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Abstract: An interval type-2 fuzzy set and fuzzy Petri net combined risk assessment model for
chemical production was proposed to solve the problems of disorganized hierarchy and poorly
targeted measures, as well as the requirement for complex equipment associated with chemical
production risk assessment. First, four different types of risk databases were established according to
the production process of cyclohexane. Considering the intrinsic relationship between the risk factors
in the fault database, the interval type-2 fuzzy set was used to improve the semantic transformation
accuracy and calculate the confidence in the risk factors. The fuzzy Petri net model was used to
simulate the dynamic development of accidents, and the parallel relationship between risk factors
was intuitively described. Thereafter, the external relationship between risk factors was analyzed,
and the net structure of each layer was divided to build a multilevel model. Finally, the catalyst
activation process during cyclohexane production was taken as an example for risk assessment
calculation, and the accident risk probability was calculated by multilevel fuzzy reasoning. The
results demonstrate that the model is an improvement over traditional methods and can be used for
precise prevention and control. Moreover, it can accurately analyze risk probability during chemical
production, determine the risk associated with the reaction process, effectively prevent accidents,
and provide a reference for risk evaluation and risk classification.

Keywords: cyclohexane; process system; interval type-2 fuzzy sets; fuzzy Petri nets; risk assessment

1. Introduction

Chemical production generally involves many flammable and explosive chemicals,
complex and rigorous technical conditions, and technological processes. Due to the com-
plexity of its processes and the use of numerous hazardous chemicals, the accident rate
in the chemical industry is significantly high. Major accidents, such as chemical leakage,
fire explosions, and chemical poisoning, cause heavy casualties, environmental pollution,
property loss, and other catastrophic consequences. Scientific risk assessment can provide
guidance on production safety for chemical enterprises. At present, a scientific and rea-
sonable risk index system is needed to evaluate the comprehensive risk elements during
chemical production to overcome the lack of an efficient, informative, and accurate risk
assessment method for the chemical process [1].

Although traditional risk assessment analysis methods are mature, they present many
drawbacks. For example, a traditional hazard and operability study takes the form of expert
brainstorming [2]. By first analyzing possible deviations in the chemical installation pa-
rameters, the consequences of the deviation are analyzed, and potential safety hazards are
identified. However, this analysis has high manpower, material, and financial requirements,
which are beyond the capabilities of small factories [3]. In recent years, fuzzy risk assess-
ment has gradually been extended to risk assessment [4,5]. A fuzzy evaluation involves
first setting up a fuzzy risk matrix, discussing the possibility of accident occurrence and
risk degree at the same scale, introducing the core concept of the analytic hierarchy process
(AHP) to determine the influence weight of possibility and risk degree, synthesizing the
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evaluation results of different researchers on possibility and risk, and obtaining the risk
value by determining the impact weight of possibility and risk and the comprehensive
evaluation results [6]. According to the industry characteristics of different fields, domestic
and foreign experts have established different risk assessment models. Xiaohua et al. [7]
established a new ranking method based on the interval type-2 fuzzy theory, combined
the integral method with the interval fuzzy number, and established a risk optimization
model. Guanda [8] analyzed the types of water disasters in Chinese coal mines using a mul-
tifactor interaction matrix and an ideal point combination. Accordingly, a risk assessment
method for water inrush from the coal floor with a variable weight model was developed
and successfully applied to coal mines. Zhongan [9] designed safety risk identification,
safety risk prediction, and safety information management guidance modules by applying
database technology and verified the feasibility of this model through a case study of an oil
transmission plant. Petri nets, graphical mathematical modeling tools, are widely used in
information modeling and system performance evaluation. Some foreign scholars have
proposed security risk assessment methods [10-13] that mainly involve determining the
scores of security risk parameters from the subjective opinions of experts. The parameters
are then combined with linear relationships to identify the most critical assets according to
the scores of the calculated security risk parameters to assist in risk evaluation. A fuzzy
Petri net is an upgrade of the traditional Petri net that aims to address the uncertainty
and fuzzy nature of risk factors. It retains the advantage of the Petri net for describing
the parallel relationships in the complex system, which is suitable for dealing with such
systems. Zhou [14] proposed a weighted fuzzy Petri net model with an inhibition arc,
considering the rejection factor of risk assessment, and applied it to a hazardous chemical
production plant. In addition, research institutions have developed various risk assess-
ment models [15-18] that utilize the strategy of an excessive threshold and determining
factors. Accordingly, the relationship between the fuzzy matrices of the determining factors
can be established and evolutionary reasoning applied to accident occurrences to assist
risk assessment.

Because the data for the appellate evaluation method is complex, difficult to fuse, and
unified, an interval type-2 fuzzy Petri net risk evaluation model is proposed. The interval
type-2 fuzzy set is used to transform the language variables provided by experts into a
standard-interval type-2 fuzzy set to unify the data and improve the scientific and accuracy
of the evaluation results. Moreover, the errors caused by the subjective factors of experts
are reduced by considering the internal relationship between evaluation indices. Com-
pared with the traditional method, a fuzzy Petri net is more suitable for dealing with the
uncertainty in the evaluation index. The combination of the two aforementioned methods
can effectively address the uncertainty and complexity of the evaluation indicators, clearly
divide the hierarchy of risk factors, and generate the final results by establishing fuzzy rule
reasoning. Finally, according to the characteristics of the cyclohexane production process,
the fault database was established by considering the dangerous points in the process, and
the major accident fault database was taken as the final database. Fuzzy reasoning rules are
established through the operation process, and the final result is obtained through multi-
level reasoning modeling. The risk assessment index system is then constructed to provide
a reference for the classification and management of chemical process risk assessment.

2. The Principle Underlying Interval Type-2 Fuzzy Petri Nets

In 1962, Professor C. A. Petri first applied the network structure to simulate the
communication system, thus establishing the concept underlying the Petri net method [19].
Petri net is a graphical modeling tool comprising place, transition, and the directed arc.
Different types of Petri nets have been developed and applied to various industries, such
as a colored Petri net, a random Petri net, and a time Petri net. To solve the inadequacy
of traditional Petri nets in dealing with fuzzy indicators, Looney [20] proposed the fuzzy
Petri net (FPN) model in 1988 to process, analyze, and model uncertain risk indicators. The
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FPN model improves the traditional Petri net method and can effectively deal with the
uncertainty of risk factors [21].

2.1. Fuzzy Petri Nets

To realistically consider the actual cyclohexane production process and reduce the
operational difficulty, a multilevel network structure was set up, the layer number k of the
multilevel fuzzy Petri net was combined with the initial state matrix M, and an improved
multilevel fuzzy Petri net was defined as a seven-tuple FPN = {P, T, IN,OUT, F,R, M(k)}
to meet the computational requirements.

(1) P = {Pix, Poy, P3y, Py}, x = {1,2,3,---,n} represents the limited set of places,
namely the risk repositories present in chemical production. The risk places are
roughly divided into four types: human factors Py, system factors P,,, state changes
Ps,, and accidents Py,. The corner number only represents the four risk types.

(2) T = {Tix, Tox, Tnx, Tux}, x = {1,2,3,--- ,m} represents the finite set of transitions,
namely the occurrence process of some fuzzy rules.

(3) IN:P—Tisann x m transition input matrix.

(4) OUT: T—P is an n by m transition output matrix.

(5) F:Is a diagonal matrix, representing the confidence degree of transition.

(6) R:Isa diagonal matrix, representing the confidence of the place.

(7)  M(k): In the state matrix of the risk database, M(0) is the initial state matrix, and k
represents the number of layers of multi-level Petri nets, that is, the state matrix after
k transitions.

The FPN model can not only establish an intuitive graphical model by applying fuzzy
production rules but also provide a structured mechanism through fuzzy reasoning [22]
to divide the evaluation criteria carefully and yield accurate results [23]. During catalyst
activation in the cyclohexane production process, for example, the risk pool represents
undrained jacket water, and confidence represents the likelihood of the proposition not
exhausting jacket water; transition indicates that the state has changed, and confidence
represents the likelihood of change. The FPN model is shown in Figure 1. P; and P, denote
the logical relation of the “and” gate, whereas P, and P5 denote the logical relation of the
“or” gate.

Figure 1. FPN model.

2.2. Interval Type-2 Fuzzy Sets

To define semantic meaning precisely, Professor Zadeh first proposed the fuzzy set
concept in 1965 [24]. Based on the uncertainty between semantic individuals, Professor
Zadeh then proposed the concept of type-2 fuzzy sets [25] (T2FSs) in 1975. Because of
its complex representation and complicated nature, a special case of T2FS is widely used
today, namely interval type-2 fuzzy sets (IT2FSs). T2FSs are more accurate and flexible in
expressing uncertainty and more effective in solving practical problems than type-1 fuzzy
sets [26].

The following are some important IT2FS concepts:

(1) Membership degree function: This is divided into the upper membership function
(UMF), the lower membership function (LMF), and a type-1 fuzzy set formed by the upper
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and lower bounds of the membership interval corresponding to any point on the domain.
The maximum membership degree of the LMF is not 1.

(2) Footprint of uncertainty (FOU): All the regions between the UMF and the LMF
constitute the FOU.

The principal membership is defined by introducing a multi-valued map L, =
[ax,bx], x € X. The corresponding UMF, LMF, and uncertain coverage domains can
be expressed as [27]:

UME = {(x,by),x € X} (1)
LME = {(x,a,),x € X} @
FOU = UyexX X Ly = UyexX X [ax, bx] 3)

(3) Interval type-2 fuzzy sets

Definition 1. IT2FS is described by its membership function and can be expressed as:

A= /xex /ue]xg[o,l} 1/ (xu) @)

where x is the first variable and the field is X; u € [0, 1] is the second variable and the field
is Jx € [0,1], which is termed the first membership of x; and p 4 (x, u) is called the second
membership, and the second membership degree of interval type-2 fuzzy sets p4(x,u) = 1.

Definition 2. IT2FS are represented by the FOU size:

FOU(A) = Uvexfx = {(x,u),u € Jx € [0,1]} 5)

In this equation, the FOU size directly corresponds to the uncertainty expressed by
the interval type-2 ambiguity.

3. Interval Type-2 Fuzzy Petri Net Risk Assessment Model

A fuzzy Petri net is often used in the fault inference and diagnosis of industrial process
systems. Establishing fuzzy Petri nets requires vast basic knowledge and experience. This
can be achieved using the fuzzy analytic hierarchy process (AHP), which can transform
expert experience into an effective mathematical and thinking system model. Thereafter,
an IT2FS is introduced to evaluate the risk factors in multiple dimensions based on the
uncertainty between evaluation indices, which improves the evaluation accuracy. Finally,
an interval type-2 fuzzy Petri net risk assessment model was established.

The analysis flow based on the basic FPN principle and the cyclohexane process flow
is shown in Figure 2.

3.1. Establish Fuzzy Rules and Risk Pools

Here in, the cyclohexane process flow is analyzed, the risk factors in the process are
identified, and the risk factors in different risk places are classified to adapt to different
evaluation standards and clearly distinguish the categories, establish fuzzy rules according
to the causal relationship between risks, and graphically model the fuzzy rules through the
FPN model construction principle.
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Figure 2. FPN model analysis process.

3.2. Confidence of Interval Type-2 Fuzzy Computing

Step 1: Construct the interval type-2 fuzzy evaluation matrix C and use n experts to
evaluate the influence relationship between each indicator. The corresponding T2FS of the
language variable interval can be known according to the type-2 fuzzy number scale table
of Wang [28], as listed in Table 1.

Table 1. Interval type-2 fuzzy sets corresponding to linguistic variables of influence degree [28].

Influence Degree Language Variables Interval Type-2 Fuzzy Sets
Absolute strong influence (AS) (7.00,8.00,9.00,9.00;1.00,1.00), (7.20,8.20,8.80,9.00;0.80,0.80)
1/AS (0.11,0.11,0.13,0.14;1.00,1.00), (0.11,0.11,0.12,0.14;0.80,0.80)
Very strong influence (VS) (5.00,6.00,8.00,9.00;1.00,1.00), (5.20,6.20,7.80,8.80;0.80,0.80)
1/VS (0.11,0.13,0.17,0.20;1.00,1.00), (0.11,0.13,0.16,0.19;0.80,0.80)
Significant influence (FS) (3.00,4.00,6.00,7.00;1.00,1.00), (3.20,4.20,5.80,6.80;0.80,0.80)
1/FS (0.14,0.17,0.25,0.33;1.00,1.00), (0.15,0.17,0.24,0.31,0.80,0.80)
Slight influence (SS) (1.00,2.00,4.00,5.00;1.00,1.00), (1.20,2.20,3.80,4.80;0.80,0.80)
1/SS (0.25,0.25,0.50,1.00;1.00,1.00), (0.21,0.26,0.45,0.83;0.80,0.80)
Equal influence(E) (1.00,1.00,1.00,1.00;1.00,1.00), (1.00,1.00,1.00,1.00;0.80,0.80)

Step 2: Regarding the mutual influence relationship between risk factors, compare
each indicator pair by pair and combine the interval type-2 fuzzy set corresponding to the
language variable of impact degree. Assuming a total of n experts evaluate n indicators
of risk factors, perform the geometric average on the interval type-2 fuzzy evaluation
matrix to narrow the gap between different expert evaluations. Notably, ¢;; represents the
influence degree of indicator 7, which corresponds to indicator j. The equation is as follows:

Chi Cip -+ Cyy
- Cny Cp - Cyy

C= (6)

Cnl CnZ Cnn
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_ » - 1/n
Cl']': {C%@C%@"'@EZ}

_ ~1 ~2 ~k
= q/cl.]@ci].@m@cij

~ U (x gl (=~ p~ gL (% pL (=
Uy = (/e /e, /e, ofels Hit @) 1Y @), /e /e (et /e Bl @), HE @) (8)

In Equation (7), ,"/El-]- represents the interval type-2 fuzzy set form. ,"/E}Jl , ,"/E}Jl ,

1"/‘?3]1‘3,' ,"/554 and ,”/Efr]-l, ,”/Efer, ,”/Efrjg’, ,”/524 are the vertices of interval type-2 fuzzy sets.

H{!(¢ij), Hi' (¢ij) and HI (¢jj), Hy (Cij) represent the membership function values corre-
sponding to the corresponding vertices.

Step 3: Perform a consistency test on the evaluation matrix according to the defuzzifi-
cation method proposed by Bucliey [29]. If the defuzzification evaluation matrix conforms
to the consistency test, the corresponding interval type-2 fuzzy judgment matrix can also
pass the consistency test. Equation (8) is used to defuzzify the evaluation matrix. The
consistency of the interval type-2 fuzzy evaluation matrix is determined by the result of CR
= CI/RI The random indicator (RI)has a fixed value. According to the study by Yu [30],
the RI is compared in Table 2. The evaluation matrix passes the consistency test when the
consistency ratio meets CR < 0.1.

@)

Table 2. Random index (RI) comparison table.

hg:;r;: 1 2 3 4 5 6 7 8 9 10
RI 000 000 052 08 111 125 135 140 145 149
(Cfi*fH)*(Hl(fV)*ffé;fff)JrHZ(@”)*f%*CH) bl g (f{rfﬁ)Jr(Hl(ff)*ffz;h)wz(f?‘)*f{rfh) ek
Def (ci) = 5 ©)

Step 4: Equation (9) was used to calculate the geometric mean value of the influence
relationship between each risk factor. 7; represents the geometric mean of the risk factors
for each row, and i represents the number of rows. ® represents the multiplication of two
interval type-2 fuzzy sets.

e e e g7
7i = [61 © Cp @ C3 ® iy ® Cis © Cig @ TV (10)

Step 5: Normalize the influence relationship of each risk factor and calculate the fuzzy
weight w;. @ represents the addition of two interval type-2 fuzzy sets.

G =T O OTHOTOTs BT ®r] | (11)

Step 6: Equation (8) is used to defuzzify the fuzzy confidence and obtain the proposi-
tion and transition confidence, which can be used for the initial risk matrix and later for the
transition confidence of fuzzy Petri nets.

3.3. Fuzzy Inference Algorithm for System Risk

For the multilevel fuzzy Petri net structure, the chemical risk assessment system is
transformed into the fuzzy Petri net model. A fuzzy Petri net can not only better simulate
and solve the complex net structure and the time sequence of accidents in the chemical
system but also deal with the uncertainty of risk factors in the system. The transition input
matrix IN and transition output matrix OUT can be obtained by graphically modeling
fuzzy Petri nets. k represents the number of layers in the FPN model from left to right. If
k = 0, the initial risk matrix M(0) and the transition confidence level F can be determined
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through expert evaluation and an interval type-2 fuzzy AHP. Notably, confidence refers to
the weight of risk factors in the chemical evaluation.

Step 1: Calculate the first level and let k = O; if the proposition is true and the con-
fidence is INT M(0), the output matrix after the transition is OUTeF. e denotes matrix
multiplication.

Step 2: The second level of computing is the next state after the transition. @ represents
the maximum output value of two elements after comparison.

M(1) = M(0) & [OUTeF] [INTM(k)] (12)

Step 3: The calculation only commences when M(k + 1) = M(k), which can be
summarized by the following equation:

M(k+1) = M(k) & [OUTeF] [INTM(k)} (13)

This method is applied to matrix calculation, which is calculated in the direction from
the initial risk matrix to the completion of k changes. To ensure the hierarchy of the net is
complete, repeated changes are made to the cross-layer, which are represented by dotted
lines when cross-layer changes are present [31].

4. Mustrative Example

To test the scientific merit, rationality, and applicability of the interval type-2 fuzzy
Petri net risk assessment model proposed in this study, catalyst activation during cyclohex-
ane production is taken as the research object; four different types of risk databases, namely
human factors, system factors, protection failure, and major accidents, are established as the
research objects, and a longitudinal comparative analysis is conducted. The effectiveness
of the model was verified by comparing the actual situation with the experimental data,
and the chemical process risk was evaluated. From the specific evaluation results, effective
suggestions and measures have been proposed for the cyclohexane process.

4.1. Cyclohexane Process

Cyclohexane is an important organic raw material [32]. Benzene is hydrogenated
to cyclohexane through the addition reaction under specific temperature and pressure
conditions in the presence of a catalyst (Pt, Pd, Ni, etc.). Cyclohexane is an important
organic chemical raw material that is mainly used as a solvent, diluent, and extraction
agent for some coatings. Because of its low toxicity, it can be used for degreasing and
depainting instead of benzene. It can also be used as an analytical reagent, including as a
chromatographic analysis reference material and photoresist solvent. Although extracting
cyclohexane from the gasoline fraction of naphthenic crude oil is facile, producing cyclo-
hexane with a purity of more than 99.9% is very difficult due to difficulties associated with
the process and strict standard requirements. Benzene hydrogenation is often performed in
industrial production to obtain cyclohexane, which can be divided into liquid phase and gas
phase methods. A foreign catalytic distillation company studied benzene hydrogenation to
produce cyclohexane, and the simplified process flow is shown in Figure 3. The experimen-
tal data are based on the production process data. The process is as follows: benzene enters
the top of the distillation tower reactor, hydrogen enters the bottom of the distillation tower,
the catalyst is added in the reaction tower, and benzene is hydrogenated to cyclohexane in
the tower. The reboiler at the bottom provides heat by circulating materials to maintain the
reaction balance. Benzene reacts with hydrogen in the tower through the catalyst, and the
released heat results in steam entering the top condenser to condense the excess material.
Gas is then separated through the receiving reactor to obtain cyclohexane as the product.
The advantages of this process are increased safety, low by-product generation, and low
operating costs.
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Figure 3. Process flow of cyclohexane. 1—CgHjg; 2—H,;; 3—Catalyst bed; 4—Tower bottom circulation
pipeline; 5—Tower bottom circulation pipeline; 6—Return line; 7—Top of tower; 8—Discharge pipe;
9—Gas discharge pipe; 10—Distillation tower reactor; 11—Condenser; 12—Receiving and separator;
13—Reboiler.

4.2. Case Calculation Process

Human factors, system factors, and the state change risk database are considered
during the intermediate calculation process, and the accident risk database is the final
result. For the example of the human factor risk database, seven total risk factors are
considered. Five experts are selected to evaluate the impact indicators among the risks.
The experts determine the relevant project materials and conduct field investigations to
fully apprise themselves of the situation surrounding the project. They then deliver scores
according to the language set: {AS,VS,FS,SS,E} = {absolute strong influence, very strong
influence, strong influence, slightly strong influence, completely equal}. The scoring is listed
in Table 3. {SS,SS,E,1/FS,1/FS} presents the five experts’ evaluation of Pj; on Pj: {influence
slightly strong, influence slightly strong, completely equal, influence weak, influence weak}.
P11 x Pjp in Table 3 refers to the influence of Pj; on Pjp, whereas Py, X Pjp represents the
converse. Notably, the causal relationship between risk factors will vary.P;, is the human
factor risk databases, and P, is the system factor risk databases. Due to the relatively small
impact on the four risk databases, the impact on the risk databases was not considered, and
only the mutual influence of hazards within the risk databases was considered.

First, the geometric average of the appeal evaluation matrix was calculated using
Equation (6). Taking the second column of Table 3 as an example to calculate for Equation
(6), and so on, yields the following:

G, = [SS®SS®ES®1/FS®1/FS]"/?
((1.0,2.0,4.0,5.0;1,1),(1.2,2.2,3.8,4.8;0.8,0.8))
©((1.0,2.0,4.0,5.0;1,1), (1.2,2.2,3.8,4.8;0.8,0.8))

= | ®(1,1,1,1;1,1),(1,1,1,1;1,1) (14)
©(0.14,0.17,0.25,0.33;1,1), (0.15,0.17,0.24,0.31;0.8,0.8)
©(0.14,0.17,0.25,0.33;1,1), (0.15,0.17,0.24,0.31;0.8,0.8)

= ((0.46,0.64,1.00,1.22;1,1), (0.50,0.68,0.93,1.17;0.8,0.8))

After obtaining the evaluation matrix, perform deblurring to obtain the evaluation
matrix Def(c12) = 0.79. The evaluation matrix C;; is obtained after deblurring all matrix
elements. The specific evaluation matrix is as follows:

Cij= 1[0.950.790.22 220 2.93 2.90 3.61
0.570.950.17 0.30 0.81 0.21 0.21
2.751.290.954.552.731.291.97
0.18 0.34 0.27 0.95 2.52 0.81 0.54 (15)
1.61 4.55 0.16 0.86 0.95 0.53 3.47
0.250.48 0.98 0.42 2.64 0.951.20
0.930.370.17 0.97 0.91 0.23 0.95 |
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Table 3. Expert evaluation of the relationship between the indicators of the program.

Ppy Py Py; Py Pys Py Py Py Py Py
SS,SS.E, E1/AS1/VS, SS,FS,SS, 1/FS,FS,FS, SS,E,FS,

Py EEEEE 1/FS,1/FS 1/FS,1/FS E,SS,FSFSE VSE VS, VS AS,VS
b E,1/55,1/5S, EEEEE 1/VS,1/FS,1/VS, 1/FS,1/FS,1/FS, 1/VS,SS, 1/VS,1/FS,1/FS, 1/88,1/SS,1/

12 E1/SS oErEs 1/FS,1/FS 1/AS,SS 1/VS,S5/SS 1/FS,1/SS FS,1/SSE

1/85,1/5S, FS,SS,FS, ES,FS,AS, 1/8S,1/SS,FS, SS,EE,
Prs 58,55,FS FS E FS,E,FS EEEEE FS,VS FS,E FS,E FS,S5
1/FS,1/SS,1/ 1/AS,1/VS,1/ E,VS,VS, 1/FSEE, 1/FS,1/SS,1/
Py AS1/FS1/As  BA/FSI/FSE1L/VS AS,1/FS,FS EEEEE ES,SS 1/SS,ES $5,1/55,55
AS,1/VS,VS, 1/AS,1/FS,1/FS, $5,55,1/FS, FS,38,55,55,

Pis AS1/ES FS,33,VS,FS,FS 1/Fe1/AS VS,1/SS,E,E,1/FS EEEEE Yy Yo
b 1/FS,E,1/FS, 85,55,1/VS, FS,FS,1/FS, 55,85,1/AS, E,FS,FS, EEEEE 1/SS,E,VS,

16 1/FS,1/VS 1/FS,1/VS ES,1/FS 1/VS,1/VS EVS et 1/VS,AS
b 1/55,1/5S, 1/55,1/S8,1/AS, 1/55,1/AS,1/AS, FS,FS,1/SS, SS,E,1/SS, 1/FS,1/FS,E, EEEEE

7 FS,E,E 1/VS,1/SS 1/FS,1/VS 1/FS,1/SS SS,1/FS 1/VS,1/VS e

1/8S,1/SSE, EEVS,
P EEEEE 1/FS,1/FS EVS
1/FS,1/SS;E, $5,55,1/FS,

Pn 1/VS,1/VS EEEEE 1/FS,1/VS
- E,VS,FS, S5,1/55,1/5S, EEEEE

EVS 1/VS,1/VS
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The consistency test was performed on the evaluation matrix C;j, and the results
demonstrated that the comparison matrix passed the consistency test: CR = 0.0944 < 0.1.
Calculate the geometric average for each behavior unit using the first behavior example:

r1 = [0.54 0.63 0.85 1.05 0.56 0.63 0.80 0.98| (16)

Finally, the propositional confidence level of the human factor risk database can be
obtained by normalization processing, and the confidence levels for all input risk factors at
the first level can be calculated, as listed in Table 4. The confidence levels for all transitions
are presented in Table 5. Notably, the result was rounded to two decimal places.

Table 4. Propositional confidence.

Place Confidence Place Confidence Place Confidence Place Confidence
P 0.11 Pin 0.13 Pi3 0.05 Py 0.16
Pis 0.26 Pig 0.11 Pn 0.23 Py 0.16
Py 0.18 Py 0.20

Table 5. Transition confidence.

Transition Confidence Transition Confidence Transition Confidence

T 0.32 Tio 0.63 Ti9 0.81
T, 0.26 Ti1 0.82 T 0.25
T3 0.42 T1o 0.34 Ty 0.37
Ty 0.18 Tis 0.82 Too 0.92
Ts 0.64 Tia 0.59 T3 0.62
Te 0.72 Tis 0.75 Thy 0.73
T 0.39 Tie 0.38 Tos 0.55
Tg 0.47 Ti7 0.25

Ty 0.27 Tig 0.87

From the confidence data in Tables 4 and 5, a fuzzy Petri net model was constructed,
and the risk factors in the risk database were roughly divided into four different types
of risk databases: factor Py, system factor Py, state change Ps,, and accident cause Pj,.
The following fuzzy rules could be established by combining the cyclohexane process,
field investigation, and expert experience judgment. Notably, “—" denotes the resulting
causal relationship.

(1) P11 The water in the jackets of two reactors is not drained — P3; Water is increased —
P3; Catalyst is not activated — P41 The product is unqualified;

(2) P12 Do not close the exhaust valve after exhaust — P33 By-product accumulation —
P54 Pressure increase — Py Explosion;

(8) Py Failure of front drum pressure display adjustment — P4 Failure of front drum
pressure alarm — P34 Pressure increase — Py Explosion;

(4) P13 Do not open the system pressure regulating valve before and after the globe valve
— P34 Pressure increase — P4y Explosion;

(5) Py Contact dispatching does not introduce tail hydrogen into the system — P35 Tail
hydrogen flow is not up to standard — P34 Temperature surge — P;3 Fire occurs;

(6) P14 Manual control pressure is not up to 0.6 MPa — P37 Activation conditions are not
met — Psg Insufficient reaction — P4 The product is unqualified;

(7) P15 The steam valve of the reactor jacket is not opened — P37 Activation conditions
are not met — Psg Insufficient reaction — P41 The product is unqualified;

(8) P16 The jacket steam valve is not closed — P35 Temperature surge — Pp5 The tail
hydrogen is not cut off, the nitrogen is passed, and the heating steam is closed — Py,
Fire occurs;
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(9) P17 The jacket is not filled with soft water — P31y The temperature is too high — Py
The product is unqualified;

(10) Py3 Front drum liquid level display adjustment is not controlled within 50~80% —
Py Front drum display alarm failure — P39 High liquid level — Py4 Device damage;

The model was constructed by applying fuzzy rules, as shown in Figure 4. It is divided
into four levels, and the final result of the accident risk database is calculated in turn. The
first level, k = 0, is calculated from the system risk fuzzy reasoning algorithm [33]. The
required inputs for Equation (11) are the input matrix IN, the output matrix OUT, the
proposition confidence R, the transition confidence F, and the initial state matrix M(0). The
output is M(1).The simulation model was built using the PN Toolbox, and the proposition
confidence and transition confidence were manually entered, as listed in Tables 4 and 5.
The simulation model performs the operation process of a Petri net and obtains the final
accident probability.

T, T,
Pll ‘ l P31 ' : P32 ' T19
‘ T2
(O

Figure 4. Multi-level fuzzy Petri net model for cyclohexane catalyst activation.

The model in Figure 4 shows that the input risk factors when calculating the first
level are Py, Pi, Po1, P13, Pao, Pig, P17, P14, P15, and Pa3, whereas the output risk factors are
P31, P33, Poy, P34, P35, P3¢, P319, P37, and Pyg. Nineteen risk factors in total were considered.
The input_output risk pool was integrated into a 19 x 19 diagonal matrix, which is the
propositional confidence R. When k = 0, the initial state matrix M(0) is consistent with the
propositional confidence R. The figure shows that nine transitions are present in the first
level, namely Ty, T», T3, Ty, T5, Tg, T7, Tg, and To, and presents the diagonal matrix with a
transition confidence F of 9 x 9.

P11, P12, Po1, P13, Pa2, Pig,
R =diag | P17, P14, P15, Pa3, P31, P33, (17)
Pa4, Pay, P35, P3e, P10, P37, P | 19,19

P11, P1o, Py, P13, P, Pie,
M(0) = diag | Pi7, P14, P15, P23, P31, P33, (18)
Py, Pay, P35, P36, P310, P37, Pa6 | 19419
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T, 0 --- 0
0 T, --- 0

F=|. . | . (19)
0 0 - Ty

9%9
From Figure 4, the input matrix IN and output matrix OUT consider 19 risk fac-

tors as the horizontal coordinate and transition to the vertical coordinate to establish a
19 x 9 matrix. M(1) is calculated according to Equation (11), which successively corre-
sponds to the input and output risk factors of proposition confidence R. Nine input risk
factors, M(Z), including the second-level input risk factors P31, P33, P24, P35, P36/ P310, P37,
Py, and the risk factor of transition _P3 were identified.

M 0 --- 0 0 0]
o1 .--- 000
IN=|og ¢ 10 0 (20)
0 0 01 0
0 0 010
0 0 0 0 11,9,
[0 0 00O OO 0 0 O
0000 O0O0O0OTO0OTP O
100 00O0O0TO0O
01 00O0O0O0TO0TO
OUT =10 0 1.0 0 0 0 0 0 1)
00010O0O0TO0TO
000O010O0O0TO
0000 O0OT1TO0TO0SFPO0
0000 O0O0OT1TO0TPO0
0000O0O0OO0OT1FO
00000000 1],
Pi1, Pio, Poy, Pis, Pay, Pig, 0.11,0.13,0.23,0.05,0.32,0.11,
M(1) = diag | Piy, Py, Pi5, Pa3, P31, P33, = diag | 0.18,0.16,0.26,0.20,0.31,0.38, (22)

Py4, P34, P35, P36, P310, P37, Pag 0.10,0.00,0.20,0.27,0.19,0.35,0.21

19x19

The final result was obtained by analogy, and the confidence level of the final risk

database was Py; = 0.173, Py, = 0.096, Py3 = 0.266, and P44 = 0.130.

@

@)

The above calculation results demonstrate that:

After establishing the risk places for human factors, system factors, state changes,
and accidents, of all the 23 risk factors that lead to accidents, six (approximately 26%)
were human factors, seven (approximately 30%) belonged to system factors, and the
risk factors that belonged to state changes accounted for approximately 43%. Notably,
system factors had the greatest impact on accident occurrence. The second was the
change in state, whereas human factors had the smallest probability of influencing
accident occurrence;

When initially calculating the risk factors, for a single risk factor, the risk confidence of
the tailing hydrogen flow not meeting standards, the front drum pressure alarm failure,
by-product accumulation, and temperature inflation were the highest, indicating that
these four risk factors are the most critical to the accident;
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(3) The confidence level for the four final accident risk factors was between 0.1 and
0.3, indicating that the accident likelihood is not high. The confidence level of the
explosion risk was 0.096, indicating the smallest likelihood of accident occurrence.
Second, the risk confidence level of unqualified products was 0.173, whereas that
of device damage was 0.13. The probability of a fire occurring was the highest, and
the risk confidence level was 0.266. Notably, accident occurrence is the result of a
shift from a quantitative to a qualitative change under the combined action of various
factors. Despite the low likelihood of accident occurrence, no risk factor should
be ignored.

To verify the superiority and effectiveness of the proposed theories and methods as
well as the risk indicators of the proposed model, the interval type-2 fuzzy VIKOR [34]
method was applied to the cyclohexane process flow and evaluated. The method involves
first applying the interval type-2 fuzzy improved weight calculation method to consider
the internal relationship between the influencing factors. Subjective and objective weights
were combined to determine the comprehensive weight of each factor. There after, a risk
evaluation model based on the interval type-2 fuzzy improvement VIKOR method was
established to analyze the maximum benefit value and maximum regret degree of each
scheme and calculate the compromise risk value of the scheme. Finally, a risk assessment
was conducted based on the cyclohexane production data to analyze the system pressure,
reaction temperature, and other influencing factors, as well as calculate the risk value
of each scheme. To draw a clear comparison between the two methods, the Spearman
coefficient equation is introduced as follows:

6y d>

lein(nz—l)

(23)

The results of two schemes are listed in Table 6. Notably, the Spearman correlation
coefficient of this scheme was 0.947, which clearly highlights the similarity between the
scheme results and actual data. The Spearman correlation coefficient is used for studying
the correlation between two variables based on data. If it is greater than 0.9, the two
sorting sets are highly consistent. The closer the value is to 1, the higher the accuracy. The
Spearman correlation coefficient of the interval type-2 fuzzy VIKOR method was 0.914.
Wau [35] mentioned that the Spearman correlation coefficient of the interval type-2 fuzzy
TOPSIS method was 0.858 and the Spearman correlation coefficient of the interval type-2
fuzzy COPRAS method was 0.829. Therefore, compared with traditional methods, the
model proposed in this paper yields realistic results.

Table 6. Scheme comparison.

Method P41 P42 P43 P44
Interval type-2 fuzzy Petri net 0.173 0.096 0.266 0.130
Interval type-2 fuzzy VIKOR 0.462 0.403 0.505 0.416

Therefore, the following problems should be considered during cyclohexane produc-
tion: the tail hydrogen flow failing to meet standards, the front steam drum pressure
alarm failing, and by-product accumulation and temperature inflation occurring. Therefore,
protection measures should be improved through the real-time monitoring of relevant
process parameter data. Therefore, the investigation of hidden fire dangers should be
emphasized, and hidden dangers should be quickly identified. Moreover, daily inspection
and maintenance of production equipment should be conducted to avoid accidents.

5. Conclusions

In this paper, interval type-2 fuzzy sets are introduced into the fuzzy Petri net model,
and expert language variables are transformed into interval type-2 fuzzy sets through the
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evaluation process. The confidence degree is obtained by synthesizing the fuzzy AHP, and
the interval type-2 fuzzy Petri net risk evaluation model is constructed by combining the
FPN mathematical model. The model is used to evaluate the influence relationship between
factors based on type-1 fuzzy sets and combines the evaluations of multiple experts to
effectively reduce information loss and improve evaluation accuracy. In terms of the
selection of risk points, four risk databases are distinguished according to different expert
evaluation criteria, and the model is built by combining the graphics and mathematics
of FPN. Finally, the proposed model is applied to the cyclohexane production process.
Compared with the actual results, the model has strong operability and feasibility and is
effective for identifying and preventing risks. In future research, the model can also be
extended to other evaluation research fields. This study is limited in that although the
consistency test is applied and multiple averages are used in the calculation to minimize
the error of human subjective factors, subjective factors cannot be completely avoided.
However, the model is universal and can be used to adjust the corresponding indicators
according to the needs of different enterprises.

Author Contributions: Conceptualization, X.W.; methodology, X.W.; software, Y.L. and T.Z.; vali-
dation, Z.K. and Y.L.; formal analysis, Z.K. and Y.L.; data curation, Y.L. and T.Z.; writing, X.W. and
Y.L.; writing—review and editing, X.W. and Y.L.; funding acquisition, Z.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This paper is supported by Liaoning Natural Science Foundation (2020019), China.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data in this paper comes from industrial practice, which is confi-
dential and cannot be made public.

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

References

1. Lu, M,; Han, X.Z. Statistics analysis and measures of 667 environmental pollution accidents. Ind. Saf. Environ. Prot. 2013,
39, 30-32.

2. Li, EG.; Zhang, B.K.; Gao, D. Construction method of HAZOP knowledge graph. Chem. Ind. Eng. Prog. 2021, 40, 4666—4677.

3. Feng, X.Y,; Dai, Y.Y.; Ji, X;; Li, Z. HAZOP causal knowledge description model based on ontology. Chem. Ind. Eng. Prog. 2021,
40, 6044-6053.

4. Zhao, Y, Jiao, ].; Zhao, Y.D. Risk assessment method based on fuzzy logic. Syst. Eng. Electron. 2015, 37, 1825-1831.

5. Song, Z.P.; Guo, D.S.; Xu, T.; Hua, W. Risk assessment model in TBM construction based on nonlinear fuzzy analytic hierarchy
process. Rock Soil Mech. 2021, 42, 1424-1433.

6.  Cheng, H,; Xing, ].L.; Zhen, R.X,; Shen, J.; Hu, L.; Mao, L.; Xu, Y.; Zhou, Z.; Lu, ].; Zhao, S. Comprehensive evaluation of pesticide
residue safety risk in agricultural products based on entropy weight fuzzy analysis method. J. Chin. Inst. Food Sci. Technol. 2021,
21, 331-339.

7. Lin, X.H.; Jia, W.H. Scheme optimization decision based on interval type-2 fuzzy TOPSIS method. Bull. Sci. Technol. 2018,
34,120-124.

8. Zhang, G.D.; Xue, Y.G.; Bai, C.H.; Su, M.X; Zhang, K_; Tao, Y.F. Risk assessment of floor water inrush in coal mines based on
MFIM-TOPSIS variable weight model. J. Cent. South Univ. 2021, 28, 2360-2374. [CrossRef]

9. Jiang, Z.A.; Zheng, D.F,; Zeng, EB.; Fu, M.E; Zhang, M.X. Study on safety management model of oil and gas pipeline based on
hazard theory. . Hunan Univ. 2021, 48, 56-65.

10. Yao, L.; Xu, Z.; Lv, C.; Hashim, M. Incomplete interval type-2 fuzzy preference relations based on a multi-criteria group
decision-making model for the evaluation of wastewater treatment technologies. Measurement 2019, 151, 107-137. [CrossRef]

11. Li, H; Wu, P; Zhou, L.; Chen, H. A new approach for multicriteria group decision making under interval type-2 fuzzy
environment. Measurement 2021, 172, 108818. [CrossRef]

12. Wu, Y; Xu, C.; Zhang, B.; Tao, Y,; Li, X.; Chu, H.; Liu, F. Sustainability performance assessment of wind power coupling hydrogen
storage projects using a hybrid evaluation technique based on interval type-2 fuzzy set. Energy 2019, 179, 1176-1190. [CrossRef]

13.  Hong, Y,; Pasman, H.].; Quddus, N.; Mannan, M.S. Supporting risk management decision making by converting linguistic graded
qualitative risk matrices through interval type-2 fuzzy sets. Process Saf. Environ. Prot. 2019, 134, 308-322. [CrossRef]

14.  Zhou, ].E; Genserik, R. Modeling and application of risk assessment considering veto factors using fuzzy Petri nets. J. Loss Prev.

Process Ind. 2020, 67,104216. [CrossRef]


https://doi.org/10.1007/s11771-021-4775-x
https://doi.org/10.1016/j.measurement.2019.107137
https://doi.org/10.1016/j.measurement.2020.108818
https://doi.org/10.1016/j.energy.2019.04.195
https://doi.org/10.1016/j.psep.2019.12.001
https://doi.org/10.1016/j.jlp.2020.104216

Processes 2023, 11, 1304 15 of 15

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

Guo, Y.B.; Meng, X.L.; Wang, D.G.; Meng, T,; Liu, S.H.; He, R.Y. Comprehensive risk evaluation of long-distance oil and gas
transportation pipelines using a fuzzy Petri net model. J. Nat. Gas Sci. Eng. 2016, 33, 18-29. [CrossRef]

Chen, Z.Y.; Gao, X.F. Security risk assessment based on dynamic fuzzy petri net in ad hoc network. Int. Core |. Eng. 2020, 45, 26-30.
Dhanya, P.S. Vijayakumar B. Developing an information security risk taxonomy and an assessment model using fuzzy petri nets.
J. Cases Inf. Technol. 2018, 20, 48-69.

Zhou, K.Q.; Azlan, M.Z. Fuzzy petri nets and industrial applications: A review. Artif. Intell. Rev. 2016, 45, 405—446. [CrossRef]
Huo, J.J.; Yuan, C.Y,; Qu, W.L. Study of petri net based workflow semantics. In Proceedings of the 10th National Youth
Communication Academic Conference, Sichuan, China, 24 August 2005; 2005 New Progress in Communication Theory: Beijing,
China, 2005; pp. 734-738.

Looney Carl, G. Fuzzy petri nets for rule-based decision making. IEEE Trans. On systems Man Cybern. Syst. 1988, 18, 178-183.
[CrossRef]

Yin, X.W.; Wang, Y.; Dai, B.Q.; Wang, T. Application analysis of fuzzy Petri net in evaluation of urban safety development level.
China Saf. Sci. Journa 2020, 30, 129-135.

Wu, P; Xia, H.B.; Wu, J.J.; Hu, S.P. Risk assessment of shipping liquefiable solid bulk cargoes based on fuzzy Petri nets. J. Shanghai
Marit. Univ. 2019, 40, 63—68.

Di Zhang, P.G,; Tian, S.; Cui, Y. Risk assessment of gasifier based on Improved Entropy Weight-Mutation Progression Method.
J. Linoning Petrochem. Univ. 2022, 42, 53-58.

Zadeh, L.A. Fuzzy sets. Inf. Control 1965, 8, 338-353. [CrossRef]

Zadeh, L.A. The concept of a linguistic variable and its application to approximate reasoning. Inf. Sci. 1975, 8, 199-249. [CrossRef]
Wang, EY.; Mo, H. Some fundamental issues on type-2 fuzzy sets. Acta Autom. Sin. 2017, 43, 1114-1141.

Tiirk, S.; Deveci, M.; Ozcan, E.; Canitez, F.; John, R. Interval type-2 fuzzy Sets improved by simulated annealing for locating the
electric charging stations. Inf. Sci. 2020, 547, 641-666. [CrossRef]

Wang, W. Multi-criteria decision making method of DEMATEL-ANP under type-2 fuzzy environment and its application in
safety evaluation subway operation. Master’s Thesis, Southeast University, Nanjing, China, 2017.

Buckley, ].J. Fuzzy hierarchical analysis. Fuzzy Sets Syst. 1985, 17, 233-247. [CrossRef]

Yu, L.Q.; Liu, A,; Yang, Z.].; Tian, H.L.; Chen, C.H.; Gao, ].W. Reliability analysis of numerical control machine tools based on
analytic network process and date envelopment analysis. J. Jilin Univ. 2022, 52, 400-408.

Li, WJ.; Liu, S.L.; Yi, Y,; Sun, Y.B. Based on multi-level fuzzy colored Petri nets risk assessment of gas transmission station sewage
system. J. Saf. Environ. 2022, 22, 1736-1742.

Wang, Y.; Shi, Y,; Dai, W.; Peng, H.; Wang, G.Q. Review of catalyst and process for benzene hydrogenation to cyclohexane. Mod.
Chem. Ind. 2015, 35, 53-56, +58.

Gao, X,; Zhu, YF; Liu, S.L; Fei, J.L.; Liu, L. Risk assessment model based on fuzzy Petri nets. J. Commun. 2013, 34 (Suppl. S1), 126-132.
Liang, Y.X.; Zhao, T.Y.; Kan, Z.; Shang, Y. Application of interval type-2 VIKOR method in risk assessment of chemical industry.
In Proceedings of the International Conference on Applied Mathematics, Modelling, and Intelligent Computing, Kunming, China,
25-27 March 2022; SPIE Proceedings: Bellingham, WA, USA, 2022; p. 122590.

Wu, Y.N,; Sun, X.P; Li, X.P,; Xu, C.B. Research on investment risk decision model of wind Power construction project based on
interval type-2 fuzzy AHP-VIKOR. Sci. Technol. Manag. Res. 2019, 39, 236-245.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jngse.2016.04.052
https://doi.org/10.1007/s10462-015-9451-9
https://doi.org/10.1109/21.87067
https://doi.org/10.1016/S0019-9958(65)90241-X
https://doi.org/10.1016/0020-0255(75)90036-5
https://doi.org/10.1016/j.ins.2020.08.076
https://doi.org/10.1016/0165-0114(85)90090-9

	Introduction 
	The Principle Underlying Interval Type-2 Fuzzy Petri Nets 
	Fuzzy Petri Nets 
	Interval Type-2 Fuzzy Sets 

	Interval Type-2 Fuzzy Petri Net Risk Assessment Model 
	Establish Fuzzy Rules and Risk Pools 
	Confidence of Interval Type-2 Fuzzy Computing 
	Fuzzy Inference Algorithm for System Risk 

	Illustrative Example 
	Cyclohexane Process 
	Case Calculation Process 

	Conclusions 
	References

