. As such, the benefits obtained from the regional level are more reliable than those from the national level. Third, when adding the social benefits into the MACCs, two groups of VSLs are introduced: one from local surveys and another from the conversion of USA survey results. Thus, two revised MACCs are shown in the figure above. The differences between the two revised MACCs indicate that the VSL has remarkable influences on the MAC curve constructions.




4.3. Health Impact Evaluation


Promoting technologies can provide some economic benefits for society after comprehensively analyzing economic and external costs. As shown in Figure 9, economic cost, externality, and total social benefits are grouped for comparison; the total social benefit is the difference of health benefit and economic cost. As seen in the figure, comparing the chemical sector technologies, the social benefits of tech5, tech10, and tech15 with negative economic costs and high health benefits rank top three. In addition, tech5 has social benefit as high as 2183 million RMB. On the contrary, some technologies with high economic costs or relatively low health benefits result in low total benefit or even negative total social benefits. For example, tech7 has the highest health benefit but also the second largest economic cost; it results in a positive total social benefit that is not considerable. Therefore, in the analysis of the economic feasibility, ignoring economic cost or externality would lead to bias on the results.



The petrochemical tech group has two subgroups: one with high total social benefits and another with low or negative social benefits. As shown in Figure 9, the two subgroups are separated on tech1 and tech19. The technologies with total social benefit higher than tech1 have high negative economic costs and positive health benefits. Moreover, the sum of the two technologies result in this group of technologies having total social benefits much higher than another group has. Tech21 has the highest total social benefit with 13,259 million RMB, whereas tech15 takes second place with 3780 million RMB. Tech19 and the technologies with total social benefits lower than that of tech19 have health benefits much lower than the top8 technologies have.



The evaluation of health benefits of the chemical industry technologies varies considerably, as shown in Figure 10. Tech7, tech5, and tech13 have high health benefits at the national level. For example, tech7 and tech5 has a potential of 1230 million and 854 million RMB, respectively. Some technologies, such as tech18 with 39 million RMB, tech1 with 53 million RMB, and tech16 with 63 million RMB, have low externality.



Many factors result in the differences in health benefits among the technologies. The most important factor is the air pollutant emission reduction potential. Given that other conditions are unchanged, the more emissions are reduced, the higher the health benefit is. For example, tech7 has the highest PM2.5 reduction potential of 11,357 ton, which is approximately 18% of all chemical technologies; it is also the technology with the highest health benefit. Another important factor is the distribution of technologies. If the technologies are distributed in provinces with a high population density, high VSL, or high total mortality, the health impact of air pollutant emission reduction will be higher than that distributed in other provinces.



Several petrochemical technologies perform well in the analysis. As shown in Figure 10, tech15, tech16, and tech5 have high health benefit of 1348 million, 1029 million, and 586 million RMB, respectively. This result is much higher than that of other technologies. The health benefits of the remaining 19 technologies are evenly distributed in the range of 7 million–352 million RMB. Among these technologies, tech1, tech7, and tech18 have the lowest health benefits of 7 million, 15 million, and 15 million RMB, respectively. The differences are due to the differences of emission reduction.





5. Discussion on Regional Level


5.1. Difference of Industrial Products and the Promotion of Technologies among Provinces


The expected energy saving capacity, CO2 emission reduction capacity, and investment are further divided into provinces on the basis of corresponding production. For example, the proportion of chemical tech5, as distribution reference, takes the production share of synthetic ammonia in 31 provinces in 2015, as shown in Figure 11. We use emission factors at the provincial level to calculate the reduced air pollution emissions on the basis of provincial energy saving capacity. The saved energy also reduces energy fee, which is also calculated at the provincial level.




5.2. Chemical Sector Health Impacts and Social-Environmental-Economic Analysis in Provincial Level


As shown in Table 6, health benefits of the energy saving and emission reduction technologies in the chemical industry brought to the 31 provinces vary considerably. Among all provinces, Henan, Hubei, Xinjiang, Shaanxi, and Shandong provinces have large health benefits. Typically, Henan province ranks first, and Hubei ranks second with health benefits of 929 million and 834 million RMB, respectively.



The output of most chemical-related products in Shandong, Henan, Shaanxi, and Hubei province are relatively higher than that in other provinces. Therefore, the emission reduction of air pollutants brought by technology promotion is accordingly higher. For example, the proportions of several technologies in Xinjiang, such as technology 3 and Technology 4 accounting for nearly 22%, are high, thereby resulting in the high health benefit in Xinjiang. In addition, the total population or the total number of premature deaths in these provinces is relatively high. Hence, premature deaths due to air pollution may be higher. The resulting health benefits are relatively high due to the technology promotion for improving air quality.



VSL is also an important influencing factor. The number of premature deaths reduced due to the technology promotion in Shandong is as high as 959. This number is the highest in all provinces and almost twice that of Hubei. However, the VSL in Shandong is only 0.54 million RMB. The VSL in Hubei is 1.68 million RMB, which is more than thrice that of Shandong VSL. The difference between the number of premature deaths and the VSL value results that Shandong’s health benefit is only two-thirds of that in Hubei and is the fifth highest among provinces. Hubei Province, although ranking third in emission reductions, ranks second in health benefits due to its high VSL value.



We then simultaneously compare economic costs, health benefits, and total social benefits. The total economic cost of the 18 technologies is only negative in Guangdong, Shanghai, and Beijing. In other provinces, the reduction of energy costs cannot offset the high investment costs. In most provinces, even the sum of health benefits and saved energy costs is less than the investment costs. At the provincial level, the promotion of the 18 technologies in the chemical sector only has positive total social benefits in a few provinces due to high economic costs. In eight provinces, such as Guangdong, Ningxia, and Hubei, the total social benefits of these technologies are positive, which is economically feasible. However, in other provinces, the total social benefits are negative.




5.3. Petrochemical Industry Health Impacts and Other Social-Environmental-Economic Parameters in Provincial Level


Table 7 shows that the petrochemical industry technologies can bring different health benefits to different provinces. Liaoning, Guangdong, Shandong, Xinjiang, and Shaanxi have the highest health benefits; among these provinces, Liaoning has the highest health benefits of 895 million RMB; Guangdong has the second highest of 841 million RMB.



Liaoning, Guangdong, Shandong, Xinjiang, and Shaanxi are major provinces with developed petrochemical industry. The output of petrochemical products is relatively high in these provinces. Therefore, the emission reduction of air pollutants brought by technology promotion in these provinces is higher than that in others. In addition, these provinces also have high population density, thereby leading to high premature mortality rate caused by air pollution. Thus, the health benefits of air pollutant reduction are relatively high. VSL is also important, as reflected in Guangdong. Guangdong’s VSL value is as high as 2.54 million RMB, thereby making Guangdong the second largest province in terms of health benefits.



Table 7 shows the economic costs, health benefits, and total social benefits of the 31 provinces in promoting the 22 technologies. All provinces have positive total social benefits as well as negative economic costs. Hence, the energy costs saved due to energy saving can offset the investment costs. Considering health benefits, the overall social benefits become high.




5.4. Analysis of Typical Provinces


In the analysis of one specific province, the performance of individual technology can be displayed clearly. For the chemical industry, Shaanxi province is taken as an example. Most chemical industry technologies perform quite well in Shaanxi; especially, tech14 has 122 million RMB of total social benefit. However, some technologies, such as tech12, have negative total social benefit because of its high investment cost.



For petrochemical industry, Guangdong province is taken as an example. Some technologies have quite high health benefit; for example, tech21 has 1148 million RMB net benefit, and tech15 has 461 million RMB of total social benefit. Almost all petrochemical technologies in this paper have positive social payoff in Guangdong.




5.5. Suggested Technologies


On the basis of the revised MACCs after considering the environmental health impact of air pollutants, the sequence of chemical industry technologies is shown in Figure 12. Tech15, tech10, and tech17 of the chemical sector are the top three technologies with the highest marginal social benefits. Hence, they are the most recommended for promoting in the chemical sector. Then, they are followed by tech5, tech6, tech11, and so on, successively. Figure 12 also shows the sequence of technologies in the petrochemical industry. Tech21, tech8, and tech7 have the highest marginal social benefit potential. Furthermore, the higher the air pollutant emission reduction potential is, the higher carbon abatement will be, and the higher social benefit will be.



At the provincial level, the sequence of technologies is different from that at the national level, and each province has its own special sequence. For the chemical industry technologies in Shaanxi, the sequence with highest marginal social benefit is tech15, tech10, tech17, tech5, tech6, tech14, and so on. The sequence of the technologies of petrochemical industry in Guangdong is similar with the national sequence. In Guangdong, tech21, tech8, tech7, tech2, tech5, tech16, and tech15 are the most recommended petrochemical industry technologies with the highest marginal social benefit and high air pollutant reduction potential.





6. Conclusions


This paper is a national and provincial level study. This study is focused on the carbon mitigation effect and the environmental benefit of the mitigation technologies in China’s petrochemical and chemical industry. In this study, MACCs are constructed. When considering the ignored health co-benefit, the original MACCs moves downward with reduction in cost. Health impact is calculated as avoided premature death and is monetized on the basis of the VSL. Instead of policy scenario analysis, this study focused on the mitigation technologies. Moreover, it aims to propose suggestions about ranking and promoting these technologies.



Compared with previous studies, the results of this study are reasonable. First, the emission reduction amounts of CO2 and air pollutants of the chemical and petrochemical industry are in reasonable ranges. Taking the study results of the steel and iron industry as example, Ma et al. [17] concluded the reduction of CO2 45.7–91.6 Mt, SO2 114.5–256.4 Kt, and PM2.5 20.2–49.9 Kt with reduction measures. Zhang et al. [18] found that emissions mitigation of GHGs and air pollutants would be 463 Mt of CO2eq, 253 Kt of PM, and 1392 Kt of SO2. The results of the present study for the chemical sector are CO2 47 Mt, SO2 361 Kt, NOx 220 Kt, and PM2.5 63 Kt.; for the petrochemical industry, the results are CO2 40 Mt, SO2 225 Kt, NOx 220 Kt, and PM2.5 42Kt. The ratios among the CO2 abatement and the air pollutant reduction are consistent with previous studies. Second, the health impact, which is the avoided premature death in this paper, is also consistent with other studies. The health impact is 8039 and 5105 in the chemical industry and the petrochemical industry, respectively, compared with 10,000 in the cement sector by Zhang et al. [15]. Third, the marginal health benefit of CO2 abatement of the chemical industry technologies is in the range of 111–277 RMB/t-CO2, whereas that of the petrochemical industry it is 4–327 RMB/t-CO2; basically, the results coincide with the range of 3–39 USD/t-CO2 in the cement sector [1]. Given the few studies about the chemical sector, the comparison between the results from this study and studies about other sectors can offer some reference for the rationality of study results.



The sequence of marginal abatement cost shows the result of comparing the economic feasibility of technologies. Among the 18 technologies in the chemical industry, waste heat utilization and technological process transformation technologies have the highest marginal abatement benefits. Specifically, the waste heat utilization and tail gas power generation (heat supply) technology in yellow phosphorus production process, new high-efficiency energy-saving membrane pole distance membrane electrolysis technology, and nitric acid production reaction waste heat residual pressure utilization technology are the top three technologies in marginal abatement social benefit. Besides, in the comparison of petrochemical technologies, efficiency improvement technology named clean and efficiency technology of vehicle fuel, waste heat utilization technology named comprehensive utilization technology of waste heat from oilfield production, and coating technology named Coating technology of nano-ceramic multi-space particle adiabatic energy-saving material are the top three for marginal abatement social benefit.



The carbon abatement and the air pollutant reduction show strong homology. High carbon abatements usually have large air pollutant reduction results too. Nationally, 8039 and 5105 premature deaths have been avoided by the promotion of chemical mitigation technologies and petrochemical mitigation technologies, respectively. The monetary value of health impact in these two sectors are 7.0 billion and 5.5 billion RMB, respectively.



The technology effect is further distributed to the provinces. In the chemical industry, Henan, Hubei, Xinjiang, Shaanxi, and Shandong achieve the largest health benefits. Henan province has 929 million RMB health benefit. For promoting petrochemical industry technologies, Liaoning, Guangdong, and Shandong provinces are the top three in evaluating health impact. Liaoning province has the highest health impact of 895 million RMB. Moreover, in analyzing typical provinces, one technological process transformation technology, which is named coal gasification multi-generation gas turbine power generation technology, performs quite well in Shaanxi with 122 million RMB of total social benefit. Almost all of the petrochemical technologies have positive social payoff in Guangdong. Examples of these technologies are clean and efficiency technology of vehicle fuel with 1148 million RMB net benefit and energy-saving optimization technology of industrial cooling circulating water system technology with 461 million RMB of total social benefit.



Technologies with the highest marginal abatement social benefits are recommended for priority promotion. In the chemical industry, the waste heat utilization and tail gas power generation (heat supply) technology in yellow phosphorus production process, new high-efficiency energy-saving membrane pole distance membrane electrolysis technology, and nitric acid production reaction waste heat residual pressure utilization technology are initially recommended. They are noted as tech15, tech10, and tech17, respectively. Also, in the petrochemical industry, clean and efficiency technology of vehicle fuel, comprehensive utilization technology of waste heat from oilfield production, and coating technology of nanoceramic multi-space particle adiabatic energy-saving material are mostly recommended to be promoted first. They are numbered tech21, tech8, and tech7, respectively.



The co-benefit evaluation has some uncertainties. Furthermore, the discussion at the provincial level increases the difficulties of handling these uncertainties. To reduce the uncertainties, the key parameters are considered in this paper. For example, different VSLs are used for each province, and two groups of VSLs are introduced and compared. Simultaneously, the uncertainty for exposure response coefficient poses a large challenge for the co-benefit studies. However, the study provides a good reference for other developing countries that are facing similar challenges. These countries include India, where oil demand in the petrochemical sector will increase from 0.4 to 1 million barrels per day from 2017 to 2040; and also, that in China increases from 1.8 to 2.7 million barrels per day, as forecasted by OPEC [66]. The recommended mitigation technologies, such as clean and efficiency technology of vehicle fuel, can have obvious co-benefit to help reduce the cost in the petrochemical industry. Moreover, the 11.2 tons SO2 reduction per kilotons of CO2 reduction in the chemical sector is also encouraging for other countries. When governments and enterprises pay the cost to reduce carbon dioxide emissions, air quality and residents’ health can be improved. This research can be a remarkable reference for such developing countries.
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Nomenclature




	MACC
	Marginal abatement cost curves



	China-MAPLE
	China-Multi-pollutant Abatement Planning and Long-term benefit Evaluation Model



	CBA
	Cost–benefit analysis



	VSL
	the value of statistical life



	CVM
	Contingent valuation method



	WTP
	Willingness to pay



	iF
	Intake fraction



	ERC
	Exposure-response coefficient



	RR
	Relative risk








Appendix A




[image: Table] 





Table A1. Technology name and promotion rate.






Table A1. Technology name and promotion rate.





	
No

	
Technology Name

	
Current Promotion Proportion, %






	
Petrochemical industry




	
1

	
Liquefied natural gas recovery and liquefaction engineering for oil field machinery

	
50




	
2

	
Large-scale high-parameter plate-shell heat transfer technology

	
40




	
3

	
Heat recovery technology of glass plate heat exchanger

	
<1




	
4

	
Energy saving technology of closed linear long stroke pumping unit

	
<1




	
5

	
Energy-saving technology of thermal superconducting ceramic coating

	
<1




	
6

	
Closed-loop heat recovery technology of exhausted steam and condensate water

	
10




	
7

	
Coating technology of nano-ceramic multi-space particle adiabatic energy-saving material

	
12




	
8

	
Comprehensive utilization technology of waste heat from oilfield production

	
2




	
9

	
Ultrasonic on-line anti-fouling technology of heat exchanging equipment

	
<1




	
10

	
Waste heat utilization technology of hydrogen chloride synthesis

	
1




	
11

	
Energy-saving Urea production technology

	
5




	
12

	
A new type of absorption thermal converter technology

	
<5




	
13

	
High efficiency compound evaporative cooling (condensate) technology

	
30




	
14

	
Refining industrial phosphoric acid by solvent extraction

	
5




	
15

	
Energy-saving optimization technology of industrial cooling circulating water system

	
<7




	
16

	
Optimization of steam system operation and energy-saving technology

	
30




	
17

	
High radiation cladding Technology

	
0.1




	
18

	
Energy balance and optimal dispatching technology in petrochemical enterprises

	
10




	
19

	
Low temperature heat recovery power generation technology for aromatic plant

	
4




	
20

	
Heat transfer technology of high pressure and high efficiency winding tube

	
15




	
21

	
Clean and efficiency technology of vehicle fuel

	
<1




	
22

	
Flow stepless regulation technology of large reciprocating compressors

	
5




	
Chemical industry




	
1

	
Production of caustic soda by conversion gas and new cleaning technology

	
20




	
2

	
Acid and low temperature heat recovery technology of ore or smelter gas

	
5




	
3

	
40.5MVA environmental protection and energy saving closed carbide production

	
25




	
4

	
63MVA environmental protection and energy saving closed carbide production

	
4




	
5

	
Comprehensive technology of energy saving for ammonia synthesis

	
50




	
6

	
Energy saving technology for catalytic combustion of coal

	
<1




	
7

	
Pulverized coal pressurized gasification technology

	
15




	
8

	
Non slag molten slag coal water slurry staged gasification technology

	
15




	
9

	
Multi nozzle opposed coal water slurry gasification technology

	
15




	
10

	
New high-efficiency energy-saving membrane pole distance membrane electrolysis technology

	
25




	
11

	
Carbon black production process waste heat utilization and tail gas power (heating) generation

	
50




	
12

	
Top mounted multi nozzle pulverized coal pressurized gasifier technology

	
5




	
13

	
Modular cascade regenerative clean coal gasification technology

	
1




	
14

	
Coal gasification multi-generation gas turbine power generation technology

	
<5




	
15

	
Waste heat utilization and tail gas power (heat) generation in yellow phosphorus production

	
5




	
16

	
Energy saving technology of isothermal transformation based on phase change heat transfer

	
1




	
17

	
Nitric acid production reaction residual heat and pressure utilization technology

	
50




	
18

	
Energy saving technology of horizontal belt vacuum filtration

	
5
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Figure 1. Historical final energy consumption. Final energy consumption in industry has been going up as the total final energy consumption increased in the past fifteen years, and the proportion has decreased sharply in the 12th year plan. Source: State Statistics Bureau—China Statistical Year Book (2000–2016) [31]. 
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Figure 2. Final energy consumption in the petrochemical and chemical subsector. Final energy consumption in the petrochemical and chemical industry has a stable increase in recent years and the total proportion in the whole industry energy consumption is 26.43% in 2015. Source: China Energy Statistical Yearbook (2000–2016) [32]. 
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Figure 3. Energy intensity. Energy intensity of petrochemical and chemical industry has been decreasing with the decrease of the whole industry, and the rate of decent has become stable since 2010. Source: State Statistics Bureau—China Statistical Year Book (2000–2016) [31]. 
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Figure 4. Historical CO2 emissions and proportions. Total amount of CO2 emission is over 6 billion tons in the petrochemical and chemical industry, a proportion of nearly 60% of the whole industry emissions. Source: China Statistical Yearbook (2000–2016), China Energy Statistical Year book (2000–2016), National Standard GB/T2589-2008, 2015 Energy Statistics [31,32,33,34]. 
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Figure 5. CO2 emissions per 10,000 Value. CO2 emissions per 10,000 value-added has been decreasing since 2000, and the rate of decline in the petrochemical and chemical industry is faster than the whole industry. Source: China Statistical Yearbook (2000–2016), China Energy Statistical Yearbook (2000–2016) [31,32]. 
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Figure 6. Industrial waste gas emissions. Source: China Environmental Statistical Yearbook (2003–2015) [35]. 
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Figure 7. Annual emission reduction potential of CO2 and air pollutants. 
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Figure 8. MACC in petrochemical and chemical industry. 
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Figure 9. Economic cost, health benefit and net benefit. 
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Figure 10. Health benefits from technologies. 
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Figure 11. Synthetic ammonia production shares of provinces in China, million tons. 
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Figure 12. Technical sequencing of technologies. 
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Table 1. National Programs of mitigation for certain industries.
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	Sector
	Energy Consumption per GDP
	CO2 Emission per GDP
	Chemical Oxygen Demand
	Ammonia Nitrogen
	SO2
	NO2
	VOC





	All industries
	15%
	18%
	10%
	10%
	15%
	15%
	Over 10%



	Industry (tons/year)
	18%
	22%
	500,000
	50,000
	500,000
	1,800,000
	--



	Petrochemical and chemical
	18%
	18%
	10%
	10%
	15%
	15%
	Over 30%







Sources: The Integrated Work Plan for Energy Conserve and Emission Mitigation During the Thirteenth Five Year Period; Work Plan for Control the Green House Gas Emission During the Thirteenth Five Year Period; Industrial Green Development Program (2016–2020); Development Program for Petrochemical and Chemical Industries (2016–2020) [36,37,39,40].
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Table 2. Main parameters of mitigation technologies.
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Category

	
Technical Type

	
Techno

	
Promotion Potential in 5 Years

	
Expected 5-year Total Investment

	
Expected Energy Saving Capacity

	
Expected CO2 Emission Reduction Capacity




	
%

	
M RMB

	
Ktce/a

	
MtCO2/a






	
Petrochemical industry




	
A

	
Efficiency improvements

	
1

	
60

	
1025

	
650

	
1.72




	
4

	
5

	
3000

	
180

	
0.42




	
11

	
40

	
3375

	
470

	
1.28




	
13

	
70

	
250

	
250

	
0.66




	
14

	
50

	
600

	
140

	
0.37




	
21

	
8

	
1000

	
3000

	
7.92




	
22

	
50

	
3000

	
360

	
0.8




	
B

	
Heat exchanger technology

	
2

	
80

	
3000

	
750

	
1.98




	
9

	
40

	
760

	
550

	
1.45




	
20

	
35

	
560

	
110

	
0.29




	
C

	
Waste heat utilization technology

	
3

	
20

	
150

	
160

	
0.42




	
6

	
50

	
2900

	
900

	
2.38




	
8

	
30

	
1270

	
350

	
0.92




	
10

	
20

	
506.8

	
350

	
0.81




	
12

	
10

	
70

	
100

	
0.26




	
19

	
40

	
2700

	
460

	
1.22




	
D

	
Coating technology

	
7

	
30

	
400

	
100

	
0.26




	
5

	
3

	
270

	
900

	
2.38




	
17

	
10

	
165

	
160

	
0.42




	
E

	
System optimization

	
15

	
20

	
4500

	
2070

	
5.46




	
16

	
50

	
640

	
1580

	
4.17




	
18

	
30

	
2250

	
1600

	
4.22




	
Chemical industry




	
F

	
Technological process Transformation

	
1

	
35

	
2000

	
90

	
0.23




	
12

	
50

	
82,500

	
1650

	
4.36




	
14

	
20

	
1200

	
1400

	
3.22




	
16

	
25

	
2700

	
200

	
0.53




	
10

	
50

	
2600

	
900

	
2.38




	
G

	
Waste heat utilization technology

	
2

	
30

	
600

	
370

	
0.98




	
5

	
70

	
6237

	
1600

	
4.22




	
11

	
80

	
1020

	
850

	
2.24




	
13

	
5

	
6000

	
1950

	
5.16




	
15

	
50

	
360

	
670

	
1.77




	
17

	
70

	
1700

	
500

	
1.32




	
H

	
Equipment modification

	
3

	
40

	
8211.2

	
700

	
1.86




	
18

	
30

	
420

	
110

	
0.28




	
I

	
Fuel Improvement

	
4

	
12

	
2199.84

	
250

	
0.67




	
6

	
3

	
27

	
270

	
0.71




	
7

	
60

	
16,000

	
3900

	
10.3




	
8

	
30

	
3250

	
1300

	
3.43




	
9

	
30

	
6500

	
1300

	
3.43
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Table 3. The domestic VSL studies and the base year value.






Table 3. The domestic VSL studies and the base year value.





	Region
	VSL and Study Year
	VSL of Year 2015
	Referred Study





	Beijing
	0.667~1.33 million RMB, 2014
	0.679~1.357 million RMB
	Gao et al. [46]



	Heilongjiang
	1 million RMB, 2013
	1.026 million RMB
	Wang [47]



	Shanghai
	0.80~1.20 million RMB, 2010
	0.931~1.396 million RMB
	Zeng and Jiang [48]



	Guangxi
	0.80~1.20 million RMB, 2010
	0.926~1.389 million RMB
	Zeng and Jiang [48]



	Chongqing
	0.286 million RMB, 1998
	0.385 million RMB
	Wang and Mullahy [49]



	National average
	0.32~1.59 million RMB, 2008
	0.377~1.872 million RMB
	Xu et al. [50]










[image: Table] 





Table 4. Chemical sector CO2 marginal abatement cost (MAC).
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Items

	
Techs

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13

	
14

	
15

	
16

	
17

	
18






	
CO2 abatement potential

	
Kt

	
230

	
980

	
1860

	
670

	
4220

	
710

	
10,300

	
3430

	
3430

	
2380

	
2240

	
4360

	
5160

	
3220

	
1770

	
530

	
1320

	
280




	
original MAC

	
RMB/t-CO2

	
1114

	
−109

	
343

	
121

	
−315

	
−214

	
101

	
−6

	
169

	
−383

	
−153

	
3565

	
12

	
−150

	
−552

	
810

	
−377

	
81




	
original sequence

	
17

	
8

	
15

	
13

	
4

	
5

	
12

	
9

	
14

	
2

	
6

	
18

	
10

	
7

	
1

	
16

	
3

	
11




	
revised MAC-domestic VSL

	
RMB/t-CO2

	
883

	
−220

	
65

	
−154

	
−517

	
−340

	
−19

	
−131

	
49

	
−583

	
−294

	
3449

	
−113

	
−293

	
−753

	
692

	
−550

	
−57




	
revised sequence

	
17

	
8

	
15

	
9

	
4

	
5

	
13

	
10

	
14

	
2

	
6

	
18

	
11

	
7

	
1

	
16

	
3

	
12




	
revised MAC-USA VSL

	
RMB/t-CO2

	
186

	
−513

	
−717

	
−931

	
−1094

	
−697

	
−374

	
−526

	
−306

	
−1418

	
−818

	
3121

	
−468

	
−746

	
−1151

	
344

	
−1194

	
−474




	
revised sequence

	
16

	
11

	
8

	
5

	
4

	
9

	
14

	
10

	
15

	
1

	
6

	
18

	
13

	
7

	
3

	
17

	
2

	
12
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Table 5. Petrochemical industry CO2 marginal abatement cost (MAC).
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Items

	
Techs

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13

	
14

	
15

	
16

	
17

	
18

	
19

	
20

	
21

	
22






	
CO2 abatement

	
Kt

	
1720

	
1980

	
420

	
420

	
2380

	
2380

	
260

	
920

	
1450

	
810

	
1280

	
260

	
660

	
370

	
5460

	
4170

	
420

	
4220

	
1220

	
290

	
7920

	
800




	
original MAC

	
RMB/t-CO2

	
−591

	
−1349

	
−152

	
759

	
−586

	
22

	
−1357

	
−1370

	
−118

	
−131

	
−58

	
−172

	
−146

	
−291

	
−445

	
−579

	
−145

	
−689

	
−152

	
164

	
−1632

	
26




	
original sequence

	
6

	
4

	
12

	
22

	
7

	
19

	
3

	
2

	
17

	
16

	
18

	
11

	
14

	
10

	
9

	
8

	
15

	
5

	
13

	
21

	
1

	
20




	
revised MAC1

	
RMB/t-CO2

	
−595

	
−1399

	
−301

	
432

	
−832

	
−126

	
−1413

	
−1426

	
−266

	
−298

	
−258

	
−322

	
−294

	
−524

	
−692

	
−826

	
−294

	
−692

	
−367

	
15

	
−1674

	
−267




	
revised sequence

	
9

	
4

	
13

	
22

	
5

	
20

	
3

	
2

	
18

	
14

	
19

	
12

	
15

	
10

	
8

	
6

	
16

	
7

	
11

	
21

	
1

	
17




	
revised MAC2

	
RMB/t-CO2

	
−605

	
−1557

	
−754

	
−381

	
−1569

	
−576

	
−1557

	
−1568

	
−717

	
−749

	
−846

	
−780

	
−745

	
−966

	
−1430

	
−1564

	
−747

	
−703

	
−1169

	
−433

	
−1852

	
−1144




	
revised sequence

	
19

	
5

	
13

	
22

	
2

	
20

	
6

	
3

	
17

	
14

	
11

	
12

	
16

	
10

	
7

	
4

	
15

	
18

	
8

	
21

	
1

	
9
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Table 6. Chemical industry provincial data.






Table 6. Chemical industry provincial data.





	
Regions

	
SO2 Reduced

	
NOX Reduced

	
PM2.5 Reduced

	
Premature Death

	
VSL

	
Health Benefits

	
Investment

	
Energy Fee Saved

	
Total Social Benefits




	

	
ton

	
ton

	
ton

	
person

	
million RMB

	
million RMB

	
million RMB

	
million RMB

	
million RMB






	
Beijing

	
551

	
330

	
97

	
9

	
1.36

	
12

	
9

	
16

	
19




	
Tianjin

	
2281

	
1396

	
401

	
36

	
0.80

	
29

	
130

	
94

	
−6




	
Hebei

	
13,233

	
8299

	
2332

	
319

	
0.42

	
133

	
1254

	
512

	
−609




	
Shanxi

	
20,726

	
12,521

	
3642

	
438

	
0.41

	
179

	
2217

	
716

	
−1321




	
Inner Mongolia

	
33,093

	
20,007

	
5815

	
783

	
0.53

	
419

	
1772

	
1088

	
−265




	
Liaoning

	
5051

	
3107

	
889

	
113

	
1.43

	
162

	
423

	
189

	
−71




	
Jilin

	
2825

	
1702

	
496

	
63

	
1.03

	
65

	
220

	
98

	
−57




	
Heilongjiang

	
3717

	
2235

	
653

	
87

	
1.03

	
89

	
292

	
126

	
−77




	
Shanghai

	
3120

	
1921

	
549

	
44

	
1.40

	
62

	
94

	
135

	
103




	
Jiangsu

	
19,525

	
11,922

	
3434

	
360

	
0.74

	
268

	
1601

	
1045

	
−288




	
Zhejiang

	
6110

	
3713

	
1074

	
92

	
0.93

	
86

	
395

	
335

	
26




	
Anhui

	
15,119

	
9275

	
2660

	
330

	
0.42

	
139

	
1456

	
721

	
−596




	
Fujian

	
3957

	
2398

	
696

	
85

	
0.62

	
53

	
383

	
174

	
−157




	
Jiangxi

	
2043

	
1245

	
359

	
43

	
0.42

	
18

	
92

	
84

	
11




	
Shandong

	
43,448

	
26,639

	
7643

	
959

	
0.54

	
521

	
3508

	
1956

	
−1032




	
Henan

	
28,659

	
17,443

	
5039

	
669

	
1.39

	
929

	
2827

	
1090

	
−809




	
Hubei

	
22,678

	
14,740

	
4007

	
498

	
1.68

	
834

	
1964

	
1200

	
70




	
Hunan

	
5792

	
3532

	
1018

	
127

	
1.60

	
203

	
485

	
269

	
−13




	
Guangdong

	
4625

	
2783

	
812

	
90

	
2.54

	
228

	
119

	
194

	
303




	
Guangxi

	
4427

	
2729

	
779

	
109

	
1.39

	
151

	
438

	
213

	
−74




	
Hainan

	
4501

	
2719

	
791

	
85

	
1.60

	
136

	
390

	
203

	
−51




	
Chongqing

	
12,154

	
7336

	
2136

	
269

	
0.38

	
103

	
1015

	
515

	
−396




	
Sichuan

	
15,550

	
9410

	
2733

	
363

	
0.32

	
116

	
1593

	
718

	
−759




	
Guizhou

	
13,568

	
8193

	
2384

	
350

	
0.24

	
85

	
962

	
599

	
−277




	
Yunnan

	
15,622

	
9723

	
2751

	
361

	
0.28

	
99

	
1010

	
607

	
−304




	
Xizang

	
0

	
0

	
0

	
0

	
0.21

	
0

	
0

	
0

	
0




	
Shaanxi

	
18,562

	
11,202

	
3261

	
394

	
1.41

	
557

	
1273

	
661

	
−55




	
Gansu

	
5240

	
3156

	
921

	
120

	
1.04

	
125

	
380

	
215

	
−41




	
Qinghai

	
1825

	
1105

	
321

	
54

	
1.26

	
68

	
123

	
58

	
2




	
Ningxia

	
16,755

	
10,057

	
2943

	
360

	
1.41

	
506

	
889

	
487

	
104




	
Xinjiang

	
15,763

	
9610

	
2772

	
430

	
1.36

	
586

	
1392

	
561

	
−245




	
Total

	
360,519

	
220,449

	
63,406

	
8039

	
1.87

	
6961

	
28,705

	
14,880

	
−6864











[image: Table] 





Table 7. Petrochemical industry provincial data.
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Regions

	
SO2 Reduced

	
NOX Reduced

	
PM2.5 Reduced

	
Premature Death

	
VSL

	
Health Benefits

	
Invest-ment

	
Energy Fee Saved

	
Total Social Benefits




	

	
ton

	
ton

	
ton

	
person

	
million RMB

	
million RMB

	
million RMB

	
million RMB

	
million RMB






	
Beijing

	
2232

	
2024

	
410

	
38

	
1.36

	
52

	
74

	
322

	
300




	
Tianjin

	
6159

	
6040

	
1147

	
104

	
0.80

	
83

	
304

	
1028

	
808




	
Hebei

	
6488

	
7797

	
1252

	
172

	
0.42

	
71

	
187

	
1271

	
1155




	
Shanxi

	
1905

	
1170

	
335

	
40

	
0.41

	
17

	
80

	
84

	
20




	
Inner Mongolia

	
3545

	
2501

	
633

	
85

	
0.53

	
46

	
93

	
231

	
184




	
Liaoning

	
26,742

	
23,536

	
4909

	
624

	
1.43

	
895

	
586

	
3237

	
3546




	
Jilin

	
3808

	
3442

	
702

	
89

	
1.03

	
92

	
102

	
507

	
497




	
Heilongjiang

	
8352

	
8419

	
1564

	
209

	
1.03

	
214

	
336

	
1408

	
1286




	
Shanghai

	
7872

	
6912

	
1441

	
116

	
1.40

	
162

	
220

	
858

	
799




	
Jiangsu

	
11,493

	
14,971

	
2257

	
237

	
0.74

	
176

	
332

	
2761

	
2605




	
Zhejiang

	
8830

	
8665

	
1650

	
142

	
0.93

	
132

	
255

	
1449

	
1325




	
Anhui

	
3452

	
2450

	
616

	
77

	
0.42

	
32

	
92

	
294

	
234




	
Fujian

	
8376

	
7551

	
1544

	
188

	
0.62

	
117

	
263

	
1241

	
1095




	
Jiangxi

	
2894

	
2072

	
517

	
62

	
0.42

	
26

	
71

	
258

	
214




	
Shandong

	
43,731

	
52,769

	
8458

	
1061

	
0.54

	
576

	
1088

	
9127

	
8616




	
Henan

	
4765

	
4268

	
878

	
117

	
1.39

	
162

	
171

	
589

	
579




	
Hubei

	
6992

	
5377

	
1258

	
156

	
1.68

	
262

	
188

	
626

	
699




	
Hunan

	
3172

	
2824

	
583

	
73

	
1.60

	
116

	
69

	
421

	
468




	
Guangdong

	
15,943

	
16,312

	
2997

	
332

	
2.54

	
841

	
465

	
3007

	
3384




	
Guangxi

	
5668

	
4603

	
1028

	
143

	
1.39

	
199

	
134

	
697

	
762




	
Hainan

	
3761

	
3302

	
690

	
74

	
1.60

	
118

	
122

	
600

	
597




	
Chongqing

	
585

	
358

	
103

	
13

	
0.38

	
5

	
21

	
27

	
11




	
Sichuan

	
5458

	
4768

	
1002

	
133

	
0.32

	
43

	
149

	
661

	
555




	
Guizhou

	
1148

	
695

	
202

	
30

	
0.24

	
7

	
37

	
53

	
23




	
Yunnan

	
1118

	
712

	
197

	
26

	
0.28

	
7

	
32

	
43

	
18




	
Xizang

	
0

	
0

	
0

	
0

	
0.21

	
0

	
0

	
0

	
0




	
Shaanxi

	
10,952

	
9711

	
2012

	
243

	
1.41

	
344

	
398

	
1390

	
1336




	
Gansu

	
5661

	
4367

	
1022

	
133

	
1.04

	
139

	
125

	
542

	
556




	
Qinghai

	
756

	
705

	
140

	
24

	
1.26

	
30

	
30

	
94

	
94




	
Ningxia

	
2737

	
2469

	
505

	
62

	
1.41

	
87

	
56

	
314

	
346




	
Xinjiang

	
10,617

	
9468

	
1952

	
303

	
1.36

	
413

	
397

	
1181

	
1197




	
total

	
225,213

	
22,0258

	
42,004

	
5105

	
1.87

	
5465

	
6478

	
34,323

	
33,310
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