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Abstract: In this work, macro risk is used to describe the overall safety of a group of hazards that
are congeneric in a certain area, which can effectively help safety supervisors with goal setting
and decision-making in China. To demonstrate this, the article proposes a calculation method to
quantitatively study the macro risk of hazardous industrial installations. The method simultaneously
considers the probability and consequences of accidents as the two core elements of risk, and the
consequences cover losses with various dimensions. Assisted by related probability theory and
binomial distribution, we analyzed historical accident statistics in detail to reveal hidden laws. To
explore how to normalize the dimension of varied losses, the number of person-years was introduced
as a loss equivalent to set up a method of conversion between loss of life and economic loss. The
calculation method, which manifests a versatile and universal strategy of macro risk, was thus
established. The value of the macro risk obtained possesses chronergy. Based on chronergy, two
applications in China are further discussed, indicating this method is indeed feasible and practical for
safety supervision. Specifically, it can help reasonably allocate regulatory resources by comparing
macro risks of the same types of installations in various jurisdictions. In addition, it is conducive to a
scientific determination of regulatory direction through the comparison of macro risks of various
types of installations in the same jurisdiction.

Keywords: macro risk; calculation method; safety supervision; hazardous installations; loss equivalent

1. Introduction

Risk management is an active systematic approach [1] to effectively preventing accidents. In the
past three decades, risk management has emerged as a necessary scientific tool that plays a significant
role in the safety management/supervision of enterprises and governments at all levels [2]. There
are three main items in the risk management framework that dominate the operations of an entire
system: risk analysis, risk evaluation, and risk control [3]. Among them, risk analysis is a process
of systematically identifying hazards and analyzing the likelihood and the consequences of related
accidents that could potentially occur. The process of risk evaluation, which is designed to judge
whether the obtained risk has reached an acceptable level [3], is based on the results of risk analysis. To
better serve decision-making regarding risk (risk control), neither the analytical process nor its results
should be considered in isolation [4]. In this context, risk assessment aims to represent the whole
process of risk analysis and risk evaluation.

Risk assessment runs through the safety business chain, which consists of enterprises and
governments. During the risk assessment process, especially for quantitative risk assessment, risk
measures play an important role in providing information on the size and level of risks [5]. Compared
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to qualitative risk analysis methods, the quantitative ones have the advantage of being more precise
and clearer, providing a basis for objective and rational decision-making regarding risks [6], and
with the continuous improvement of data computing capabilities, their disadvantage of enduring
heavy calculations will gradually disappear. Due to differences in the roles and functions of safety
management, enterprises and governments have different requirements for risk measures. Specifically,
enterprises are often concerned about risks that describe concrete hazards in the working area. After
evaluating the risk level of each hazard, those at higher levels are prioritized for stronger control.
Instead of treating individuals solely as management objects, for supervision convenience, governments
care more about risks that measure the overall safety of a group of hazards in the jurisdiction. This
regional risk makes it easy for safety supervisors to scientifically determine regulatory direction and
reasonably allocate regulatory resources. Based on the analysis, risk can be mainly categorized into
two types, micro risk and macro risk, depending on the number of hazards measured. In this respect,
if we measure the risk of one hazard, such as a boiler in a plant, micro risk can be utilized to identify,
analyze, quantify the risk factors (factors including likelihood and consequences) based on physical
and/or chemical changes that may cause an accident, and finally obtain the risk level [7]. The obtained
risk can only describe the safety of that boiler itself. In contrast, if we decide to evaluate the risk level
of a group of congeneric hazards in a certain area, such as all boilers in China, a micro-risk strategy
would no longer be appropriate and would be replaced by macro risk, which is our focus in this study.
In brief, here micro risk indicates the risk of a certain hazard. It is helpful for safety managers in
enterprises to grasp the risk of each hazard and control it in a targeted manner. Meanwhile, macro risk
means the risk of multiple hazards that are congeneric in a certain area. It is more suitable for safety
supervisors in governments to master the overall safety level and make reasonable decisions.

Many indicators can be used to measure macro risk: However, due to the various definitions of
risk [8–12], they are not equally significant. In general, risk consists of two elements: likelihood and
consequences of an accident (or a hazardous event). Consequences cover various losses, including loss
of life and economic and environmental damage [6]. However, because of different needs and purposes,
some indicators only consider likelihood as risk [9,11], such as individual risk (IR) [13] and aggregated
weighted risk (AWR) [14], which characterize the probability of dying due to an accident caused by a
type of hazard in a certain location and within an entire area, respectively [6]. Some indicators only
consider consequences as risk [8,12], such as the number of people at risk (PAR) [15], which shows the
number of persons in an area that has potential disasters [6]. Some indicators only consider a single loss
as a consequence: The expected value of the number of fatalities (E(N)) [16] focuses on loss of life, the
curve displaying the probability of exceedance as a function of the economic damage (FD curve) [17]
focuses on economic loss, and the curve showing the probability of exceedance of the time needed
by the ecosystem to recover from the damage (FT curve) [18] focuses on environmental loss. In the
absence of direct economic valuation of human life, the dimensional normalization of various types of
loss is a non-negligible challenge, preventing the study of a risk measure that simultaneously considers
likelihood and consequences, covering multiple types of losses. In this context, this work aims to solve
this problem for comprehensive and scientific risk quantification.

Hazardous installations are the objects of study in this article because they are the most common and
dangerous hazards in the industrial safety field, especially in China. In recent years, risk-based strategies
for safety regulation have gradually become clearer and have been included in the requirements of
Chinese government documents, as shown in Table 1. Under such circumstances, a mass of accident
data is saved and collected to gather statistics for analyzing accident characteristics and preventing
major and extraordinarily serious accidents. This is because the safety risk of a type of hazard is closely
related to its accident causation. However, due to a wide range and large volume of regulatory business
in China, a comprehensive and universal way of helping to perform safety supervision is urgently
needed. Thus, a critical question we should find the solution to is, “How can a simple, practical,
and versatile approach be established that can give full play to the advantages of risk management
to achieve effective and scientific safety supervision?” To elucidate this question so as to advance
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safety development in China, we propose a calculation method for macro risk that simultaneously
considers the likelihood and consequences of various losses [10] to measure the overall safety of
hazardous industrial installations. This versatile method can help safety supervisors with goal setting
and decision-making, while effectively optimizing regulatory efficiency and costs. This article is
organized as follows. In Section 2, we define macro risk and report the calculation idea. A suitable
metric, i.e., person-years, is introduced to normalize the dimensions of various losses. In Section 3, the
process of dimensional normalization is shown in detail, and the method is discussed. In Sections 4
and 5, two main applications are discussed and illustrated to prove the feasibility and practicality of
the method. Section 6 concludes this work.

Table 1. Representative Chinese government documents related to risk management and the information
within from five recent years.

Year Names Agencies That Issue
Documents Key Points on Risk Management

2016

Guidelines for curbing
major and

extraordinarily serious
accidents [19]

The State Council of
China

• Sound safety risk
assessment standards;

• Comprehensively identify and
evaluate safety risk levels;

• Establish a safety risk ranking,
management, and control system;

2016

Suggestions on building
a dual prevention
mechanism for the
implementation of

guidelines for curbing
major and

extraordinarily serious
accidents [20]

The State Council of
China

• Build a dual prevention
mechanism, including risk
management and “Yinhuan”
(hidden dangers) check
and control;

• Scientifically evaluate risk levels,
effectively manage regional risks;

2016

Opinions on promoting
reform and development

in the safe production
field [21]

Communist Party of
China Central

Committee, the State
Council of China

• Enhance risk assessment and
warning for key industries,
regions, and enterprises;

2017 The 13th five-year plan
on safe production [22]

The State Council of
China

• Promote the establishment of a
risk management system in
various fields, including coal
mining and the chemical industry;

• Improve the capabilities of risk
prevention and control
of enterprises;

2017

Notice on further
strengthening the safety

production of central
enterprises [23]

China’s State
Administration of Work

Safety

• Strengthen safe production via
source treatment and risk
prevention and control;

2. Theory and Methodology

2.1. Macro Risk

Risk-based strategy is one symbolic achievement in the field of insurance research [24], which
has proven to have and has shown a strong connection to the safety management of industrial
accidents [25]. The study of risk and risk management began in the financial field with the aim of
providing a means of identifying, assessing, and mitigating unfavorable economic factors, thereby
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reducing the losses of companies [26]. Due to fine efficacy, the application scope and objects of
risk/risk management continued to expand. Pure risk/risk management [27] thus arose, which excluded
corporate financial risk. In this category, various risks, such as natural risk [28,29] related to natural
disasters and technological risk [30] related to technical systems, have always been hot research areas
in China in recent years. Comparatively, natural risk indicates the risk caused by hazards in nature
(i.e., earthquakes, volcanic eruptions, landslides, tsunamis, and other unexpected disasters) that could
endanger human life and property, while technological risk focuses on describing the risk posed by
technological advances, especially the huge risk brought by large industrial systems (chemical plants,
dams, production platforms, hazardous industrial installations, etc.) in human life. Moreover, in
order to measure natural risk, it is often necessary to consider additional vulnerability factors [28]
other than traditional possibility and severity factors. In this paper, we only concentrate on studying
technological risk. Risk caused by industrial systems is the main content of technological risk [31], is
important in an examination of the safety of hazards of an industrial field, and can effectively help
enterprises/government implement safety management/supervision. Thus, this is usually called safety
risk in China.

There is no uniform definition of safety risk. However, as similarly stated in many international
standards [3,32], national standards [33,34], and research [10,35,36], safety risk is defined in this work as
the combination of the likelihood of an accident (or a hazardous event) occurring and its consequences.
From this classical definition, two key factors, likelihood and consequences, have dominated the size
of risk. To quantify risk, a mathematical function is therefore often raised and utilized [6,37]:

R = P·L, (1)

where R represents risk, P indicates the probability that an accident will occur [34], and L denotes the
loss resulting from an accident [35].

Based on the theory above, macro risk is further proposed to measure the overall safety of a type
of hazard, i.e., the collective risk of hazards that come from a homogeneous group in a certain area and
period (usually for a year). Although the risk of each congeneric hazard is not exactly the same due
to exposure to various external environments, macro risk is considered to be the whole regional risk
level through characterization of the average risk of all individuals in an area, which is a sufficient
interpretation of the connotation of “macro”. In other words, the size of macro risk is determined not
by the number of hazards in an area but by the average level of risk that each individual has reached.

From the above concept, to quantitatively study the macro risk of hazardous industrial installations
is to seek a reasonable calculation method for average risk. In this article, we try to solve this problem
via systematic accident statistics and analysis, because complete historical data can accurately and
expediently reflect accident laws and hazard characteristics. An implementation of the method roughly
follows the three steps below:

• With total risk unchanged in an area, assume that all congeneric installations are identical and
that each individual has the same risk. Under this assumption, the same risk is thus the required
average risk, namely ∑N

i=1
Ri = NR, (2)

where N represents the number of installations in a certain area, Ri indicates the risk of the ith
installation, and R denotes the average risk;

• How is it ensured that total risk is unchanged? A simple way is to utilize the historical accident
data (annual data) of the installations to calculate average risk. This can be used because risk is
closely related to accident probability and consequences (Equation (1));

• Calculate the average risk based on probability theory. According to the two steps above, the
problem is then transformed into an independent repetitive trial for an individual. Combining
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Equation (1) with related probability theory [38], we can finally obtain an expression for calculating
the macro risk, as follows:

Rm = R = p·E(L) =
M
N
·

1
M
·

∑M

j=1
L j =

1
N

Lt, (3)

where Rm represents the macro risk of a certain type of installation, p indicates the frequency
of accidents per year, E(L) denotes the expected value of L per year, M is the number of
installation-related accidents per year in the area, Lj is the loss of the jth accident, and Lt is the
total loss of accidents per year in the area.

However, due to the various components of loss (e.g., death, injury, economic damage), the value
of Lt cannot be obtained directly. Therefore, a dimensional normalization of the various losses is
urgently needed.

2.2. Loss Equivalent

Based on representative studies on quantitative risk assessments [6,37,39,40], the consequence
of an accident is roughly divided into the following three categories: loss of life, economic loss,
and environmental damage. Because environmental damage can also be expressed in monetary
terms [6,40,41], in this study, we just focus on a consequence that mainly includes loss of life and
economic loss (as follows), which also agrees well with statistical data from the Chinese government [42]:

Lt = {Lh, Le}, (4)

where Lh represents the loss of life associated with the accidents, which includes deaths, serious
injuries, and slight injuries; and Le represents economic loss, which includes direct economic loss and
indirect economic loss [43,44]. The different dimensions of Lh and Le make them inoperable while
calculating Lt. Additionally, in the view of many people, it is unethical to directly convert human life
into a monetary value [6]. Fortunately, we found an extremely suitable metric, “person-year”, to help
achieve dimension normalization.

A “person-year” is a compound unit whose number is often used to calculate birth rate, mortality,
and other indicators in the field of demographic statistics [45]. It is composed of the product of the
number of people and the length of time. The meaning of “person-year” is easy to understand: For
instance, one person-year indicates that one person survived for one year, and two person-years
indicates that either two people survived for one year or one person survived for two years. To
normalize different dimensions, the number of person-years will be introduced and used as a loss
equivalent to set up a method of conversion between the loss of life and economic loss. A schematic
diagram can be illustrated as follows. As shown in Figure 1, the components of loss of life are considered
to be time losses, which is converted into person-years by calculating lost workdays. Comparatively,
economic loss can be treated as value loss so that it can be converted into person-years using industrial
labor productivity. Although the methods of conversion are different, their connotation remains
consistent and will be explained in detail in Section 3.
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3. Dimensional Normalization of Varied Losses

3.1. Loss of Life

People create wealth for family and society through their time. The nature of human loss of life,
especially for workers, is actually a loss of work time [46]. A lost workday is a well-defined value and
can serve as a good surrogate for severity [47]. Thus, loss of life can be measured from the estimated
number of lost workdays [48–50]. For instance, according to Chinese standards [46,51], work-related
employee injuries of different severities are assigned different lost workdays on the basis of a percentage
of total permanent disabilities [48]. Among them, death is equivalent to 6000 lost workdays, while
slight injuries and serious injuries are partitioned based on a threshold of 105 lost workdays. If the
injury statistics are sufficient, the number of lost workdays corresponding to disabilities can just be
summed. Calculated using the binomial distribution of disability statistics, the expected values of a
slight injury and a serious injury can also be determined as 100 and 3250 lost workdays, respectively,
for use when historical accident data cannot provide detailed injury information.

After loss of life is equivalently converted into the number of lost workdays, another process
designed to further change the number of lost workdays into person-years should be performed.
Here, based on the object of the study, i.e., industrial installations, we again optimize and define
one person-year, which can be considered one person working for one year. Obviously, there are
approximately 250 workdays for one person in one year. Therefore, the expression converting loss of
life to person-years can be approximately defined as follows:

L∗h =
ld·Sd + ls·Ss + lr·Sr

250
, (5)

where Lh
* represents the person-years of Lh, which is used to obtain Lt; ld indicates the number of

deaths in an accident; ls indicates the number of slight injuries; lr indicates the number of serious
injuries; Sd denotes the expected value of lost workdays corresponding to a death; Ss denotes the
expected value of lost workdays corresponding to a slight injury; and Sr denotes the expected value of
lost workdays corresponding to a serious injury.
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3.2. Economic Loss

In the previous section, using time-workdays, we introduced the process of converting loss of
life into person-years. Meanwhile, as stated above, people create wealth during their working life. In
other words, people create value by consuming time. Based on this argument, person-years based on
time can be equated to person-years based on value in the same period. Thus, to convert economic
loss to person-years, we introduce an annual economic indicator called industrial labor productivity.
Industrial labor productivity can be defined as follows:

ILP =
IAV

Q
, (6)

where ILP represents industrial labor productivity, which is used to measure the ability of one person
to create wealth for society per year in a certain area; IAV indicates the industrial added value per
year, which is a major component of gross domestic product (GDP) and describes the total value
created by industrial production activities; and Q denotes the number of employees. ILP reflects the
value generated by one person-year. To derive person-years based on value from the economic loss of
accidents, the calculation method can be defined as follows:

L∗e =
la + lb

ILP
=

la +ωla
ILP

, (7)

where Le
* represents the person-years of Le, which is also used to obtain Lt; la indicates the direct

economic loss of an accident; lb indicates the indirect economic loss of an accident; and ω denotes the
value of a ratio of indirect to direct loss [52], which varies significantly from 0.75:1 [53] to 20:1 [54] or
more, depending on the region [55–57] and industry [44,58].

Based on all of the analysis and inference above, we can finally conclude the expression for
calculating the macro risk of hazardous industrial installations as follows:

Rm =
1
N

Lt =
1
N

(
L∗h + L∗e

)
=

1
N

(
ld·Sd + ls·Ss + lr·Sr

250
+

la +ωla
ILP

)
. (8)

Compared to the aforementioned international existing tools used for macro risk evaluation, such
as those (IR, AWR) only considering likelihood as risk, that (PAR) only considering consequences
as risk, and those (E(N), FD curve, and FT curve) only considering single loss as a consequence, the
proposed method simultaneously takes the likelihood and consequences of an accident into account
and successfully achieves the dimensional normalization of various losses via introducing person-years
(in the case of avoiding direct economic valuation of human life).

4. Discussion

The core data used in this study comes from accident statistics. Therefore, current macro risk
is usually obtained based on data from previous years. In other words, the value of macro risk
has a chronergy. For safety supervisors, the chronergy can effectively help with goal setting and
decision-making because supervisors need to calculate the macro risk at the end of every year or at the
beginning of the next year to fully understand the safety status of hazardous installations and establish
a targeted regulatory plan with achievable goals of risk reduction according to results.

Different from concrete installation risk, macro risk focuses on annotating the overall risk level of
entire congeneric installations in an area. Instead of calculating the risk of all individuals in aggregate
to obtain total risk, we just use average risk, which means the number of hazards does not dominate
the size of the macro risk. In this context, supervisors can grasp the risk level in a single area and
compare it to various jurisdictions, so as to reasonably allocate regulatory resources. In addition to
comparing the macro risk of congeneric installations in different areas, it is also feasible to compare
different types of hazards in one area. Because of this, supervisors can discover the laws between
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different risks and determine the main regulatory direction. To demonstrate the discussion above, two
examples of applications from China are provided in the next section.

Without exception, the limitations of the model proposed should also be pointed out. Due to the
use of historical accident statistics, the method is suitable for evaluating the risk level at the current time
stage (usually five years, the term of the National People’s Congress in China) rather than predicting
its future trends. However, the obtained results can be used as annual risk evaluation criteria for the
next period. Additionally, the model should be applied to large-scale enterprises or governments to
ensure sufficient enough data to get accurate results.

5. Practical Applications

5.1. Macro Risk of Boilers in China

In China, boilers are considered “special equipment” that pose a substantial risk to human
safety [59]. Risk measures have become vital to safety supervision throughout the lifecycles of special
equipment. In this context, we intend to take boilers as an example to study macro risk. As an example,
accident statistics from 2006 to 2011 in China [42,60–64] were selected as the data source for calculation,
as shown in Table 2.

Table 2. Statistics on boiler-related accidents and industrial labor productivity (ILP) in China from 2006
to 2011.

Year N ld lr
1 la

(Chinese Yuan (CNY))
ILP

(CNY)

2011 62.03 × 104 24 54 723.3 × 104 10.07 × 104

2010 60.73 × 104 24 38 649.3 × 104 8.77 × 104

2009 59.52 × 104 23 64 566.35 × 104 7.60 × 104

2008 57.82 × 104 24 60 515.23 × 104 7.30 × 104

2007 53.41 × 104 19 35 66.3 × 104 6.27 × 104

2006 54.30 × 104 20 60 446.2 × 104 5.52 × 104

1 Since the Chinese government only records unclassified injuries and the ratio of injuries to deaths, the statistics are
always lower than the actual level. All injuries were considered to be serious injuries (lr) in Section 5.

As previously mentioned, using data from 2011, the macro risk in 2012 (3.16 × 10−3) could be
determined according to Equation (8), where Sd and Sr were 6000 and 3250, respectively [33,38], and
the value of ω was 8.5: This was based on a study by Wang et al. [65], who systematically studied the
ratio of indirect to direct loss from major and extraordinarily serious industrial accidents in China. To
briefly judge whether this macro risk reached an acceptable level, the average macro risk from the
previous five years (from 2006 to 2010) could be treated as a risk acceptance criterion. In this way, the
criterion became more and more stringent as time passed [66], which helped continuously reduce risk.
If macro risk is lower than average macro risk, the risk is considered acceptable. In contrast, if macro
risk is higher than average macro risk, the risk may be deemed unacceptable and may require control.
Under this circumstance, supervisors must improve regulatory intensity for risk reduction. Here,
the macro risk in 2012 (3.16 × 10−3) was higher than the average macro risk (3.11 × 10−3), indicating
that the new annual regulatory plan should have included an item that was likely to apply stronger
supervision to boilers.

For supervisors, in addition to fully understanding and mastering the macro risk of boilers in the
whole country to comprehensively plan and set goals, a risk level comparison in various jurisdictions
is also necessary to reasonably allocate regulatory resources. As further explanation, we assumed that
the macro risk of boilers in 2012 was 3.3 × 10−3 in Beijing after calculation and 2.9 × 10−3 in Shanghai.
The risk level in Beijing was clearly much higher than in Shanghai, and it even exceeded average
macro risk (3.11 × 10−3). Thus, more regulatory resources should have been allocated to Beijing, while
Shanghai did not need as many. Only in this way can regulatory costs be greatly reduced.
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5.2. Absolute Risk and Relative Risk

Due to the universality of the proposed method, another application focuses on determining
which type of hazardous installations should be given preference for full supervision. To illustrate this,
we took boilers and another type of special equipment, hoisting machinery, as an example. The related
data [50–64] for calculation are shown in Table 3.

Table 3. Statistics on accidents related to hoisting machinery in China from 2006 to 2010.

Year N ld lr
la

(CNY)

2010 150 × 104 83 27 2839.78 × 104

2009 135.27 × 104 85 42 1786.68 × 104

2008 118.28 × 104 74 31 7085.87 × 104

2007 95.79 × 104 94 33 1267.4 × 104

2006 82.36 × 104 80 35 1001.3 × 104

To disclose the rules of accidents hidden in statistical data and avoid contingency, an analysis of
these two types of installations was performed based on five-year data using the proposed method. By
averaging the macro risks from 2006 to 2010, results were determined for boilers (3.11 × 10−3) and
hoisting machinery (5.32 × 10−3). The risk level of hoisting machineries was much higher than that of
boilers, indicating that hoisting machinery required more comprehensive supervision than boilers did.
In other words, for safety supervisors, if both types of installations need to be controlled at the same
time, hoisting machinery is of a higher priority.

The macro risk comparison of various types of installations provided data and technical support
for determining regulatory direction. To make the process more convenient, we could utilize absolute
risk and relative risk indicators. Absolute risk was set up to represent the macro risk itself, while
relative risk was the ratio of various macro risks differentiated by installation type. Again, using boilers
and hoisting machinery as an example, relative risk could be defined as follows:

R∗hoisting machinery−boiler =
Rm(hoisting machinery)

Rm(boiler)
, (9)

where R*
hoisting machinery–boiler represents the boiler-based relative risk of hoisting machinery;

Rm(hoisting machinery) indicates the average macro risk of hoisting machinery; and Rm(boiler) denotes the
average macro risk of boilers. By substituting the macro risks of boilers (3.11 × 10−3) and hoisting
the machinery (5.32 × 10−3) obtained above into Equation (9), R*

hoisting machinery–boiler (~1.71) was
determined. Based on this result, it could be understood that the risk of one hoisting machine in China
was equivalent to that of 1.71 boilers. Further, also taking accident statistics from the period 2006 to
2010 as an example, we obtained the relative risk of various hazardous industrial installations based
on a certain macro risk, as shown in Figure 2 (here, also based on the study by Wang et al. [65], we
considered ω to be an unchanged constant, 8.5, in these high-danger installation-enabled accidents,
which was less affected by the type of industry).

According to this line of thought in the analysis, when simultaneous supervision is needed for
multiple installations, set one type of installation with an intermediate macro risk as a benchmark,
and the risk levels of other types of installations are cleared at once. Hence, supervisors can make
decisions on which types of installations should be prioritized and focused on based on the laws and
characteristics of risks.
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6. Conclusions

To measure the overall safety of hazardous industrial installations, we proposed a calculation
method for macro risk that describes the risk level of a type of hazard in a certain area. Different from
the risk of a concrete installation, macro risk focuses on annotating the overall risk of all congeneric
installations in an area. Thus, in our method, accident statistics and analysis become the main means
of accurately and sufficiently reflecting the accident laws and characteristics of hazards. During the
dimensional normalization of various losses, we introduced a suitable method (utilizing person-years)
for converting loss of life and economic loss into person-years, which helped achieve the model. To
further prove the feasibility of the proposed method, we demonstrated two main applications. Safety
supervisors, by using this calculation method, in addition to fully understanding and mastering the
macro risk of the whole country area for comprehensive planning and goal setting, could also perform
a comparison of the risk level in various jurisdictions for reasonable regulatory resource allocation.
When the simultaneous supervision of multiple installations is required, a comparison of the macro
risks of various types of installations could help to determine the regulatory direction. In addition, it
remains necessary to enhance the study of indirect economic loss in our future study. Statistics on and
the measurement of indirect economic loss in an accident are not easy and are thus not reflected in the
Chinese government’s public data. If an accurate value of indirect economic loss could be acquired, it
would inevitably promote the study and application of macro risk in China. However, when there is no
accurate indirect economic loss, the estimated value can also be used via the ratio of indirect to direct
loss (ω), which has always been studied by researchers. In this paper, we just roughly considered ω as
a constant for demonstrating the possible applications of macro risk. We believe that more detailed
and scientific guidance for ω should be included in our future work to meet different accident types
and scenarios. Finally, it should be noted that although the proposed method is based on national
conditions in China, its design philosophy and methodology are internationally universal, supporting
the globalization of macro risk.



Int. J. Environ. Res. Public Health 2019, 16, 1680 11 of 13

Author Contributions: The study was conceived of and designed by G.W. and J.P.; the data collection and analysis
were performed by G.W.; the original draft was prepared by G.W.; and review and editing was performed by J.P.

Funding: This work was jointly supported by the National Key Research and Development Program of China
[NKPC Grant No. 2017YFC0804900] and the National Nature Science Foundation of China [NSFC Grant No.
51474193].

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Treasury Board. Integrated Risk Management Framework; Technical Report; Treasury Board of Canada: Ottawa,
Canada, 2001.

2. Villa, V.; Paltrinieri, N.; Khan, F.; Cozzani, V. Towards dynamic risk analysis: A review of the risk assessment
approach and its limitations in the chemical process industry. Saf. Sci. 2016, 89, 77–93. [CrossRef]

3. IEC 60300-3-9. Dependability Management—Application Guide: Risk Analysis of Technological Systems, 1st ed.;
International Electrotechnical Commission: Geneva, Switzerland, 1995.

4. Johansen, I.L. Foundations and Fallacies of Risk Acceptance Criteria; ROSS (NTNU) 201001; NTNU: Trondheim,
Norway, 2010.

5. Øien, K. A framework for the establishment of organizational risk indicators. Reliab. Eng. Syst. Saf. 2001, 74,
147–167. [CrossRef]

6. Jonkman, S.N.; van Gelder, P.H.; Vrijling, J.K. An overview of quantitative risk measures for loss of life and
economic damage. J. Hazard. Mater. 2003, 99, 1–30. [CrossRef]

7. Zhao, J.; Luo, S.; Gong, Y.; Li, F.; Luo, Y.; Huang, Y. Research on three dimensional risk ranking model of
tanks major hazards. Chin. Saf. Sci. J. 2015, 25, 135–140.

8. Campbell, S. Determining overall risk. J. Risk Res. 2005, 8, 569–581. [CrossRef]
9. Kirchsteiger, C. Workshop summary evaluation and how to proceed international workshop on promotion

of technical harmonisation on risk-based decision-making. Saf. Sci. 2002, 40, 383–395. [CrossRef]
10. Lowrance, W.W. Of Acceptable Risk—Science and the Determination of Safety; Los Altos: California, CA, USA,

1976.
11. Rowe, W.D. An Anatomy of Risk; John Wiley & Sons: New York, NY, USA, 1977.
12. Willis, H.H. Guiding resource allocations based on terrorism risk. Risk Anal. 2007, 27, 597–606. [CrossRef]
13. Bottelberghs, P.H. Risk analysis and safety policy developments in The Netherlands. J. Hazard. Mater. 2000,

71, 59–84. [CrossRef]
14. Piers, M. Methods and Models for the Assessment of Third Party Risk due to Aircraft Accidents in the

Vicinity of Airports and Their Implications for Societal Risk. In Quantified Societal Risk and Policy Making;
Kluwer Academic Publishers: Dordrecht, The Netherlands, 1998.

15. Khan, A.; Jamal, S.Q. Risk assessment for dam failure using probability approach. In Proceedings Applications
of Statistics and Probability; Balkema: Rotterdam, The Netherlands, 2000; p. 1151.

16. Laheij, G.M.H.; Post, J.G.; Ale, B.J.M. Standard methods for land-use planning to determine the effects on
societal risk. J. Hazard. Mater. 2000, 71, 269–282. [CrossRef]

17. Yelokhin, A.N. Complex risk analysis for Novgorodsky’s region’s population. In Proceedings of the Annual
Meeting of the Society for Risk Analysis-Europe; New Risk Frontiers: Stockholm, Sweden, 1997.

18. NORSOK Z-013. Risk and Emergency Preparedness Analysis; Norsok Standard, Standard Norge: Oslo, Norway, 2010.
19. The State Council of China. Guidelines for Curbing Major and Extraordinarily Serious Accidents; Chinese

Government Document; The State Council of China: Beijing, China, 2016.
20. The State Council of China. Suggestions on Building a Dual Prevention Mechanism for the Implementation of

Guidelines for Curbing Major and Extraordinarily Serious Accidents; Chinese Government Document; The State
Council of China: Beijing, China, 2016.

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

22. The State Council of China. The 13th Five-Year Plan on Safe Production; Chinese Government Document;
The State Council of China: Beijing, China, 2017.

http://dx.doi.org/10.1016/j.ssci.2016.06.002
http://dx.doi.org/10.1016/S0951-8320(01)00068-0
http://dx.doi.org/10.1016/S0304-3894(02)00283-2
http://dx.doi.org/10.1080/13669870500118329
http://dx.doi.org/10.1016/S0925-7535(01)00038-8
http://dx.doi.org/10.1111/j.1539-6924.2007.00909.x
http://dx.doi.org/10.1016/S0304-3894(99)00072-2
http://dx.doi.org/10.1016/S0304-3894(99)00083-7


Int. J. Environ. Res. Public Health 2019, 16, 1680 12 of 13

23. China’s State Administration of Work Safety. Notice on Further Strengthening the Safety Production of Central
Enterprises; Chinese Government Document; The State Council of China: Beijing, China, 2017.

24. Dionne, G. Risk management: History, definition, and critique. Risk Manag. Insurance Rev. 2013, 16, 147–166.
[CrossRef]

25. Harrington, S.; Niehaus, G. Risk Management and Insurance; Irwin/McGraw-Hill: New York, NY, USA, 2003.
26. Mehr, R.I.; Hedges, B.A. Risk Management in the Business Enterprise; Irwin: Homewood, IL, USA, 1963.
27. Williams, A.; Heins, M.H. Risk Management and Insurance; McGraw-Hill: New York, NY, USA, 1964.
28. Chen, N.; Chen, L.; Ma, Y.; Chen, A. Regional disaster risk assessment of china based on self-organizing map

clustering, visualization and ranking. Int. J. Disaster Risk Reduct. 2019, 33, 196–206. [CrossRef]
29. Grünthal, G.; Thieken, A.H.; Schwarz, J.; Radtke, K.S.; Smolka, A.; Merz, B. Comparative risk assessments

for the city of cologne—Storms, floods, earthquakes. Nat. Hazards 2006, 38, 21–44. [CrossRef]
30. Li, M.; Yu, H.; Jin, H.; Liu, P. Methodologies of safety risk control for china’s metro construction based on

bim. Saf. Sci. 2018, 110, 418–426. [CrossRef]
31. Luo, Y. Risk Analysis and Safety Assessment; Chemical Industry Press: Beijing, China, 2017.
32. ISO 31000-2009. Risk Management—Principles and Guidelines; ISO: Geneva, Switzerland, 2009.
33. GB/T 23694-2013. Risk Management—Vocabulary; Chinese Standard SAC/TC 310: Beijing, China, 2013.
34. MIL-STD-882E. Standard Practice for System Safety; US Department of Defense: Washington, DC, USA, 2012.
35. Luo, Y. Safety Science; Science Press: Beijing, China, 2015.
36. Wilson, R.; Crouch, A. Risk/Benefit Analysis; Ballinger Publishing Company: Cambridge, UK, 1982; p. 9.
37. Rausand, M. Risk Assessment: Theory, Methods, and Applications; John Wiley & Sons: Hoboken, NJ, USA, 2011.
38. Casella, G.; Berger, R.L. Statistical Inference, 2nd ed.; Duxbury Press: Pacific Grove, CA, USA, 2002; p. 55.
39. Ball, D.J.; Floyd, P.J. Societal Risk; Technical Report for Health and Safety Executive: London, UK, 1998.
40. Jorissen, R.E.; Stallen, P.J.M. Quantified societal risk and policy making. Technol. Risk Soc. 1998, 12, 310.
41. GB 6721-86. Statistical Standard of Economic Losses from Injury-Fatal Accidents of Enterprise Staff and Workers;

Chinese Standard, China National Bureau of Standards: Beijing, China, 1986.
42. State Administration of Quality Supervision, Inspection and Quarantine. Chinese Yearbook of Quality

Supervision, Inspection and Quarantine; China Standards Press: Beijing, China, 2012.
43. Gosselin, M. Analyse des Avantages et des Coûts de la Santé et de la Sécurité au Travail en Entreprise: Développement

de L’outil D’analyse; Rapport de Recherche R-375 for IRSST: Montréal, QC, Canada, 2004.
44. Heinrich, H.W. Industrial Accident Prevention: A Scientific Approach; McGraw Hill: New York, NY, USA, 1941.
45. Horm, J.W.; Sondik, E.J. Person-years of life lost due to cancer in the united states. Am. J. Public. Health 1989,

79, 1490–1493. [CrossRef]
46. GB/T 15499-1995. The Lost Workdays STANDARD for Injury Accidents; Chinese Standard, China State Bureau

of Technical Supervision: Beijing, China, 1995.
47. Guo, H.; Tanaka, S.; Halperin, W.E.; Cameron, L.L. Back pain in the us industry and estimate of lost work

days. Am. J. Public. Health. 1999, 89, 1029–1035. [CrossRef]
48. Coleman, P.J.; Kerkering, J.C. Measuring mining safety with injury statistics: Lost workdays as indicators of

risk. J. Saf. Res. 2007, 38, 523–533. [CrossRef]
49. Santana, V.S.; Araújofilho, J.B.; Silva, M.; Albuquerqueoliveira, P.R.; Barbosabranco, A.; Nobre, L.C. Mortality,

years of life lost, and incidence of occupational accidents in the state of bahia, Brazil. Cad. Saude Publica 2007,
23, 2643–2652. [CrossRef]

50. US. Department of Labor Bureau of Labor Statisticas [BLS]. Standardization of Industrial Accident Statistics;
Bulletin No. 276; Government Printing Office: Washington, DC, USA, 1920.

51. GB 6441-86. The Classification for Casualty Accidents of Enterprise Staff and Workers; Chinese Standard, China
National Bureau of Standards: Beijing, China, 1986.

52. Jallon, R.; Imbeau, D.; Marcellis-Warin, N.D. Development of an indirect-cost calculation model suitable for
workplace use. J. Saf. Res. 2011, 42, 149–164. [CrossRef]

53. Oxenburgh, M.S.; Guldberg, H.H. The economic and health effects on introducing a safe manual handling
code of practice. Int. J. Ind. Ergonom. 1993, 12, 241–253. [CrossRef]

54. Dorman, P. The Economics of Safety, Health and Wellbeing at Work; International Labour Organization: Geneva,
Switzerland, 2000.

55. Brody, B.; Létourneau, Y.; Poirier, A. Les coûts Indirects des Accidents du Travail; Rapport de Recherche R-044
for IRSST: Montréal, QC, Canada, 1990.

http://dx.doi.org/10.1111/rmir.12016
http://dx.doi.org/10.1016/j.ijdrr.2018.10.005
http://dx.doi.org/10.1007/s11069-005-8598-0
http://dx.doi.org/10.1016/j.ssci.2018.03.026
http://dx.doi.org/10.2105/AJPH.79.11.1490
http://dx.doi.org/10.2105/AJPH.89.7.1029
http://dx.doi.org/10.1016/j.jsr.2007.06.005
http://dx.doi.org/10.1590/S0102-311X2007001100012
http://dx.doi.org/10.1016/j.jsr.2011.05.006
http://dx.doi.org/10.1016/0169-8141(93)90094-T


Int. J. Environ. Res. Public Health 2019, 16, 1680 13 of 13

56. Head, L.; Harcourt, M. The direct and indirect costs of workplace accidents in New Zealand. In Proceedings
of the 11th AIRAANZ Conference, Brisbane, Australia, 30 January–1 February 1997.

57. National Safety Council [NSC]. Injury Facts; National Safety Council: Chicago, IL, USA, 1985.
58. Hinze, J. Indirect Costs of Construction Accidents; The construction Industry Institute (CII): Austin, TX, USA, 1991.
59. The State Council of China. Regulations on Safety Supervision over Special Equipment; Chinese Legal Publishing

House: Beijing, China, 2009.
60. State Administration of Quality Supervision, Inspection and Quarantine. Chinese Yearbook of Quality

Supervision, Inspection and Quarantine 2007; China Standards Press: Beijing, China, 2007.
61. State Administration of Quality Supervision, Inspection and Quarantine. Chinese Yearbook of Quality

Supervision, Inspection and Quarantine 2008; China Standards Press: Beijing, China, 2008.
62. State Administration of Quality Supervision, Inspection and Quarantine. Chinese Yearbook of Quality

Supervision, Inspection and Quarantine 2009; China Standards Press: Beijing, China, 2009.
63. State Administration of Quality Supervision, Inspection and Quarantine. Chinese Yearbook of Quality

Supervision, Inspection and Quarantine 2010; China Standards Press: Beijing, China, 2010.
64. State Administration of Quality Supervision, Inspection and Quarantine. Chinese Yearbook of Quality

Supervision, Inspection and Quarantine 2011; China Standards Press: Beijing, China, 2011.
65. Wang, Y.; Zhang, L.; Li, X. Analysis of Economic Loss of Accident Based on Direct and Indirect Coefficient

Method. J. North China Inst. Sci. Technol. 2017, 14, 86–90.
66. Pei, J.; Wang, G.; Luo, S.; Luo, Y. Societal risk acceptance criteria for pressure pipelines in China. Saf. Sci.

2018, 109, 20–26. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ssci.2018.05.006
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Theory and Methodology 
	Macro Risk 
	Loss Equivalent 

	Dimensional Normalization of Varied Losses 
	Loss of Life 
	Economic Loss 

	Discussion 
	Practical Applications 
	Macro Risk of Boilers in China 
	Absolute Risk and Relative Risk 

	Conclusions 
	References

