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Abstract

:

Accidents in high-danger industries in China occur frequently and cause loss of life, injuries, and economic loss. One of the most important reasons causing severe safety situations is the lack of knowledge on macro industry risk in the practice and academic field in China. In order to solve this problem, the method to calculate group risk and individual risk, concerning risk aversion, is discussed, selected, and improved. The group risks and individual risks of five high-danger industries from 2004 to 2016 are calculated. Relative risk indices between five high-danger industries during the 11th and 12th Five-Year Guideline for National Economic and Social Development (FYP) are determined. The results show that there are some differences between group risk and individual risk of high-danger industries. The reasons for differences and the connections with published interventions are discussed. Through discussion, two different ways to reduce group risk and individual risk are identified, which could help supervisors inspect the actual effectiveness of safety policies, measures, and interventions and choose a better way to reduce risk and ensure work safety in industries.
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1. Introduction


Recently, severe accidents have occurred and caused many casualties and economic losses in China, such as the Tianjin “8.12” explosion, Longyun “10.20” rockburst, and Xiangshui “3.21” explosion. Most of these severe accidents occurred in “high-danger” industries. “High-danger” industry is a conventional concept in China, referring to an industry that has a higher frequency of accidents, or can lead to severe consequences, or can hardly recover from accidents. “High-danger” industries usually include coal mining, metal and nonmetal mining, hazardous chemicals, firework, construction, and so on. The Law of the People’s Republic of China on Work Safety stipulates that enterprises in mining, metal smelting, construction, road transport, and hazardous chemicals ought to set up an administrative organization or appoint full-time administrative personnel for production safety [1]. The Administrative Measures of Withdrawal and Use of Production Safety Expenses, published by the Ministry of Finance (MOF) and State Administration of Work Safety (SAWS), stipulate that enterprises in high-danger industries ought to withdraw dedicated funds to improve production safety conditions [2].



To tighten the supervision of work safety, the SAWS, formerly the Ministry of Emergency Management (MEM), set up several sectors to take charge of safety supervision in high-danger industries. A series of regulatory interventions have been taken under the joint efforts of multiple administrative departments, such as safety inspection, technical standards, safety management systems, and occupational safety and health (OSH) activities. However, there were still 34046 deaths and enormous economic losses caused by accidents in 2018 [3]. The situation of work safety production in China is still serious. There are a lot of reasons leading to this situation. One of the most important reasons is that decision-makers put more attention on “danger” rather than “risk” because the popularization of the concept of “risk” started late in China. The first Chinese government document which inspects safety risk in the enterprise was published by SAWS in 2014 [4]. This document only contains short regulations on identifying hazards, consequences, prevention, and emergency measures inside enterprises. The government did not truly realize the importance of risk control in production safety until 2016, when “strengthening safety risk control in enterprises” was put forward by China’s highest authority [5]. Only then did safety supervisors at governmental agencies start to strongly carry out supervision involving enterprise safety risk management. However, many safety supervisors are still confused with the differences between “danger” and “risk” and mixing up their meanings [6].



“Danger” and “risk” are two words that are both relative and different from each other [7,8]. “Danger” is usually used to describe “hazard”, which is a source that may cause harm to an asset [9]. “High-danger” is not equal to “high risk” [10]. Risk involves the likelihood and/or consequences of an accident (or a hazardous event) [11]. However, the concept of “risk” was not introduced into China’s safety research field until the 1990s [12,13,14]. Most of the earlier researches focused on the risk of equipment and system combined with the equipment. Nowadays, relevant studies aimed to evaluate risk considering the factors of equipment, human beings, environment, and management inside the high-danger enterprise at the micro level [15,16,17,18,19,20]. However, few studies have evaluated the risk of the whole industry at the macro level. International Labour Organization (ILO) published a national profile report of China in 2012, in which the risks between industries were compared by using deaths per 100,000 workers as the indicator [21]. The annual report of the health and safety executive (HSE) also compared incidence rates (per 100,000 employees) of fatal injuries across the EU in 2015 [22]. In this context, the risk at the macro level refers to the risk of accidents in general in the whole industry. From the view of research subjects, this work does not consider a certain piece of equipment nor a particular kind of harm as the research subject. Instead, it considers the whole industry as a certain “macro hazard” and evaluates its risk, which is different from the meaning at a micro-level. In summary, this research on the risk of a high-danger industry is expected to achieve two goals. One is to improve a method that could calculate the risk of a high-danger industry, to fit in China’s safety environment and conditions nowadays. It could not only be used to describe the risks of high-danger industries in China and the changes in risks these years but also be used to compare the relative risk between these high-danger industries. The other goal is to explore and reveal the connections between the changes in risks and China’s safety situations as well as published policies and measures. In this sense, safety policymakers and supervisors in government could use it as a tool to inspect the effectiveness of interventions.



Risk assessment in safety areas often focuses on accidents that cause consequences, such as fatalities, injuries, economic losses, and environmental pollution. Because sometimes it is difficult to quantitatively evaluate the level of injury, indirect economic losses, and environmental pollution, only the risk involved in human life in fatal accidents are discussed in this article. There is general agreement that risk should at least be judged from two points of view, individual risk and group risk (societal risk) [23]. Individual risk is seen as “the frequency at which an individual may be expected to sustain” harm from specified hazards [24]. Individual risk emphasizes how much danger an individual may face while engaging in a certain activity. It relates to the direct and indirect personal benefits against risk. Group risk is seen as “the relationship between frequency and the number of people” suffering harm in a given population from specified hazards [24]. It emphasizes how dangerous a certain activity is for all people engaged in it. Individual risk and group risk are two different presentations of the same combination of incident frequency and consequences, and both of these measures may be of importance in assessing the benefits of risk reduction measures [25]. Besides, the individual risk could not completely describe situations where a single accident could kill or injure a large number of people [26]. The most significant difference between them is reflected in the fierce reaction from society, which is called societal “risk aversion” [9]. Societal risk aversion is a critical factor considered by policymakers and safety supervisors at government agencies while making decisions and taking interventions in China, especially when the law stipulates that “the main persons in charge of local party committees and governments at all levels are the first persons responsible for production safety” [27]. It may result in safety supervisors paying more attention to the industries that usually cause major accidents and ignoring the industries that have higher individual risk, in which workers may suffer more harm and danger. Therefore, in this article, we decided to evaluate the risk of the high-danger industry considering both group risk and individual risk, beginning with group risk, which could reflect the societal risk aversion. Besides, it needs to emphasize that individual risk discussed here is assumed to be a kind of average risk, and everyone in one specified industry is assumed to have the same level of risk.



This article is organized as follows. In Section 2, we reviewed the methods of group risk and individual risk, discussed the availability, and reported the calculation idea. We also developed the calculation method to compare the relative risk of high-danger industries. In Section 3, the calculation results were shown in detail. The reasons for changes in risks and the relations with published interventions were discussed. Section 4 concluded this work and described the values and instructive meanings for other countries or regions around the world.




2. Theory and Methodology


2.1. Risk Indicator


The risk indicators used widely to evaluate group risk were the potential loss of life (PLL), the fatal accident rate (FAR), the number of deaths per million (DPM), the FN-curve, and so on. However, all of them have their limitations on achieving the goals mentioned above. The PLL evaluates the expected annual deaths in a specified group or area, but it cannot distinguish the “societal risk aversion” [28]. The same problem exists while using the calculation of DPM. The FAR indicates the number of deaths of people exposed to danger for a certain period [29]. However, it needs the number of average work hours, which are difficult to acquire in China. There are few statistical working hours of high-danger industries in either Chinese government documents or any related researches. China Labour Statistical Yearbook only counts working hours by sector, according to the Chinese national standard [30]. The FN-curve draws the frequencies of accidents with N or more deaths [31]. With the FN-curve and FN standard curve, the area of “as low as reasonably practicable” (ALARP) can be divided. However, the criterion based on FN-curves may lead to unreasonable decisions and “does not always come up with the same judgment for the same safety situation” [32].



Vrijling inspected various measures like the potential loss of life (PLL), the area under the FN-curve, and the risk integral and considered that all of them have 2 familiar statistical moments, which were the expected value of the number of deaths and the standard deviation [23]. Thus, the linear combination of the expected value and standard deviation was proposed as the risk aversion measure of group risk. It seems reasonable and feasible that if we have enough available and detailed accident data, in which the most crucial data are the number of accidents involving exactly per number of deaths. However, these kinds of data in high-danger industries could not be found in China. Instead, only the total number of fatal accidents and deaths within each certain scale could be acquired. The Chinese government divided all the accidents into 4 classes of severity scale, as shown in Table 1 [33].



In this case, the expected value of the number of deaths and the standard deviation cannot be calculated because the numbers of accidents involving exactly per number of deaths are unknown. Thus, we decide to go back to the traditional formula of PLL and find a way to solve this problem. If all the people in a specified group have the same individual risk per annum and n represents the total number of people working in an industry, then the traditional formula of PLL to evaluate the specified group is as follows:


  P L L = n · I R P A  



(1)




in which


  I R P A =   F a t a l   d e a t h s   c a u s e d   b y   a c c i d e n t s   T o t a l   n u m b e r   o f   p e o p l e   a f f e c t e d    



(2)







Because everyone working in the industry is assumed to have the same level of risk, here we can consider n in Equation (1) equal to the total number of people affected in Equation (2).



Furthermore, the PLL can be denoted by considering various types of accidents one by one. The formula related to accidents of type i can be described as follows [34]:


  P L  L i  =  n i  ·  λ i  ·  p i   



(3)




where λi denotes the frequency of accidents of type i per year, ni denotes the number of persons affected by accidents of type i, and pi denotes the probability that an average person will be killed if an accident of type i occurs. Here we use the frequency to estimate the probability pi, and the historical fatal accident data could be used to acquire it. Hence, the value of pi could be denoted by the ratio of the death number in accidents of type i to the total number of people affected. Thus, the formula of total PLL for all types of accidents is as follows:


  P L L =   ∑   i = 1  m  P L  L i   



(4)







However, there are still two problems with using these equations to evaluate the risk of high-danger industries in China. First, as stated above, these equations cannot reflect “societal risk aversion”. To solve this problem, the solution method named the “aversion multiplier” is designed, which places greater emphasis on the number of deaths [35,36]. Second, there are few data about accident types instead of accident scales in statistic databases in China. We replace the types of accidents with the scales in Equations (3) and (4). Based on the above, the equations to evaluate group risk RG of high-danger industries can be defined as follows:


   R i  = P L  L i  = n ·    Q i  ·    D i   n  ·  b i   Y  =    Q i  ·  D i  ·  b i   Y     



(5)






   R G  =   ∑   i = 1  4   R i     



(6)




where i denotes the scale standard of accident for i=1, 2, …, 4, n denotes the total number of employees in an industry, Y denotes the number of years counted, Qi denotes the number of accidents of scale i, Di denotes the total number of deaths caused by accidents of scale i, and bi denotes the “aversion multiplier” index. Relative research indicates that it is appropriate that the value of b is in the range of 1 to 2 [37]. Because the scales of accidents are divided into 4 classes, 4 values of b are selected from 1 to 2 to reflect the government’s risk aversion attitude for accident death numbers. Noted that the lower limit of death numbers of each scale, 1, 3, 10, 30, has the multiple relationships of 3 approximately, and it could be understood as “risk neutral” when b = 1. Hence, the aversion multiplier b1 of an ordinary accident is set to 1, and the next value of b2 could be tentatively set to 1.3, representing the increasing attention about 30%. And so on, the value of bi could be determined as {1,1.3,1.6,1.9}, while i = {1,2,3,4} in this article.



As the formula of group risk is determined, individual risk RI can be acquired as follows:


   R I  =    R G   n     



(7)




where n denotes the total number of employees in a high-danger industry. The unit of n is one hundred thousand people, according to Chinese statistical habits.



After the group risk RG and individual risk RI of high-danger industry are determined, we could use 2 tools to directly display and compare the differences between them. The first tool is the percent stacked bar. The percent stacked bar could be used to display the relative proportion of group risk or individual risk of each high-danger industry to the whole. The value of the proportion of each high-danger industry could be acquired by dividing the risk of each high-danger industry by the sum of the risks of all the industries year by year. The second tool is the relative risk index. Relative risk index is designed to quantitatively compare the relative risk between each high-danger industry. It needs a comparable variable, for example, persons. In this sense, it could tell us how many times the risk faced by each person working in one high-danger industry is compared to the risk in another. Therefore, the relative risk index could only be used for comparing individual risk. The first step is to calculate the individual risk of each high-danger industry in 1 year or the average risk value in several years. Next, using coal mining and construction as an example, the relative risk index between these 2 industries could be defined as follows:


   R  c o a l   m i n i n g − c o n s t r u c t i o n  *  =      R  I  (  c o a l   m i n g  )     ¯       R  I  (  c o n s t r u c t i o n  )     ¯     



(8)




where    R  c o a l   m i n i n g − c o n s t r u c t i o n  *    represents the construction relative individual risk of coal mining;      R  I  (  c o a l   m i n g  )     ¯    represents the average individual risk of coal mining; and      R  I  (  c o n s t r u c t i o n  )     ¯    represents the average individual risk of construction. In the same way, other relative risk indices between high-danger industries can be acquired.




2.2. Data Collection


The data to calculate are collected from all over China. China’s Work Safety Yearbook (CWSY) is organized by the SAWS and written by the administrative sectors in charge of production safety from all the provinces, autonomous regions, municipalities, and departments every year. This book records nationwide statistical data on industrial accidents and occupational diseases, including the number of accidents and casualties by scale, sector in detail, region, type, the status of registration, and so on. According to the statistical data provided by CWSY, we chose coal mining, metal and nonmetal mining, hazardous chemicals, firework, and construction as representations of high-danger industries. The data of hazardous chemicals and firework were independent because they were in charge of different sectors under the SAWS and counted separately. The number of fatal accidents and deaths of different scales in these 5 high-danger industries from 2004 to 2016 was collected in this work [38,39,40,41,42,43,44,45,46,47,48,49,50]. It should be noted that accidents, which caused only injuries but no deaths, were not counted in CSWY. The total number of employees in high-danger industries from 2004 to 2016 were collected from the China Industry Statistical Yearbook (CISY) and China Labour Statistical Yearbook (CLSY) [51,52]. To evaluate the relative risk index between industries, we chose 2 typical periods, 2006–2010 and 2011–2015, because China uses the “Five-Year Guideline for National Economic and Social Development” (FYP) as the most important policy orientation and action guidance of all fields and the 11th FYP is from 2006 to 2010 as well as the 12th FYP from 2011 to 2015 [53,54,55,56].





3. Results and Discussion


3.1. Frequencies and Consequences


Risk evaluation of the high-danger industry was based on different scales of fatal accidents in this article. Therefore, the frequencies of different scales of accidents should be noted. There were 66,105 fatal accidents causing 90,886 deaths in the five high-danger industries in China from 2004 to 2016, as reported by CWSY. Table 2 shows the numbers and proportions of ordinary accidents, major accidents, serious accidents, and special major accidents in the five high-danger industries from 2004 to 2016. The proportions of major accidents in hazardous chemicals and firework were much larger than those in coal mining, metal and nonmetal mining, and construction.



The number of deaths caused by accidents in high-danger industries are shown in Figure 1a,b. Because the curves of hazardous chemicals and firework were too close to be distinguished in Figure 1a, they are separately shown in Figure 1b. Figure 1a,b show a declining trend in the numbers of deaths in coal mining, metal and nonmetal mining, hazardous chemicals, and fireworks overall. The Tianjin “8.12” explosion occurred in 2015, which caused 165 deaths, 8 missing persons, 798 injuries, and 6.866 billion yuan (almost 1.068 billion dollars) direct economic loss, which was why there was a high point in hazardous chemicals in 2015 in Figure 1b. Moreover, the number of casualties in construction declined from 2789 deaths in 2004 to 1984 deaths in 2016. In 2009, construction exceeded coal mining and became the industry with the highest number of fatalities for the first time.




3.2. Risk Evaluation


3.2.1. Group Risk


Risk evaluation was based on the data of the five high-danger industries collected by CWSY from 2004 to 2016. Equations (5) and (6) were used to evaluate the group risk of each high-danger industry. Since we used the overall data for each year and the number of deaths per accident cannot be collected, there exists the limitation of data confidence, which will be discussed in the following discussion section. The results (Figure 2a,b) showed that all the group risk of five high-danger industries decreased in total. The industry of coal mining had the highest risk in 2004, and construction has been the industry with the highest risk since 2008. Compared to construction, there was only a small difference between coal mining, metal and nonmetal mining, hazardous chemicals, and firework from 2012 to 2016.



The percent stacked bar was used to display the relative relationship of group risk to the whole for each high-danger industry. The results are shown in Figure 3, which directly reveals the proportions of the five high-danger industries and the rapid increase in the proportion of construction industry.




3.2.2. Individual Risk


Individual risk provided a way to compare how much danger one person faced in one industry compared to another. According to Equation (7) and data collected from CWSY, CISY, and CLSY, the individual risk of each high-danger industry was calculated, as shown in Figure 4a,b.



The results showed that there was an overall downward trend of individual risks in all five industries. Different from group risk, the individual risk of metal and nonmetal mining was extremely high in 2004. Moreover, the individual risk of construction was in third place at the same time. In Figure 4b, the individual risk of firework was much higher than that of hazardous chemicals from 2006 to 2011. A similar result was also found in Figure 2b.



The percent stacked bar was also used to present the relative relationship of individual risk to the whole for every high-danger industry. As shown in Figure 5, the proportion of the individual risk of metal and nonmetal mining always had a proportion of more than half from 2004 to 2016.



To describe the relationship of individual risk of the high-danger industries more precisely, the relative risk index was used to calculate the proportion between high-danger industries. The results are shown in Table 3 and Table 4. The numbers in Table 3 and Table 4 represent the multiple relationships of the degree of individual risk between any two industries.




3.2.3. Discussion


As mentioned in Section 1, group risk conveys the risk level of all the people engaged, and individual risk conveys the risk level of each person. The same group risk with a different number of employees could make a significant difference in the result of individual risk. Based on the figures and tables above, we can see the differences between group risk and individual risk of industries. We believe both of them could be not only important in assessing the benefits of measures as mentioned above, but also have different reasons for differences and changes. In Figure 2, the changes in group risks between coal mining and construction are evident. China is one of the most important coal-producing countries in the world. There are loads of small coal mines operating under poor production conditions and lacking basic safety protections, which may cause many accidents. The Chinese government has adopted three main policies to change this situation. First, the government accelerated the elimination of outdated coal mines with low production capacity and started to shut down 8000 small coal mines identified by lacking safe production conditions, non-compliance with industrial policy, resource-wasting, and environmental pollution from 2010 [57]. Second, coal mines across the whole country began to merge and reorganize, with the aim to increase coal mine annual production capacity from less than 300,000 tons to more than 800,000 tons per year [58]. Third, six advanced safety systems were demanded to install in every coal mine: Monitoring system, underground personnel location system, emergency refuge system, compressed air self-rescue system, water rescue system, and communication system [59]. As for construction, the most likely explanation for the increase from 2008 is that relevant economic and production activities increased [60]. When the global financial crisis broke out, the Chinese government invested 4 trillion yuan in rescuing the market. As a result, a large amount of hot money poured into real estate markets and infrastructure construction industries, which greatly boosted the construction industry. Figure 6 shows the trend of the total output value of construction and investment in fixed assets in urban areas from 2004 to 2016, reflecting the rapid increase in relevant construction activities since 2008.



The group risk and individual risk of the firework industry suddenly increased in 2006, as shown in Figure 2b and Figure 4b. It may closely relate to the sudden increase in nationwide demand for fireworks. In 2006, the Beijing City government abrogated the regulation that had banned fireworks for 12 years, and more than 160 cities in China followed. This move greatly stimulated the production of fireworks. Besides, firework production in China is a labor-intensive industry. The production scale is generally small, with simple process equipment and low technology. Moreover, illegal productions of fireworks are common in the countryside. These factors led to the high individual risk of fireworks. This situation lasted 6 years and did not reverse until the strong push of the nationwide firework enterprise work safety standardization and construction of the national firework flow management system began in 2011.



In Figure 4, metal and nonmetal mining had the highest individual risk. There are some potential explanations. The first is that there was a very large proportion of small metal and nonmetal mines in China. There were 33,156 (87.6%) small, 2979 (7.9%) medium and 1710 (4.5%) large metal and nonmetal mines by the end of 2017 [61]. Small mines use outdated and unreasonable mining technology, such as the room-and-pillar method and shallow hole blasting [62]. Secondly, the proportion of surface mines were 76.6% [61]. Surface mines mostly excavate limestone and stones for buildings, which are low-value minerals bringing low economic benefits, hence it is more difficult for high-cost mining technology with high-level safety to be applied to these surface mines. In addition, illegal mining had become so widely spread and serious that the government put forward many efforts to end this [63,64].



The reasons for these differences above are comprehensive, combining both the characteristics of the industry itself and the influence of China’s policy orientation. Supervisors at government agencies mostly focus on the industries that cause more deaths in one accident or in each year due to their greater nationwide influence. However, from the perspective of ensuring labor health and occupational safety, it is necessary for supervisors to focus on industries with high individual risks, such as metal and nonmetal mining, and to take immediate regulatory interventions.



Moreover, there are two different ways to control the group risk and individual risk of industry, based on the 13-year trend on risks of high-danger industries and the order of the announcement of policies in China. Group risk is closely related to the production capacity of the whole industry. The optimal way to decrease group risk is to optimize the structure and increase the unit capacity of the industry. Once group risk decreases, the old measures would no longer be useful. Therefore, another way to reduce individual risk and pay more attention to personnel life and health needs to be taken. To achieve this goal, the intrinsic safety of enterprises must be appreciated. Relative interventions and measures should include improving production technology and the reliability of equipment, constructing safety production and supervision systems, complying with safety production standardization, developing a safety culture, and so on. It should be noticed that the safety management system of risk ranking and control in enterprises has been widely promoted as a critical method to prevent accidents these years by the State Council [65]. Especially, in the safety field of metal and nonmetal mining and hazardous chemicals, certain regulations and measures are published, aiming at putting more attention on identification, evaluation, monitoring, reduction, and informatization of safety risk [66,67]. Besides, the nationwide procedure of model city appraisal in safety development has been in place since 2019 [68]. The policy effect of safety risk regulation has a high proportion of the scoring criteria, which aims to stimulate the work of risk control in all enterprises and industries.



Nevertheless, the limitations of this article should also be pointed out. There are many kinds of consequences caused by accidents, and human life represents merely one part of them. There is a large challenge to unify the dimensions among the loss of human life, economic loss, environmental, and ecological destruction. When it comes to human life and health, the problem to evaluate both deaths and different levels of injuries remains unsolved. Besides, we used the calculation data provided by China’s Work Safety Yearbook (CWSY), China Industry Statistical Yearbook (CISY), and China Labour Statistical Yearbook (CLSY). Although they are the most detailed data resources that could be found in the public, we should be aware of the effect caused by data accuracy. However, data accuracy may be influenced by many factors, such as sampling errors, statistical errors, even local concealed or false declarations on purpose. In this case, this method could be improved by using 95% confidence intervals, only if we could get more detailed information on accidents and deaths. Thus, it faces challenges coming from both methods and data sources in China.






4. Conclusions


To evaluate the risk of high-danger industries, we improved a method for calculating both group risk and individual risk of the industry, as well as the relative risk between high-danger industries. The calculation method was used to acquire results with data in the five high-danger industries from 2004 to 2016 in China. Based on the individual risk of high-danger industries, relative risk indices were acquired during the 11th and 12th FYP in China. The group risks and individual risks of five high-danger industries show significant differences both in the contexts of types and timelines. The relative key points and their reasons were analyzed. It is helpful for safety supervisors to identify, at both the group and individual levels, which industry has higher risk and which has less risk. Based on the trends and discussions of Chinese production safety policies, regulations, measures, and interventions, we can choose different ways to reduce the group risk and individual risk of industry.



This work would be helpful for supervisors to check the possible deficiencies in published policies, as well as take further effective measures to safeguard work safety. It could remind us to realize the differences between the habitual perception of “high-danger industry” and the fact of “high-risk industry”. Besides, it could also provide a referential calculation method for countries and regions using similar accident statistical patterns like China, which counts and publishes accident data according to the severity instead of the type of accident. Finally, it should be noted that although the method is based on safety situations and political environment in China, it could also be internationally universal and useful for countries or regions around the world.







Author Contributions


Conceptualization, L.Z. and Y.L.; methodology, L.Z.; validation, G.W., Y.X. and W.L.; data curation, L.Z. and M.X.; writing—review and editing, L.Z. and Y.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Key Research and Development Program of China (2018YFC0808100) and the National Key Research and Development Program of China (2017YFC0804900).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



National People’s Congress of China. Law of the People’s Republic of China on Work Safety; Chinese Government Document; National People’s Congress of China: Beijing, China, 2014.

	



Ministry of Finance; State Administration of Work Safety. Administrative Measures of Withdrawal and Use of Production Safety Expenses; Chinese Government Document; Ministry of Finance: Beijing, China, 2012.

	



National Bureau of Statistics. Statistical Bulletin on National Economic and Social Development in 2018; Chinese Government Document; National Bureau of Statistics: Beijing, China, 2019.

	



State Administration of Work Safety. Six Regulations on Enterprise Safety Production Risk Announcements; Chinese Government Document; State Administration of Work Safety: Beijing, China, 2014.

	



Communist Party of China Central Committee; State Council of China. Opinions on Promoting the Reform and Development in the Safe Production Field; Chinese Government Document; State Council of China: Beijing, China, 2016.

	



Luo, C.; Xu, K.; Liu, Q.; Zhao, Y. Discrimination of relevant concepts of safety risk classification control. China Saf. Sci. J. 2019, 10, 43–50. [Google Scholar]

	



Boholm, M. The semantic distinction between “risk” and “danger”: A linguistic analysis. Risk Anal. 2012, 32, 281–293. [Google Scholar] [CrossRef] [PubMed]

	



Luo, Y. Safety Science; Science Press: Beijing, China, 2015. [Google Scholar]

	



Rausand, M. Risk Assessment: Theory, Methods and Applications; John Wiley & Sons: Hoboken, NJ, USA, 2011. [Google Scholar]

	



Luo, Y. Risk Analysis and Safety Assessment; Chemical Industry Press: Beijing, China, 2017. [Google Scholar]

	



Wang, G.; Pei, J. Macro risk: A versatile and universal strategy for measuring the overall safety of hazardous industrial installations in China. Int. J. Environ. Res. Public Health 2019, 16, 1680. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, H.; Han, C. Study on the risk rate model of superstandard flood in construction diversion system. Shuili Xuebao. 1993, 11, 76–83. [Google Scholar]

	



Zhu, Y. Methods for rapid risk analysis of space system. Chin. Space Sci. Technol. 1993, 4, 30–37. [Google Scholar]

	



Wang, Y.; Xue, D. A risk management system for a nuclear power plant and the modeling. Nucl. Power Eng. 1994, 6, 481–492. [Google Scholar]

	



Kukhar, V.; Yelistratova, N.; Burko, V.; Nizhelska, Y.; Aksionova, O. Estimation of occupational safety risks at energetic sector of Iron and Steel Works. Int. J. Eng. Technol. 2018, 7, 216–220. [Google Scholar] [CrossRef]

	



Colli, A.; Vetere Arellano, A.L.; Kirchsteiger, C.; Ale, B.J.M. Risk characterization indicators for risk comparison in the energy sector. Saf. Sci. 2009, 47, 59–77. [Google Scholar] [CrossRef]

	



Wang, L.; Meng, X.; He, Y.; Wang, X.; Li, H. Structural model of risk factors for safety accidents in coal mine based on CA-SEM. J. Saf. Sci. Technol. 2015, 12, 150–156. [Google Scholar]

	



Qiao, W.; Li, X.; Shi, T.; Wan, Y. Measurement of risk coupling in coal mine accidents based on system dynamics. Math. Pract. Theory 2019, 6, 191–198. [Google Scholar]

	



Jiang, D.; Hua, M.; Pan, X. Risk analysis on multi-disaster coupling effect in storage tank area of dangerous chemicals. J. Saf. Sci. Technol. 2018, 9, 144–150. [Google Scholar]

	



Li, H.; Li, Q.; Lu, Y. Analysis of key safety risks in prefabricated building construction based on structural equation model. China Saf. Sci. J. 2019, 4, 171–176. [Google Scholar]

	



International Labour Organization (ILO). National Profile Report on Occupational Safety and Health in China; ILO: Geneva, Switzerland, 2012. [Google Scholar]

	



Health and Safety Executive (HSE). Workplace Fatal Injuries in Great Britain in 2018; HSE: London, UK, 2018.

	



Vrijling, J.K.; van Gelder, P.H.A.J.M. Societal risk and the concept of risk aversion. Adv. Saf. Reliab. 1997, 1, 45–52. [Google Scholar]

	



IChemE. Nomenclature for Hazard and Risk Assessment in the Process Industries; Technical Report; Institution of Chemical Engineers: Rugby, UK, 1992. [Google Scholar]

	



Renjith, V.R.; Madhu, G. Individual and societal risk analysis and mapping of human vulnerability to chemical accidents in the vicinity of an industrial area. Int. J. Appl. Eng. 2010, 1, 135–148. [Google Scholar]

	



Aviation Environment Federation (AEF). Third Party Risk around Airports, Briefing; Aviation Environment Federation: London, UK, 2009. [Google Scholar]

	



General Office of the CPC Central Committee; General Office of State Council of China. Provisions on Production Safety Responsibility for Local Party and Government Leaders, Chinese Government Document; General Office of the CPC Central Committee: Beijing, China, 2018.

	



Maaskant, B.; Jonkman, S.N.; Bouwer, L.M. Future risk of flooding: An analysis of changes in potential loss of life in South Holland (The Netherlands). Environ. Sci. Policy 2009, 12, 157–169. [Google Scholar] [CrossRef]

	



Shao, B.S.; Guindani, M.; Boyd, D.D. Fatal Accident Rates for Instrument-Rated Private Pilots. Aviat. Space Environ. Med. 2014, 85, 631–637. [Google Scholar] [CrossRef]

	



GB/T 4754-2017. Industrial Classification for National Economic Activities, Chinese Standard; General Administration of Quality Supervision, Inspection and Quarantine: Beijing, China, 2017.

	



Pompone, E.C.; Neto, G.C.D. A survey on accidents in the road transportation of hazardous materials in Sao Paulo, Brazil, from 1983 to 2015. Res. Record. 2019, 2, 285–293. [Google Scholar] [CrossRef]

	



Evans, A.W.; Verlander, N.Q. What is wrong with criterion FN-lines for judging the tolerability of risk? Risk Anal. 1997, 2, 157–168. [Google Scholar] [CrossRef]

	



State Council of China. Regulations on Reporting, Investigation and Handling of Production Safety Accidents; Chinese Government Document; State Council of China: Beijing, China, 2007.

	



Vinnem, J.E. Offshore Risk Assessment Volume 1: Principles, Modeling and Applications of QRA Stuides; Springer: Berlin/Heidelberg, Germany, 2014. [Google Scholar]

	



Hirst, I.L. A note on F-n curves, expected numbers of fatalities, and weighted indicators of risk. J. Hazard. Mater. 1998, 57, 169–175. [Google Scholar] [CrossRef]

	



Skjong, R.; Vanem, E.; Endresen, Ø. Risk Evaluation Criteria. SAFEDOR Report D.4.5.2 DNV.; SAFEDOR: Hamburg, Germany, 2005. [Google Scholar]

	



Schofield, S.L. A framework for offshore risk criteria. Saf. Reliab. 1993, 2, 5–18. [Google Scholar] [CrossRef]

	



State Administration of Work Safety. China’s Work Safety Yearbook 2004; China Coal Industry Press: Beijing, China, 2004.

	



State Administration of Work Safety. China’s Work Safety Yearbook 2005; China Coal Industry Press: Beijing, China, 2005.

	



State Administration of Work Safety. China’s Work Safety Yearbook 2006; China Coal Industry Press: Beijing, China, 2006.

	



State Administration of Work Safety. China’s Work Safety Yearbook 2007; China Coal Industry Press: Beijing, China, 2007.

	



State Administration of Work Safety. China’s Work Safety Yearbook 2008; China Coal Industry Press: Beijing, China, 2008.

	



State Administration of Work Safety. China’s Work Safety Yearbook 2009; China Coal Industry Press: Beijing, China, 2009.

	



State Administration of Work Safety. China’s Work Safety Yearbook 2010; China Coal Industry Press: Beijing, China, 2010.

	



State Administration of Work Safety. China’s Work Safety Yearbook 2011; China Coal Industry Press: Beijing, China, 2011.

	



State Administration of Work Safety. China’s Work Safety Yearbook 2012; China Coal Industry Press: Beijing, China, 2012.

	



State Administration of Work Safety. China’s Work Safety Yearbook 2013; China Coal Industry Press: Beijing, China, 2013.

	



State Administration of Work Safety. China’s Work Safety Yearbook 2014; China Coal Industry Press: Beijing, China, 2014.

	



State Administration of Work Safety. China’s Work Safety Yearbook 2015; China Coal Industry Press: Beijing, China, 2015.

	



State Administration of Work Safety. China’s Work Safety Yearbook 2016; China Coal Industry Press: Beijing, China, 2016.

	



National Bureau of Statistics. China Industry Statistical Yearbook 2016; China Statistics Press: Beijing, China, 2016.

	



National Bureau of Statistics; Ministry of Human Resources and Social Security. China Labour Statistical Yearbook 2016; China Statistics Press: Beijing, China, 2016.

	



State Council of China. The 11th Five-Year Guideline for National Economic and Social Development; Chinese Government Document; State Council of China: Beijing, China, 2006.

	



State Council of China. The 12th Five-Year Guideline for National Economic and Social Development; Chinese Government Document; State Council of China: Beijing, China, 2011.

	



Wang, B.; Wu, C.; Kang, L.; Reniers, G.; Huang, L. Work safety in China’s thirteenth five-year plan period (2016–2020): Current status, new challenges and future tasks. Saf. Sci. 2008, 104, 164–178. [Google Scholar] [CrossRef]

	



Wang, B.; Wu, C.; Kang, L.; Huang, L.; Pan, W. What are the new challenges, goals, and tasks of occupational health in China’s Thirteenth Five-Year Plan (13th FYP) period? J. Occup. Health. 2018, 60, 208–228. [Google Scholar] [CrossRef] [PubMed]

	



State Council of China. Notice on Further Strengthening the Elimination of Backward Production Capacity; Chinese Government Document; State Council of China: Beijing, China, 2010.

	



National Development and Reform Commission. Suggestions on Accelerating the Merger and Reorganization of Coal Mining Enterprises; Chinese Government Document; National Development and Reform Commission: Beijing, China, 2010.

	



State Council of China. Notice on Further Strengthening Work Safety of Enterprises; Chinese Government Document; State Council of China: Beijing, China, 2010.

	



Lee, J.; Midgley, J.; Zhu, Y.P. Social Policy and Change in East Asia; Rowman & Littlefield: Lanham, MD, USA, 2013. [Google Scholar]

	



Liu, Y.; Shi, X.; Wu, P.; Wang, P. Statistical analysis on total amount status of non-coal mines in China and supervision suggestions. J. Saf. Sci. Technol. 2019, 10, 178–183. [Google Scholar]

	



He, B.; Zhang, G.; Wang, S. Analysis of characteristics and technical causes of small non-coal mine accidents. Mod. Min. 2015, 3, 151–166. [Google Scholar]

	



General Office of State Council of China. Notice on Special Action of Fighting against Illegal Activities and Preventing Violations in Production Safety; Chinese Government Document; General Office of State Council of China: Beijing, China, 2012.

	



Safety Production Commission of State Council of China. Notice on Centralization of Six Special Operations to Combat Illegal Activities; Chinese Government Document; Safety Production Commission of State Council of China: Beijing, China, 2014.

	



State Council of China. Suggestions on Building a Dual Prevention Mechanism for the Implementation of Guidelines for Curbing Serious and Special Major Accidents; Chinese Government Document; State Council of China: Beijing, China, 2016. [Google Scholar]

	



Ministry of Emergency Management. Guidelines on Safety Risk Identification and Control in Chemical Industrial Park; Chinese Government Document; Ministry of Emergency Management: Beijing, China, 2019.

	



Ministry of Emergency Management. Work Plan on Prevention and Resolution of Tailing Pond Safety Risk; Chinese Government Document; Ministry of Emergency Management: Beijing, China, 2020.

	



Safety Production Commission of State Council of China. Notice on Publishing National-level Model City Rating Criteria of Safety Development; Chinese Government Document; Safety Production Commission of State Council of China: Beijing, China, 2020.








[image: Ijerph 17 03017 g001 550] 





Figure 1. Numbers of deaths caused by accidents in high-danger industries in China: (a) Coal mining, metal and nonmetal mining, construction, hazardous chemicals, and firework; (b) hazardous chemicals and firework. 
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Figure 2. Group risk of high-danger industries: (a) Coal mining, metal and nonmetal mining, construction, hazardous chemicals, and firework; (b) hazardous chemicals and firework. 
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Figure 3. Percent stacked bar of group risk of each high-danger industry to the whole. 
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Figure 4. Individual risk of high-danger industries: (a) Coal mining, metal and nonmetal mining, construction, hazardous chemicals, and firework; (b) hazardous chemicals, and firework. 
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Figure 5. Percent stacked bar of individual risk of each high-danger industry to the whole. 
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Figure 6. Total output value of construction and investment in fixed assets in urban areas in China. 
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Table 1. Four scales and standards of accidents in China.
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	Scale of Accident (i)
	Standards of Accident Scale





	Special major accident (i4)
	Causing more than 30 deaths, more than 100 serious injuries (including acute industrial poisoning, the same below), or more than 1 × 108 yuan in direct economic loss



	Serious accident (i3)
	Causing more than 10 and less than 30 deaths, more than 50 and less than 100 serious injuries, or more than 5 × 107 and less than 1 × 108 yuan in direct economic loss



	Major accident (i2)
	Causing more than 3 and less than 10 deaths, more than 10 and less than 50 serious injuries, or more than 1 × 107 and less than 5 × 107 yuan in direct economic loss



	Ordinary accident (i1)
	Causing less than 3 deaths, less than 10 serious injuries, or less than 1 × 107 yuan in direct economic loss
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Table 2. Numbers of four scales of accidents in five high-danger industries in China (2004–2016).
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	Industry
	Total Number of Accidents
	Number of Ordinary Accidents
	Number of Major Accidents
	Number of Serious Accidents
	Number of Special Major Accidents





	Coal mining
	20977
	19462 (92.78%)
	1203 (5.73%)
	274 (1.31%)
	38 (0.18%)



	Metal and nonmetal mining
	15302
	14787 (96.63%)
	491 (3.21%)
	21 (0.14%)
	3 (0.02%)



	Construction
	27586
	26821 (97.23%)
	744 (2.70%)
	18 (0.07%)
	3 (0.01%)



	Hazardous chemicals
	1074
	937 (87.24%)
	128 (11.92%)
	8 (0.74%)
	1 (0.09%)



	Firework
	1166
	1020 (87.48%)
	124 (10.63%)
	21 (1.80%)
	1 (0.09%)
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Table 3. Relative risk index between five high-danger industries during the 11th FYP in China.
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	Relative Risk Index
	Hazardous Chemicals
	Firework
	Construction
	Coal Mining
	Metal and Nonmetal Mining





	Hazardous chemicals
	1
	0.27
	0.05
	0.02
	0.01



	Firework
	3.71
	1
	0.20
	0.08
	0.03



	Construction
	19.00
	5.13
	1
	0.39
	0.15



	Coal mining
	49.33
	13.31
	2.60
	1
	0.39



	Metal and nonmetal mining
	126.04
	34.01
	6.63
	2.56
	1
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Table 4. Relative risk index between five high-danger industries during the 12th FYP in China.
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	Relative Risk Index
	Hazardous Chemicals
	Firework
	Construction
	Coal Mining
	Metal and Nonmetal Mining





	Hazardous chemicals
	1
	0.22
	0.03
	0.03
	0.01



	Firework
	4.62
	1
	0.16
	0.16
	0.05



	Construction
	29.07
	6.29
	1
	0.98
	0.30



	Coal mining
	29.65
	6.41
	1.02
	1
	0.30



	Metal and nonmetal mining
	97.31
	21.04
	3.35
	3.28
	1
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