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Abstract: The laboratory is a high-risk place for scientific research and learning, and there are
many risk factors and great potential for harm. Hazardous chemicals are important to consider and
are the key objects to monitor in a laboratory. In recent years, hazardous chemical fire accidents
have occurred in laboratories in various industries, bringing painful lessons and making it urgent
to strengthen the safety management of hazardous laboratory chemicals. In this study, a semi-
quantitative comprehensive risk assessment model for hazardous chemical laboratory fires was
constructed by combining the bowtie model, three-dimensional risk matrix, and analytic network
process (ANP). This study applied this method to the management of hazardous chemicals at
the TRT Research Institute; evaluated the probability, severity, and preventive components of the
corresponding indicators by constructing different index systems; and calculated the evaluation
results using the weight of each index. The evaluation results show that the comprehensive likelihood
level is 2, the comprehensive severity level is 3, the comprehensive preventive level is 3, and the final
calculated comprehensive risk level is tolerable (II). Based on the results of the risk assessment, the
corresponding control measures that can reduce the fire risk of hazardous chemicals in the laboratory
are proposed according to the actual situation at the TRT Research Institute.

Keywords: 3D risk matrix; ANP; hazardous chemicals; risk assessment; laboratory

1. Introduction

In recent years, as universities, pharmaceutical companies, hospitals, and other in-
dustries have increased their scientific research efforts, various factors such as personnel
management, systems, training, equipment and facilities, hazardous chemicals, changes,
and fire emergencies have introduced a variety of uncertainties to laboratories, and the
safety of laboratories in various industries is facing increasing challenges. Since hazardous
chemicals are an important component in laboratory work, it is particularly important to
carry out safety management. In recent years, there have been many laboratory accidents in
China, resulting in tragic consequences, such as casualties. Hazardous chemical accidents
in the laboratory have the characteristics of rapid occurrence and difficulty in rescuing
those in the laboratory. Table 1 lists typical cases of hazardous chemical laboratory fires in
China since 2018.

Despite improvements in laboratory supervision and management, several accidents
have still dealt a heavy blow to laboratory research work. This shows that the advanced
safety management in laboratories should be improved, and that investigations into risk
classification and hidden dangers should be strengthened such that risk assessment of
laboratories ensures excellent working conditions for safe scientific research.

The bowtie model and risk matrix method can be combined to solve the problems of
risk assessment. Lu [1] used the fuzzy method to calculate the probability of failure and
assessed the severity of accidents through an index system of casualties, economic losses,
and environmental damage to put forward a risk matrix consisting of a probabilistic ranking
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criterion and a consequence criterion to obtain complete quantitative conclusions based on
the bowtie model. Xie [2] established an FEAOD assessment method based on the bowtie
model and, to address the uncertainty and fuzziness of the basic event probability data
in the expert-inspired process, proposed a cloud hierarchy analysis method (Cloud AHP)
and group cloud decision-making (GCDM) algorithm based on fuzzy cloud affiliation
function. Combined with the probability estimation algorithm and sensitivity analysis,
they proposed a quantitative assessment of the risk of the BT model based on the theory
of cloud model algorithm. Because the hierarchical analysis method has the advantage of
calculating indicator weights, it can be applied to the quantitative calculation process of
the risk matrix method [3], and the AHP calculates the indicator weights of the influencing
factors to provide a more professional applicability of quantitative risk assessment for
the two-dimensional risk matrix. In addition, to further enrich the diversity of the use of
the risk matrix, a third risk attribute can be added to constitute a three-dimensional risk
matrix [4,5].

Table 1. Typical cases of hazardous chemical laboratory fires in China.

Serial Number

Time Type of Accident Accident Consequences

QWO =

Explosion of sewage treatment

26 December 2018 . . 5 died and 3 injured
experimental device
24 October 2021 Deflagration of hazardous chemicals 2 died and 9 injured
21 July 2022 Catalyst misfire 1 died and 1 injured
31 March 2021 Explosion of the reactor 1 died
26 December 2019 Flammable solvent fire 1 died

Laboratories, as an important location for research activities in universities, hospitals,
research institutes, and companies, have always faced significant risk problems. In the
context of risk assessment for laboratory waste liquid disposal, Ho et al. [6] explored the risk
prioritization procedure for liquid waste disposal using an expert questionnaire. To assess
and analyze the concentration of pollutants in a non-steady state, Davardoost et al. [7] used
computational fluid dynamics (CFD) models to assess the health risk in buildings, focusing
on three pollutants with OEL-C, OEL-STEL, and OEL-TWA parameters. Ozdemir et al. [8]
applied the AHP in the evaluation and weighting phase of the severity (S), incidence (O),
and detectability (D) parameters of the FMEA. They used IT2FVIKOR to evaluate university
laboratories, which revealed the hazard points of high importance in the experiments. For
the management of pathogenic microbiology laboratories, Zhao et al. [9] combined the
Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) method with the
RSR method for the comprehensive evaluation of laboratories. Mastrantonio et al. [10]
collected relevant data from three different activities in three laboratories at a university in
Italy and used the MoVaRisCh, COSHH Essentials, LaboRisCh, and Datarisch methods to
analyze the risk profile of various chemicals. Marendaz et al. [11] established a new safety
management plan specifically adapted to the academic environment—MICE (Management,
Information, Control and Emergency Response). Chen et al. [12] extracted the causes of
accidents in university laboratories in the last six years and used the gray system theory
to perform a correlation analysis to rank the factors affecting laboratory safety behaviors
in terms of their correlations. Choi et al. [13] investigated 10 provincial universities and
proposed two safety rating techniques, a risk assessment technique, and a risk assessment
method based on the analysis results. Based on the foundation of the Bayesian network,
Zhang et al. [14] established a school laboratory model for evaluating the evolution and
consequences of gas leakage, which can quantitatively evaluate the factors affecting the
probability and consequences of gas leakages.

Mascia et al. [15] proposed a useful tool, the FMEA strip worksheet, which helps sci-
entists engaged in non-supervised research with quality management and risk assessment
of critical scientific procedures and processes, with the ultimate goal of increasing and
improving the efficiency and efficacy of research control. Li et al. [16] proposed a semi-
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quantitative method based on the object element topological theory and combinatorial
ordered weighted average (C-OWA) operator to assess the risk of a chemistry laboratory in
a university. To evaluate whether the power laboratory management and training system can
improve students’ learning interest, Yu et al. [17] proposed a model-view—controller (MVC)
architecture for co-designing a management training system module, describing the key
steps in developing this module using PHP. The environmental risk assessment of high-level
biosafety laboratories is an important element of biosafety research [18]. Marendaz et al. [19]
proposed a methodology based on the assessment and classification of laboratory hazards.
The tool consists of a series of 28 specific hazards categorized into four levels (from O to
3), allowing for the identification of laboratories with high or cumulative hazards. The
bowtie approach provides background information and describes research programs and
techniques using academic laboratories [20].

Fatemi et al. [21] categorized hazards on a five-level scale and reviewed the quantitative
and qualitative data using standards from laboratory safety guidelines (OSHA), occupational
hazards data sheets (ILO), and ACGIH, IARC, and NFPA codes. Chen et al. [22-24] used
the 24 model, the 5Whys methodology, the 4M, and HAZOP to conduct a risk assessment,
including those for laboratory explosions. Sundawa et al. [25] assessed five potential
hazards and risks in laboratories using a Likert scale. Based on the laboratory hazard
index (LCI) model, Zhang et al. [26] analyzed the research specificities of civil engineering
laboratories through a literature review and expert interviews. Alshammar et al. [27]
estimated the proportion and types of hazardous chemicals used in laboratories through a
chemical inventory. Dehdashti et al. [28] developed a risk assessment using a combination
of hazards and risk factors to establish a scale of measures for risk reduction action plans.
Cho et al. [29] conducted a survey of the current state of management and hazardous
factors and classified research and development activities based on these data. Bai et al. [30]
analyzed the current status and challenges of laboratory safety in Chinese universities and
proposed future directions. The main methods used for laboratory risk assessments are
shown in Table 2.

Table 2. Risk assessment methods and their advantages and disadvantages.

Risk Assessment Methods

Advantages Disadvantages

FMEA

HAZOP

FTA

ANP

Bowtie

3D risk matrix

Identifies potential risks in advance Higher requirements on the quality

of personnel
Gives full play to collective wisdom, with

strong flexibility

Determines the various ways that lead to the
top event, which is conducive to providing
objective information for decision-making
Based on the possible correlation between

elements, more comprehensive and objective

Limited to the evaluation of process flow

The focus is on specific events rather
than processes

Excessive subjectivity

Visually displays the cause and the Limitations in dealing with complex systems
consequences of the accident and component polymorphisms
Designed for specific objects to The same matrix is not suitable for application
improve applicability in other situations

Researchers have conducted various risk assessments for laboratory management;
however, combined with the above accident statistics, most laboratory hazardous chemical
fire accidents have the characteristics of rapid occurrence, instantaneous damage, and
difficulty in treatment. Therefore, it is necessary to analyze the prevention ability of
laboratories before an accident (emergency drills, improving relevant system documents,
hidden danger investigation, etc.) as part of its risk assessment. This paper integrated
the bowtie model with a three-dimensional risk matrix (adding a third risk attribute,
“preventive”) and used the ANP method to form a complete set of semi-quantitative risk
assessment methods. The risk of specific incidents of laboratory fires involving hazardous
chemicals was also assessed.
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2. Introduction to the Theoretical Approach

This section provides a theoretical introduction to the bowtie model, the three-dimensional
risk matrix, the ANP method, and the combined application of all three. The methodology
provides a working basis for subsequent practical laboratory risk assessment situations.

2.1. Bowtie Model

Figure 1 shows the bowtie model, a risk assessment methodology that integrates
accident tree analysis and event tree analysis. This model combines the concepts of these
methodologies to analyze the basic events leading to the top event and to describe the
potential consequences of further accidents resulting from the top event. Additionally, the
bowtie model proposes preventive and control measures for both the basic events and the
consequences of accidents, forming a safety barrier to prevent the occurrence of events
and accidents.

Security barrier

. i |

v

o Conseq-
uences
Hazardous
| 4 - — > of
s Incident at the top e

———

Accident tree Event tree

accident

’/ ,

Figure 1. The bowtie model.

Figure 1 illustrates the bowtie model, with the top event at the center. The left side of
the model represents the accident tree analysis, while the right side represents the event
tree analysis. The safety of the top event is closely related to the implementation of safety
barrier measures. The degree of safety for the top event can be assessed by analyzing the
level of danger from the hazard source and the possible consequences of the accident.

2.2. ANP Analysis Method

The ANP analysis process involves the following steps: (1) developing the ANP
network model structure, (2) constructing the unweighted initial supermatrix, (3) calcu-
lating the weighted supermatrix, and (4) determining the risk factor weights by calcu-
lating the limit supermatrix. This section introduces the ANP theory using both textual
explanations and formulas, laying the foundation for developing a comprehensive risk
assessment model.

2.2.1. ANP Network Model Structure

As shown in Figure 2, the ANP methodology in this paper consists of a control
layer and a network layer where the control layer refers to the corresponding research
object and the network layer refers to the categories of risk factors and the roles and links
between them.

2.2.2. Unweighted Initial Supermatrix Construction

Based on indirect dominance comparison and expert panel judgments, the factor Rji
(i=1,2...N)in the risk Rj was used as the sub-criterion. The factors in Ri were com-
pared two by two, and a pairwise comparison matrix was established using the 1-9 scale
method [31], as shown in Table 3.
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Control

Laboratory Hazardous Chemical Fires R
layer

Element group R2: l

R21,R22,R23,R2i -

Element group R1:
RI1,R12,R13,R1i -

Network
layer

Element group Rj:
Rjl, Rj2, Rj3, Rji--

Element group Ri:
Ril, Ri2, Ri3, Rii -

Figure 2. ANP network hierarchy model.

Table 3. Matrix scoring scale and meanings.

Quantitative Value Meaning
1 Indicates that element 1 is just as important as element 2
3 Indicates that element 1 is slightly more important than element 2
5 Indicates that element 1 is moderately more important than element 2
7 Indicates that element 1 is significantly more important than element 2
9 Indicates the extreme importance of element 1 compared with element 2
2,4,6,8 Intermediate value of two adjacent judgments

The maximum eigenroot was calculated, and the eigenvectors were normalized. The
ratio of the difference between the largest eigenroot A4y of the judgment matrix and n (n is
the order of the judgment matrix) to (n — 1) was introduced to the AHP as a measure of the
deviation of the judgment matrix from consistency, as shown in Equation (1).

()\max - 7’1)

I:
c n—1

1)
The ratio of the consistency index CI to the average random consistency index RI for
that order is denoted as CR (Equation (2)).

CI
CR=— <01 2
R < @)
That is, it passes the consistency test.
Sorting vectors were computed using the eigenroot method, referring to Wj; (Equation (3)).

j1 j2 nj
a)z% w% oWy
J j Jnj
Wi = Wp Wp - Wp )
; 5 »
Ol W Wl

ini ini ini

The column vector of Wj; is the ranked vector of the degree of influence of the factor
R;; in the element group R; on the factor R;; in the element group R;. If the factor in R;
has no influence on the factor in Rj, then wij = 0(@=1,2,N;j=1,2,N). This results in an

unweighted supermatrix of factor interactions.
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2.2.3. Weighted Supermatrix Calculation

Wi; in the above supermatrix is the sorting vector obtained by a two-by-two compari-
son of the factors in R; with R;; as the sub-criterion, verified to pass the consistency test. The
score of the sorting vector of the group of factors not related to R; was 0, and the weighting
matrix A was obtained (Equation (4)).

j1 j2 nj
C()l% (U% e a)ﬂ ]
i j jnj
Wi = Wip Wi - Wp @)
j1 2 nj
Wini Yini Wini

Weighting the risk factors in the supermatrix W yields W = (wjj), the weighted
supermatrix (Equation (5)), where the columns sum to one.

a11wW11 apwi ... 4jwy; ... OINWIN
a21W71 50X %) e llzjﬂ)zj .. NWIN
W — . . . . . . (5)
a1 Wi AjpWijn N al-]-wi]- e aAiNWiN
_aleNN AN2WN2 ... ANjWNj ... aNNwNN_

2.2.4. Limit Supermatrix Calculation to Determine the Risk Factor Weights

Sufficiently weighted risk factor indicator operations were performed to avoid further
variation in the weighted supermatrix, with the normalized result being the limiting
supermatrix. Its column vector was the software project risk factor indicator R;; weight
vector W/, as shown in Equation (6).

W' = (Wip, Wig, ..., Wi ... W) T (6)

The vector of the normalized weights for each risk factor R;; in the respective risk
category R; to which it belongs is shown in Equation (7).

W, = (W, Why, ... WH)T 7)

2.3. Three-Dimensional Risk Matrix

The traditional two-dimensional risk matrix consists of two parts: event likelihood and
severity where likelihood refers to the probability of an event occurring and severity refers
to the degree of the consequence or impact on the object of study [32]. The two-dimensional
risk matrix suffers from problems such as homogenization due to the lack of analytical
assessment of multiple attributes of risk [33,34]. In order to optimize the ability to identify
risk levels and address the specific circumstances of laboratory hazardous chemical fires, a
third risk attribute, “preventive,” was added to form a three-dimensional risk matrix [35]
where preventive refers to the level of ability to prevent accidents from occurring.

2.3.1. Guidelines for Establishing Risk Attributes

In order to identify the overall likelihood level, a likelihood criterion (Table 4) was
established that contains three elements: the overall likelihood value, the likelihood level,
and the relevant description. The likelihood level is divided into four aspects (1, 2, 3, and 4)
and corresponds to the relevant likelihood value of the integrated risk so as to complete
the determination of the integrated risk level. Similarly, comprehensive severity criteria
(Table 5) and comprehensive precautionary criteria (Table 6) were established.
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Table 4. The comprehensive probability level of the occurrence of hazardous chemical fire accidents

in laboratories.

Combined Likelihood Value Judgment Level Description
1-1.5 1 Never happened in the past 10 years
More than one occurrence in the past
1.5-2 2
5-10 years
295 3 More than one occurrence in the past
2-5 years
253 4 More than one occurrence in the past
2 years

Table 5. The comprehensive severity level of the occurrence of hazardous chemical fire accidents
in laboratories.

Combined Severity Value Judgment Level Description

1-1.5 1 No injuries or property damage
1.5-2 2 Individual minor illness or injury or small
’ amount of property damage
2-2.5 3 Serious personal injury or property damage
Major property damage or death of
2.5-3 4 Do
an individual

Table 6. Comprehensive preventive level of the occurrence of hazardous chemical fire accidents

in laboratories.

Combined

Precautionary Value Judgment Level Description

Systems, plans, dual controls, etc., are
1-1.5 1 relatively complete, with a high degree of
preventive capabilities
Missing part of the safety management
1.5-2 2 documents, with a certain degree of
preventive capabilities
A large number of safety management
documents and work accounts are
2-2.5 3 missing, and there are omissions in
on-site management, with poor
preventive capabilities
Large omissions in documents and
2.5-3 4 on-site management, close to a loss of
preventive capabilities

2.3.2. Establishment of a Three-Dimensional Risk Matrix

For laboratory fire incidents involving hazardous chemicals, the likelihood (1, 2, 3,
and 4), severity (1, 2, 3, and 4), and precautionary (1, 2, 3, and 4) criteria were used to create
a corresponding three-dimensional risk matrix.

R(combirted risk) = Rl(likelihood) X R2(severity) X RB(precautionary) (8)

According to each of the four levels of the three indicators, there were 64 cases in
total. Consequently, the three-dimensional risk matrix was divided into 64 risk units.
The ALARP (As Low As Reasonable Practice) principle is a kind of project risk criterion
principle that is widely used at the current acceptable level of risk. The comprehensive
risk size was calculated using Equation (8). Based on the formulated risk range and the
ALARP guidelines, it was classified into three risk levels: Acceptable (I), Tolerable (II), and
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Unacceptable (III). Corresponding risk level descriptions are proposed, which are shown in

Table 7 and Figure 3.

Table 7. Three-dimensional risk level range and related risk descriptions of laboratory hazardous

chemical fire accidents.

Rating Risk Scope Risk Unit

Risk Level Description

1-1-1/1-1-2/1-1-3/1-1-4/1-2-
1/1-2-2/1-2-3/1-2-4/1-3-1/1-
3-2/1-3-3/1-3-4/1-4-1/1-4-
2/1-4-3/2-1-1/2-1-2/2-1-

Adopt necessary risk
management and control
based on its own safety
management system,

Acceptable (I) 1-12 3/2-1-4/2-2-1/2-2-2/2-2- preventive measures,
3/2-3-1/2-3-2/2-4-1/3-1- control measures,
1/3-1-2/3-1-3/3-1-4/3-2-1/3-  contingency plans, etc.,
2-2/3-3-1/3-4-1/4-1-1/4-1- and no further measures
2/4-1-3/4-2-1/4-3-1 need to be taken
Need to take into
account the actual
situation of the
1-4-4/2-2-4/2-3-3/2-3-4/2-4-  enterprise and continue
2/2-4-3/2-4-4/3-2-3/3-2- to strengthen the
Tolerable (D 1627 4/3-3-2/3-3-3/3-4-2/4-1- management of the
4/4-2-2/4-2-3/4-3-2/4-4-1 relevant secondary
indicators and other
relevant risk factors
when necessary
Control of the secondary
indicators, taking into
Unacceptable (III) 32-64 3-3-4/3-4-3/3-4-4/4-2-4/4-3- account the risk

3/4-3-4/4-4-2/4-4-3/4-4-4 . . .
situation, with a greater

risk of potential hazards

Likelihood

Preventive

—_ N W B

Severity

Figure 3. Three-dimensional risk matrix of hazardous chemical fires.

2.4. Combination of Methods

The three methods—the bowtie model, three-dimensional risk matrix, and ANP—were
integrated and finally presented visually with the hierarchical judgment of the risk matrix,
as shown in Figure 4. The three were cross-linked to form a comprehensive risk assessment
model, which was used to complete the risk assessment and analysis of a research object
and can be targeted to propose risk control measures.

As shown in Figure 4, the model is divided into two parts. On the left side, based on
the results of the risk factor analysis of the accident tree, the corresponding primary and
secondary indicators are determined, and the weights of the corresponding indicators are
calculated to establish the risk determination level of the secondary indicators. On the right
side, based on the analysis of the event tree, control measures for mitigating the serious
consequences of an accident are clarified. These control measures are subject to a single
level of determination and weighted to determine the comprehensive severity level. In
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addition, the comprehensive preventive measures are determined intuitively through the
inspection of the system, plan, account, and other contents of the research object.

Analysing sources of risk I Analysing the consequences of accidents
Top incident (fire inciden
accident tree t involving hazardous ch evenl lree
emicals in a laboratory)

Analysis of measures that might reduce

Establishment of a system of indicators i 2 y :
the severity of the accident in the contex

in conjunction with risk factors e
L of its consequences

Ranking the likeliho
od of occurrence of a
single risk factor

Calculation of prima
ry/secondary indicat
or weights based on

Sorting out the meas
ures and completing
the determination of

Calculation of inter-
measure weights ba

ANP whether to imple- sed on ANP
\v/_/ ment them or not
Calculation of the coupling of the Finish Multiply and add
two hierarchical levels Calculate

v v

Derive a composite severity
rating for a fire incident at
the top event

Derive a composite likelihood rating
for a fire incident at the top event

Precautionary rating [

Risk control measures

Figure 4. Bowtie model-3D risk matrix~ANP method correlation diagram.

3. Comprehensive Risk Analysis

The TRT Research Institute was established in 2007 as a platform for scientific and
technological innovation through an innovative research mechanism and system and the
concentration of advantageous research resources. The Research Institute has a building
area of 16,000 square meters, nearly 850 sets of fixed assets, and a high level of various
experimental instruments and equipment. The institute’s procedures encompass the whole
process of purchasing, storing, using, and discarding hazardous chemicals, as well as
operating electrical equipment and using gas cylinders, ovens, and other sources of risk.
This includes a variety of dangerous chemicals, such as flammable, toxic, and explosive
substances, which can be studied as typical cases. The TRT Research Institute mainly
focuses on the storage and use of hazardous chemicals, the operation of electrical equipment,
and the use of gas cylinders, ovens, and other sources of risk. This study assessed the fire
risks associated with liquid, gas, and solid hazardous chemicals present in the laboratories
within the TRT Research Institute.

3.1. Bowtie Modeling

A bowtie model for fire incidents involving hazardous chemicals at the TRT Research
Institute was constructed. First, a hazardous chemical fire accident tree analysis for the
laboratories was completed, as shown in Figure 5. The results of this analysis were used to
populate the left side of the bowtie model. As can be seen in Figure 6, the risk prevention
measures were matched one by one to the basic events identified in the accident tree.
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Fire incidents
involving
hazardous

chemicals in

laboratorics

Other
nonhazardous fires
in laboratories
Improper han-
dling with hazardous
chemi
Failure of Hazardous
Material Detectors
Thunder and
lightning,carthquakes
. Field
Documentation + R
category classification and control

Failure to cond

regular inspectios

inspect the

risk

Inadequate
management system
for hazardous
chemicals in
laboratories

Tnadequate job
respos )
systems related to

hazardous chemicals

in laboratorie:

emergenc
system fo

Inadequate

ous chemi
laboratories

anagement
or hazard
Is in

Inadequate investigation
and management of
hidden dangers

Inadequate training and
-ation System

Tnadequate operating
procedures for lahoratory
cquipment and facilitics

device bottles

Poor corrosion
resistance of

Frailure to regularly

uct
ns of

gas system,

Figure 5. Tree analysis of hazardous chemical fire accidents in the laboratories.

Failure

The fire is out of control , serious
injuries or death to personnel.

Effective

Small scale fire , serious injuries or death

to personnel.

Failure

The fire is out of control(may explode),
serious injuries or death to personnel.

G On-site ‘entilati i i
Pcrsur{al disposal Ventilation Fire fighting Event speculation
protection (cleanuin) system system
Effective The fire was effectively controlled , |
Effective RO¢
Failure The fire was effectively controlled , |
Effective noc
—_ The fire was effectively controlled,
Effective oy
no ¢
Failure
Failure The fire is out of control, no casualties. |
Effective
Effective Small scale fire , no casualties. |
Effective
% The fire is out of control , no casualties. |
Tree Failure
analysis of Fire Effective The fire is out of control , no casualties. |
haz: :
aur(! 088 incidents -
chemical involvi . The fire is out of control(may explode), no
fire ¢ involving | o) Failure ‘ g
accidents in haza.rduu? . s
the chemicals in Effective The fire was effectively controlled , minor |
laboratory. aboratories Effective injuries to personnel.
(Figure 5) . Failure Small scale fire , minor injuries to
Effective y
personnel.
Effective The fire wz'ls‘eff‘ectn'ely controlled, minor
. injuries to personnel.
Failure Failure
. Small scale fire, minor or serious injuries
Failure
to personnel.
Effective Small scale fire, minor or serious injuries
Effective to personnel.

Figure 6. Hazardous laboratory chemical fire bowtie model.
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Fire incidents involving hazardous
chemicals in laboratories (T)

Using the event tree analysis method, we assessed whether control measures such as
personnel protection, firefighting, ventilation, and clean-up are implemented to determine
whether a hazardous chemical fire can be controlled. This approach is divided into two
parts within the bowtie model: consequence analysis for both control and out-of-control
scenarios. Analysis of the bowtie model can help identify preventive and control measures
for hazardous chemical fire accidents in the TRT Research Institute’s laboratories, thereby
improving the Institute’s risk control capabilities.

3.2. Comprehensive Likelihood Analysis

Based on the actual situation at the TRT, the 27 basic events shown in Figure 6 were
summarized and classified to establish a hazardous laboratory chemical fire accident
indicator system, as shown in Figure 7. The indicator system is divided into four primary
indicators and 21 secondary indicators.

Visual Load Overload (T11)

abnormal health condition (T12)

Lack of security awareness among personnel (T13)

—-} Human factor (T1) l—

psychological abnormality (T14)

Laboratory personnel command error (T15)

Laboratory Personnel Operational Errors (T16)

Deficiencies in equipment and facility protection (T21)

Poor sealing of bottles of hazardous chemical installations (T22)

Hazardous chemical device bottles are less resistant to corrosion (T23)

—.I’ The factor of the object (T2) l—

Cylinder/Dewar overpressure (T24)

Pipeline quality defects (T26)

The environment is messy (T31)

—.} Environmental factors (T3)

Sign marking defects (T32)

lightning and earthquake hazards (T33)

Inadequate management system related to hazardous chemicals in laboratories (T41)

Inadequate job responsibility system related to laboratory hazardous chemicals (T42
1
Inadequate Laboratory Hazardous Materials Emergency Management System (T43)
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Inadequate operating procedures for laboratory equipment and facilities (T46)

Figure 7. Hazardous laboratory chemical fire index system.

The process of determining the likelihood of a single indicator and the corresponding
weighting of indicators to calculate a composite likelihood rating based on the hazardous
laboratory chemical fire indicator system is described below.

3.2.1. Single-Indicator Possibilities Identified

A total of 21 secondary indicators (T11-T46), shown in Figure 7, were described in
terms of single likelihood, with levels defined as low, medium, and high, and assigned
values of 1, 2, and 3, respectively. The assessment was combined with the university
laboratory fire safety management standards and the Guidelines for Safety Management of
Hazardous Chemicals in Beijing Scientific Research Units. The description of the likelihood
of these secondary indicators is detailed in Table 8.
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Table 8. Description of the likelihood of secondary indicators.

Serial Number Secondary Indicator Factors Likelihood Description Likelihood Level
Position requiring more than 2 h of continuous work 1 (Low)
1 Excessive visual load (T11) Posm(;rf. requiring more t.hfm 4 h of continuous work 2 (Medium)
igh-load job requiring more than 8 h of 3 (High)
continuous work &
Completion of medical examination with fewer than 1 (Low)
3 health problems ow
2 Abnormal health condition (T12) Completion of medical examination with more than 2 (Medium)
3 health problems edit
Failure to complete medical examination 3 (High)
Completion of education and training with an
1 (Low)
assessment score of 60 or above
Lack of personnel safety C . . L .
3 ompletion of education and training with an .
awareness (T13) 2 (Medium)
assessment score of 60 or below
Failure to conduct safety education and training work 3 (High)
Psychological assessment of 60-80 points 1 (Low)
4 Psychological abnormalities (T14) Psychological assessment of 40-60 points 2 (Medium)
Psychological assessment of below 40 points 3 (High)
Completion of education and training work, with 1
. (Low)
assessment scores between 60 and 80 points
5 Laboratory personnel command Completion of education and training, with an 2 (Medium)
error (T15) assessment score of 60 points or less
Failure to conduct safety education and training 3 (High)
Completion of education and training work, with an 1
(Low)
) . assessment score of 60 or above
6 Laboratory personnel operating Completion of education and training in laboratory 2 (Medium)
errors (T16) operation, with an assessment score of 60 or below
Failure to carry out safety education and training work 3 (High)
Regular mspectl(‘)/\r;i tohf I(igulprglent and facilities, etc., 1 (Low)
problems
; Equlpment and facilities Regular inspection of equipment z.md facilities, with 2 (Medium)
protection defects (T21) problems and rectification in progress
Regular inspection of equipment and facilities, with 3 (High)
problems but no rectification &
Regularly carrying out inspections for hidden danger 1 (Low)
Poor sealing of hazardous in hazardous chemical storage
8 chemical device bottles (T22) Missing 5 or fewer hidden danger inspections 2 (Medium)
Missing more than 5 hidden danger inspections 3 (High)
Poor corrosion resistance of Regularly carrying Qut haz.ardous material 1 (Low)
hazardous chemical device storage inspections
9 bottles (T23) Missing 5 or fewer hidden danger inspections 2 (Medium)
Missing more than 5 hidden danger inspections 3 (High)
Regularly carrying out hazardous material 1 (Low)
Gas cylinder/dewar tank storage inspections
10 overpressure (T24) Missing 5 or fewer hidden danger inspections 2 (Medium)
Missing more than 5 hidden danger inspections 3 (High)
Regularly carrying out hazardous material 1 (Low)
Failure of relevant gas storage inspections
1 detectors (T25) Missing 5 or fewer hidden danger inspections 2 (Medium)
Missing more than 5 hidden danger inspections 3 (High)
Regularly carrying out hazardous material 1 (Low)
o . storage inspections
12 Pipeline quality defects (T26) Missing 5 or fewer hidden danger inspections 2 (Medium)
Missing more than 5 hidden danger inspections 3 (High)
Regular laboratory inventory management 1 (Low)
13 Environmental clutter (T31) More than 5 laboratories are not properly arranged 2 (Medium)
More than 8 laboratories are not properly arranged 3 (High)
Signs and labels are posted, but they are missing or 1 (Low)
. . too small
14 Signage marking defects (T32) Key signs are missing 2 (Medium)
Not posted 3 (High)
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Table 8. Cont.

Serial Number Secondary Indicator Factors Likelihood Description Likelihood Level
Emergency drills have been completed 1 (Low)
Lightning and seismic Emergency drills have been completed, but there is a 2 (Medium)
15 hazards (T33) problem with going through the motions
No education and training and no emergency drills 3 (High)
Laboratory hazardous materials system is established, 1 (Low)
Relevant laboratory hazardous but staff are not familiar with it
16 chemical management system is Relevant hazardous laboratory materials systems are 2 (Medium)
imperfect (T41) established, but they do not match the actual situation
No system in place 3 (High)
Responsibility system is established, but employees are 1 (Low)
Laboratory hazardous not familiar with it
17 chemical-related job responsibility Responsibility for laboratory hazards has been 2 (Medium)
system is imperfect (T42) established, but it does not match the actual situation
No system established 3 (High)
An emergency response system is established, but 1(L
. employees are not familiar with it (Low)
Laboratory hazardous chemlcal' Establishment of a relevant emergency response .
18 emergency management system is system, and the actual situation cannot be matched 2 (Medium)
imperfect (T43) No relevant emergency response system has ioh
been established 3 (High)
Establishment of risk classification and control and a 1 (Low)
hidden danger investigation and management system
Imperfect dual control Risk classification and control and a hidden danger
19 management (T44) inspection and management system are established, 2 (Medium)
but the use of the system is not smooth
Dual control system is not established 3 (High)
Completion of education and training work, with an 1 (Low)
fmperfect education and X ass?sscrlnent score (C)lf 60 or above . N
T Completion of education and training work, with an .
20 training (T45) P assessment score of 60 poin’csg or less 2 (Medium)
Failure to carry out safety education and training 3 (High)
Relevant operating procedures are established, but 1 (Low)
Laboratory equipment and employees are not familiar with them
21 facilities operating procedures are  Relevant operating procedures have been established, 2 (Medium)
imperfect (T46) but they do not match the actual situation
Failure to establish relevant operating procedures 3 (High)

An on-site investigation at the TRT Research Institute included hidden danger assess-
ment, safety document inspection, and fire evacuation drills. Based on the findings, the
grade for the secondary indicators of the Institute was determined, as shown in Table 9.

3.2.2. Calculation of ANP Indicator Weights

The ANP method was used to calculate the weights of four primary indicators and
21 secondary indicators, utilizing Super decisions V3.2 software. First, the interactions
and connections between the indicators, as shown in Figure 8, were established. Next, a
comparison of the importance of different indicators, depicted in Figure 9, was completed.
Finally, the limit supermatrix data were derived, and the relevant weights of the four first-
level and 21 second-level indicators were determined (Table 10). The combined likelihood
values were calculated by combining the results of the judgments in Table 9.
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Table 9. Determination of the possibility levels for second-level indicators at the TRT Research Institute.

Serial Number

Secondary Indicators

Grade Determination

1 Excessive visual load (T11) 1 (Low)
2 Abnormal health condition (T12) 1 (Low)
3 Lack of personnel safety awareness (T13) 1 (Low)
4 Psychological abnormalities (T14) 2 (Medium)
5 Laboratory personnel command error (T15) 1 (Low)
6 Laboratory personnel operating errors (T16) 1 (Low)
Equipment and facilities protection .
7 defects (T21) 2 (Medium)
Poor sealing of hazardous chemical device .
8 bottles (T22) 2 (Medium)
Poor corrosion resistance of hazardous .
9 chemical device bottles (T23) 2 (Medium)
10 Gas cylinder/dewar tank overpressure (T24) 1 (Low)
11 Failure of relevant gas detectors (T25) 2 (Medium)
12 Pipeline quality defects (T26) 2 (Medium)
13 Environmental clutter (T31) 2 (Medium)
14 Signage marking defects (T32) 1 (Low)
15 Lightning and seismic hazards (T33) 2 (Medium)
16 Relevant laboratory hazardous chemical 1 (Low)
management system is imperfect (T41)
17 Laboratory hazardous chemical-related job 1 (Low)
responsibility system is imperfect (T42)
Laboratory hazardous chemical emergency .
18 management system is imperfect (T43) 2 (Medium)
19 Imperfect dual control management (T44) 1 (Low)
20 Imperfect education and training (T45) 1 (Low)
Laboratory equipment and facilities
21 operating procedures are imperfect (T46) 1 (Low)
g ™ eEe o 1 e
1] 112 713 [ V] 32| 133
T14| 15| T16f
-
-
o T2 880 o T4 Cax,
T21| 723 Ta1| Taz| 743
124 |T25[ 728 44|  T45| | T4

Figure 8. Indicator contact.

3.2.3. Composite Likelihood Rating Calculation

The combined likelihood values were calculated by combining the single indicator
likelihood ratings (Table 9) with the indicator weights (Table 10) according to Equation (9).

oL T

©)
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The final calculation resulted in a composite likelihood value of 1.56, which, when
combined with the likelihood classification guidelines established in Table 4, reached a
composite likelihood level of 2.

€ Comparisons for Super Decisions Main Window: shiyanshi526.sdmod = a X
1.Choose 2. Node comparisons with respect to T11 - | 3. Results

Node Cluster Graphical Verbal Matrix Questionnaire Direct Normal — Hybrid —

Choose Node <= Comparisons wrt "T11" node in "T1" cluster Inconsistency: 0.00119

p— . T15 is equally as important as T16 ] 0.07593
Cluster: T1 1. T12 >=9.5|9(8|7|6(5|4(3|2 |2 3(4|5 6(7|8(9| >=9.5 [No comp.{1 0.40890)
2. T12 >=9.5|9(8|7|6(5|4(3|2( ' 2|3(4|5|6(7|8|9| >=9.5 [No comp.|1 0.07593]
Choose Cluster <l»| 3, 112 >=9.59|8|7|6|5|4|3|2| |2[3 4|5]6|7|8|9| >=0.5 |No comp.1 0.21962
- > = = 0.21962]
4. T12 >=95|9|8(7|6(5|4|3|2| |2|3 4(5|6|7(8|9| >=9.5 |No comp.|1
5. T13 >=9.5|9(8|7|6|5 4(3|2| (2|3(4(5|6(7|8|9|>=9.5 No comp.|1
6. T13 >=9.5|9(8(7|6|5|4(3|2 (2|3(4|5|6(7|8|9|>=9.5 [No comp.|1
7. T13 >=9.5|9(8|7|6(5|4(3|2 (2|3(4(5|6(7|8|9|>=9.5 No comp.|1
8. T14 >=9.5|9(8|7(6|5|4(3|2| (2|3 4|5|6(7|8|9| >=9.5 [No comp.|1
9. T14 >=9.598|7[6]5]4[3[2| |2]3 4|5]6|7[8]s] >=9.5 |No comp]1
10. T15[ >=9.5 o[8[ 76[5[4]3[2]  2[3]4]5]6[7[]o] >=0.5No comp] < completed ®)
§|r Comparison |
Resturel Copy to clipboard |
Figure 9. Judgment of the importance of two indicators.
Table 10. Risk factor secondary indicator weights.
. Level 1 . Secondary
Level 1 Indicators Indicator Weights Secondary Indicators Indicator Weights
T11 0.02445
T12 0.05433
T13 0.38555
T 0-37983 T14 0.08463
T15 0.24698
T16 0.20407
T21 0.32798
122 0.0829
T23 0.08773
12 0.14972 T24 0.22816
125 0.12341
T26 0.14983
T31 0.17769
T3 0.07866 132 0.74675
T33 0.07557
T41 0.2063
T42 0.12087
T43 0.17225
T 0-39179 T44 0.08901
T45 0.36813
T46 0.04343

3.3. Comprehensive Severity Analysis

According to the results of the accident consequence analysis using the bowtie model,
the implementation of the relevant measures will affect the severity of laboratory hazardous
chemical fire accidents. Therefore, control measures were established with corresponding
assessment indicators, as shown in Figure 10. The ANP method was used to determine
the relevant weights for these indicators, as shown in Table 11, to calculate the integrated
severity value and the corresponding integrated severity level.
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—r Personnel protection (P1)
—r Fire-fighting measures (P2)
Control measures (P)
—Pr Ventilation measures (P3)
— Clearance measures (P4)
Figure 10. Hazardous laboratory chemical fire control measures index system.
Table 11. Determination of the implementation of control measures.
. Category of TRT Research Institute Control Measures
Serial Number Control Measures Measure Judgment Actual Implementation Weight Calculation
Yes (1)
Personnel Implemented but not Implementation but not
1 protection (P1) effective enough (2) effective enough (2) 0.45227
No (3)
Yes (1)
Firefighting Implemented but not Implementation but not 0.35357
2 measures (P2) effective enough (2) effective enough (2) ’
No (3)
Yes (1)
Ventilation Implemented but not
3 measures (P3) effective enough (2) No (3) 0.14616
No (3)
Yes (1)
Clearance Implemented but not Yes (1) 0,04801
4 measures (P4) effective enough (2) ©s :
No (3)

On the one hand, the implementation status of the control measures was determined
based on emergency response drills for dangerous chemical fire accidents and the results of
the hidden danger investigation at the TRT Research Institute (Table 11). On the other hand,
the corresponding weights of the control measures were calculated as P{0.45227, 0.35357,
0.14616, 0.04801} in combination with the ANP method. The combined severity value of
2.09817 was calculated using Equation (9), and the combined severity level was determined
to be level 3, based on Table 5.

3.4. Integrated Preventive Analysis

By conducting inspections of the actual hidden danger, emergency drills, education
and training, system and document reviews, and account records of the Institute, the
comprehensive preventive capacity of the Institute was determined based on the imple-
mentation of these five areas, as shown in Table 12.

By determining the actual performance of the TRT Research Institute and calculating
the results of the weighting calculations, a combined preventive value of 2.018 was obtained.
Based on the preventive criteria of the three-dimensional risk matrix in Table 6, a combined
preventive rating of 3 for the Institute was obtained.
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Table 12. Comprehensive preventive judgment calculation.
. Satisfaction . . Actual Implementation of  Satisfaction Category
Serial No. Survey Category Satisfaction Judgment TRT Research Institute Weighting Calculation
Satisfied (1)
1 Hidden danger detection More satistied (2) Dissatisfied (3) 0.187
Dissatisfied (3)
Satisfied (1)
2 Emergency drills More satisfied (2) More satisfied (2) 0.269
Dissatisfied (3)
Satisfied (1)
3 Education and training More satistied (2) More satisfied (2) 0.109
Dissatisfied (3)
Satisfied (1)
4 Documentation More satisfied (2) Satisfied (1) 0.302
Dissatisfied (3)
Satisfied (1)
5 Records More satisfied (2) Dissatisfied (3) 0.133

Dissatisfied (3)

3.5. Combined Risk Level Determination

By assessing the comprehensive likelihood level, comprehensive severity level, and com-
prehensive preventive level judgment of hazardous material fire accidents in the laboratories
of the Institute, the overall risk level of the Institute could be determined, as shown in Table 7.
The combined risk value was calculated as RCombined risk =2 x 3 x 3 = 18, which results
in an overall risk rating of Tolerable (II) for the Institute, as shown in Figure 11.

Likelihood

Preventive

—_ N W A

Severity
Figure 11. Overall risk rating of Tolerable (II) for the Institute.

4. Results and Discussion

The process of determining the risk level at the TRT Research Institute was completed
using the developed risk assessment model, and the results were analyzed with respect to
the combination of likelihood, severity, and precaution.

(1) Comprehensive likelihood analysis

First, the 27 basic events of the bowtie model were summarized and classified into
four primary indicators and 21 secondary indicators. The ANP was used to calculate
the weights of these indicators, and the results showed that management factors had the
highest weights, followed by human factors. This suggests that management and human
factors should be prioritized in controlling the risk of fire or hazardous chemicals at the
Institute. Meanwhile, the calculation of the weights for secondary indicators revealed that
the main issues in safety management are the lack of safety awareness among personnel,
incorrect commands by laboratory personnel, and an imperfect management system and
education and training. Consequently, this aspect of the TRT Research Institute’s safety
management was rated as level 2.
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(2) Comprehensive severity analysis

Combining the results from the control measures section of the event tree analysis
in the bowtie model, the weights of the control measures were calculated using the ANP.
The results show that personnel protection has the highest weight, followed by firefighting
measures, ventilation measures, and cleaning measures. Among these, ventilation measures
were identified as the weakest aspect of the actual management of the TRT Research
Institute. Consequently, this aspect of the TRT Research Institute was rated as level 3.

(3) Integrated preventive analysis

The ANP weighting results show that the system documents and emergency drills
should also be updated and optimized to improve the safety management level of the
Institute. In the comprehensive preventive analysis, the main problems faced by the TRT
Research Institute lie in the areas of hidden danger investigations and record keeping. The
Institute should focus on strengthening the management of these areas. Consequently, this
aspect of the TRT Research Institute was rated as level 3.

(4) Comprehensive risk analysis

The analysis resulted in a comprehensive risk level rated as tolerable level. This
indicates the need for the Institute to continue strengthening the relevant systems, plans,
ventilation measures, personnel awareness, and education and training. Additionally,
environmental factors, operating procedures, and personnel operations should be further
addressed. The Institute should commit to fully standardizing the management of haz-
ardous chemicals in its laboratories, raising the importance of laboratory risk assessment
and increasing investment in safety management.

5. Conclusions

In this study, a semi-quantitative risk assessment methodology for laboratory haz-
ardous chemical fire events was developed by combining the bowtie model, the three-
dimensional risk matrix, and the ANP method. This comprehensive risk assessment method
solves the incompleteness and uncertainty of laboratory hazardous chemicals assessments.
The application of this method was illustrated through a case study of laboratory hazardous
chemicals at the TRT Research Institute. The conclusions of this article are as follows:

(1) A new method for assessing fire risk related to hazardous chemicals in laboratories
was developed. This method constructs a three-dimensional risk matrix based on three
factors (comprehensive likelihood, comprehensive severity, and integrated preventive)
to comprehensively assess the laboratory’s risk concerning hazardous chemical fires.
By integrating these aspects, this method offers practical significance tailored to the
specific characteristics of the accidents analyzed.

(2) The conditions for determining the comprehensive preventive grade are mostly based
on key points identified during the actual inspection process. Therefore, the level of
risk can be updated in real time using inspection results, providing valuable references
for law enforcement inspections of research institutes and government departments.

(3) This study only focused on laboratory hazardous chemical fires, aiming to propose
effective control measures in a timely manner through safety assessments to reduce
casualties. However, it did not address environmental factors, reputation, and other
related factors. Future research could explore these areas further using methods such
as safety resilience analysis.
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