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Abstract: Chemical industry plays a pivotal role in the economy in every country. As chemical
hazardous materials are usually characterized as inflammable, explosive, toxic, corrosive, and
carcinogenic, if accidents happen in chemical company it can lead to irreversible environmental and
health damage to the public. The chemical industry attaches great importance to safe production,
technical professionalism, and service standardization. Nowadays, under the trend of equipment
maintenance service outsourcing in chemical companies, the selection of maintenance suppliers with
safe and sustainable records come first and foremost in the supplier selection process. However,
these concerns from the chemical industry are currently inadequately addressed by most general
supplier selection models. Therefore, this paper proposes an applicable methodology for selecting
and evaluating equipment maintenance suppliers in the chemical industry, compatible with a safe and
sustainable production context. To achieve the goal of “safe operation and sustainable development
in the future”, we established an evaluation criteria framework for equipment maintenance suppliers
by combining the general supplier selection criteria and safe production characteristics together. Eight
main criteria and 24 sub-criteria based on market acceptance, resource conditions, and safe production
were included. Then a fuzzy TOPSIS model was presented to select the best equipment maintenance
service supplier. Finally, by analyzing a case in W petrochemical company, the empirical results
indicate that the proposed framework is of great practical value to select and evaluate equipment
maintenance suppliers for safety and sustainable development in the chemical industry.

Keywords: Chemical industry; safe operation; sustainable development; supplier selection;
fuzzy TOPSIS

1. Introduction

Chemical industry plays an important role in the economy. It is the basic and pillar industry of
many countries. According to statistics from the American chemical marketing association (CMAI),
China is not only the world's largest producer and consumer of chemical products, accounting
for 1/3 of the global demand, but also the country with the largest increase in need for chemical
products [1]. As the production of most chemical industry is highly hazardous and could potentially
cause irreversible environmental and health damage to the public, safe production is the primary
dictum for the sustainable development of chemical companies. Effective management of equipment
determines the safety and reliability of the production process. Chen et al. [2] discussed the investment
risks of China's chemical companies, including poor management practices, insufficient awareness of
risks and improper treatment at risks. Morag et al. [3] explored the causes of human error related to
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maintenance in industrial settings and allocation of resources in emerging countries, failure operation,
failure management, design-related causes and fabrication-related causes were concluded. However,
due to improper maintenance and management of equipment, various accidents occur all over the
world every year [3-8]. For example, in the Bhopal catastrophe, an explosion in the Union Carbide
India Limited (UCIL) pesticide plant resulted in over 500,000 deaths in 1984. One of the root causes
for this catastrophe was the negligence of maintenance workers [5,6]. In 2013, owing to the improper
safety management of hazardous chemicals, the devastating explosion at a fertilizer plant in Texas,
America killed 35 people, and left 60 missing and about 200 injured [7]. In 2018, it was due to the
irresponsibility of maintenance contractor’s equipment safety that 9 people were killed and 2 were
injured in the gas poisoning accident during the maintenance of the thermal power boiler in Guizou,
China [8].

Maintenance service outsourcing is a strategic measure to improve business performance.
It enables enterprises to obtain highly specialized external services at a reasonable cost to optimize
resource allocation and enhance competitiveness. At present, reasonable selection and sensible
evaluation of equipment of maintenance suppliers has have been of importance for enterprises.
Previous research on supplier selection problems mainly focused on the general manufacturing
industries, such as textile, clothing, automobile, and other industries [9]. Those industries are obviously
different from the chemical industry in production safety, technical personnel professionalization,
production specialization, and streamline production, which are so critical to the sustainable
development for the industry. So general supplier selection criteria are not suitable for decision
makers in chemical industry. In addition, when it comes to the safety management of maintenance
service, technical standards, guidelines, and specific procedures are available from previous studies.
Kumar et al. [10] established maintenance performance metrics. Singh et al. [11] ranked barriers for
effective maintenance by using TOPSIS approach. Di Bona et al. [12,13] proposed maintenance strategy
design and a new method for risk assessment. However, there is no specific index system and effective
method for the selection of maintenance suppliers in the chemical industry, which means researches
on chemical enterprises in this area are still under exploration. Therefore, it is essential to establish a
set of scientific, systematic, and standardized evaluation index systems for equipment maintenance
suppliers. Such systems can evaluate suppliers scientifically, improve the efficiency of equipment
operation, and ensure the safety and sustainable production of chemicals within the industry.

1.1. Industries Involved in Supplier Selection Problems

Supplier selection problems have involved in every industry. They have been extensively studied
by a host of researchers. Nazarishirkouhi et al. [14-16] constructed the general criteria for supplier
selection, and selected the hypothetical suppliers without mentioning specific industries. Yildiz and
Yayla [9] concluded from 91 studies on supplier selection problems between 2001 and 2014 that the
major industries involved in supplier selection are electrical-electronics, automotive, furniture-white
goods, agriculture-construction, transportation-logistics, and textile industry. Most researches on
supplier selection were mainly concerned about general manufacturing industries such as automobile,
furniture, and textile. In recent years, apart from the above industries, researches on supplier selection
have also involved in construction [17], printing [18], and plastic packaging industries [19]. To sum
up, previous research paid too much attention to general manufacturing industries, while overlooked
the chemical industry, which has its characteristics and needs a new set of assessment criteria when
selecting suppliers. This paper explores to set out an innovation criteria framework for the chemical
industry on a safe and sustainable basis.

1.2. Supplier Evaluation Criteria

In order to select suitable suppliers, the evaluation criteria can be determined according to the
different industries and the characteristics of suppliers. Dickson [20] made a systematic study on
supplier selection and determined 23 supplier evaluation criteria. Pearson and Ellarm [21] proposed
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that in the selection of suppliers, in addition to general quantitative criteria such as cost, quality
and delivery time, soft indicators such as target consistency and management coordination should
also be considered. It combined quantitative and qualitative criteria. Grisi et al. [22] considered
economic and social criteria and environmental factors when selecting and evaluating suppliers.
The study determined the availability of "clean" technologies, ecological materials, environmental
policies, environmental planning, 1ISO14001, green image, and current environmental impact as
evaluation criteria for sustainable supplier selection. Luthra et al. [23] established 23 selection criteria
and considered environmental cost, product quality, product price, occupational health and safety
systems, and environmental capability as the five sustainable supplier selection criteria. This study
highlighted and enriched the current green and sustainable supplier selection criteria in its current field.

Studying from previous literatures, we found that the former supplier evaluation criteria gradually
developed from quantitative criteria to a combination of qualitative and quantitative criteria. Simple
economic criteria gradually expanded to economic, social, and environmental criteria. And researchers
paid more attention to green and sustainable supplier selections.

However, there are still two problems with these current approaches. First, the previous literature
research did not pay enough attention to the safe production of enterprises, and the corresponding
indicators did not highlight the construction process of evaluation criteria. Second, researches on
supplier evaluation criteria are based on the premise of suppliers providing products. These industries
can be easily measured by traditional criteria through the price of a product, quality, and delivery
time. But chemical companies attach great importance to factors such as production reliability,
equipment inspections, safe use of their products, and high technical competence on the operator, et al.
The traditional indicators are inadequate in this context, new factors such as green policies that are
relevant to the industry carries more weight and should be added in the framework. Therefore, it is
necessary to establish a new set of supplier selection criteria to evaluate the comprehensive ability of
chemical enterprises' equipment maintenance suppliers for the sustainable development in the future.

1.3. Supplier Selection Method

Supplier selection problem is considered as a multi-criteria decision making (MCDM)
problem [24-27] because of its complex, multi-criteria, and unstructured characteristics. The main
methods to solve these problems include: analytic hierarchy process (AHP) [28-30], analytical
network method (ANP) [31,32], data envelopment analysis (DEA) [19,33], approximate ideal
solution sequencing (TOPSIS) [34-37], genetic algorithm (GA) [38], fuzzy set theory (FST) [39,40],
and their mixed, such as AHP-DEA [41]. AHP-TOPSIS [42,43] and fuzzy TOPSIS et al. [44—46]
Ghorabaee et al. [26] analyzed the frequency of MADM method from 2001 to 2016, and concluded that
AHP (26.77%) was the most commonly used method. Then followed by TOPSIS (20.71%), while the
use frequency of single method (58.44%) was higher than that of mixed method (41.56%).

Plebankiewicz and Kubek [47] used fuzzy AHP to solve the problem of optimal supplier selection
in the construction industry. Buyukozkan and Cifci [48] proposed an MADM approach based on the
fuzzy ANP for evaluation of green supply chain management practices. Peng [46] proposed TOPSIS to
rank potential suppliers of the clothing industry from the perspective of sustainable development. Wu
and Blackhurs [49] used DEA method to evaluate the performance of green suppliers. Jain et al. [43]
adopted the optimization method combining AHP and TOPSIS to optimize the former auto parts
suppliers. Diouf and Kwak [18] performed fuzzy AHP and DEA to rank and selected the best supplier
of a publishing company. Pandian, et al. [50] established a decision model based on DEA, AHP, and
modified Simos program (RSP) to calculate the weight. And a chemical processing industry was taken
as an example to compare the results of supplier selection.

Since some of the evaluation criteria of equipment maintenance suppliers of chemical enterprises
cannot be quantified, such as the degree of equipment informatization and technology maturity,
DEA, TOPSIS, and other quantitative methods cannot be used for supplier evaluation and selection.
Therefore, this paper introduces the fuzzy set theory into TOPSIS method, which converts language
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variables into triangular fuzzy Numbers. The importance weight of evaluation index and the weight of
each criteria of equipment inspection supplier are obtained by means of expert scoring. Fuzzy TOPSIS
method was adopted to obtain the final ranking of suppliers.

Comparing with existing literatures, this paper would set out its research in the follow stages as
illustrated in Figure 1.

. - Literature ¢ :l??;f]:'ﬁzrs Fuzzy set TOPSIS
Phase 1: Basic Fotav RIS theory method
theory industry |
I [ | | |
Y v
Sustainable
. s ; " F TOPSIS
Phase 2: Innovation maintenance supplier Uz:odel
framework evaluation criteria
l I
A case study of W
Phase 3: Application petrochemical
company

¥
- .
/" Conclusion and ™\

Phase 4: Conclusion
\ future research /

Figure 1. Research framework.

This paper firstly carries out a literature review on existing supplier evaluation models and
offers specific analyses of the characteristics of chemistry. Then an evaluation criteria framework is
established for equipment maintenance suppliers by considering the general supplier selection criteria
and safe production characteristics in chemical industry. To be specific, based on the goal of safe
operation and sustainable development in the future, the evaluation index system consists of market
condition, resource condition and production safety as its 3 main categories. Finally, a case study of W
petrochemical company with a fuzzy TOPSIS method was carried out to verify the practicability of
this evaluation criteria.

The rest of the structure of this paper is as follows: Section 2 describes the problem and constructs
the evaluation criteria for sustainable equipment maintenance suppliers. Section 3 introduces the
decision model and Section 4 explains the practical application of supplier criteria and method in W
petrochemical company. Finally, the conclusion and discussion on the future development direction
are put forward in Section 5.

2. Problem Description

2.1. Equipment Maintenance Supplier Selection in the Chemical Industry

Current research on the supplier selection problem has mainly existed in the clothing, textile,
medicine, automobile, and other general manufacturing industries. Compared with general
manufacturing, the chemical industry maintenance supplier selection has significant differences: First,
according to Classification Labelling and Packaging Regulation (CLP) in EU [51], chemical hazardous
materials usually characterized as inflammable, explosive, toxic, corrosive, and carcinogenic. Once
accidents happened in chemical company, it could lead to irreparable fatalities. As a result, when it
comes to the issue of selecting the right maintenance supplier, criteria such as safety, reliability, and
green and sustainable practices, carries a lot more weight than traditional normal industries.

Second, unlike general manufacturing suppliers, chemical inspection companies provide technical
services rather than tangible products. The market acceptance of supplier large-scale equipment,
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specialized technology, and standardized operation are relatively high. Therefore, the selection
criteria of maintenance suppliers should not be limited to traditional indicators, but an innovative
evaluation index system of equipment inspection suppliers should be established by considering the
safe production, the market acceptance and resource conditions of equipment maintenance suppliers.

2.2. Criteria Framework

This section attempts to establish a comprehensive criteria framework for maintenance supplier
evaluation in chemical industry with clear definitions. Considering the goal of "safe operation and
sustainable development" in chemical companies, we establish a sustainable supplier evaluation
criteria hierarchy with 8 main criteria and 24 sub-criteria based on market acceptance, resource
conditions and safe production. To ensure the effectiveness and reliability of criteria, 65 related criteria
were listed by literature review and 3 experts’ discussions were chosen. And 8 main criteria and 24
sub-criteria were chosen by questionnaire survey about maintenance supplier selection with which 208
managers in Chinese typical chemical companies offered effective feedback. This is shown in Table 1.
The 8 criteria involve access permission, management system, human resources, financial resources,
equipment resources, technical resources, service ability and risk control. Finally, 24 sub-criteria are
defined clearly. The criteria framework is helpful to evaluate the comprehensive strength of suppliers,
ensure the scientific evaluation of equipment maintenance suppliers from the source and realize the

safe and sustainable development of chemical companies.

Table 1. The criteria framework of equipment maintenance suppliers for the safe and sustainable

development in chemical companies.

Goal Category Criteria

Sub-Criteria

Definitions

Access permission

Safety or maintenance
qualification

Market acceptance of maintenance business

Market acceptance
Management
system

ISO 9000 management system

Quality management level

ISO 14001 management system

Environmental management level

1SO 45001 management system

Occupational health and safety
management level

Human resources

Number of professionals

Division of labor and number of employees

Annual job training

Employees' ability to learn and develop

Position experience

Working staff experience

Number of permanent staff
available

Number of outsourcing employees available
from suppliers

Resource
conditions

Safe operation and
sustainable

development Financial resources

Return on equity

Financial performance calculated by dividing
net income by shareholders' equity

Asset turnover ratio

The value of a supplier's revenues relative to
the value of its assets

Asset liability ratio

Short-term solvency calculated by total
liabilities divided by assets

Net profit growth rate

Long-term development capability

Equipment
resources

Facilities and equipment

Scale of production equipment

Production site area

Scale of production site

Informatization level

Current equipment informatization level

Technical resources

Technology maturity

Technological development level

Proportion of R&D

Technological development potential

Number of patent applications

Technological innovation ability

Service ability
Safe production

Service price

Maintenance service price

The average annual number of
equipment maintenance

Maintenance capability in terms of numbers of
equipment maintenance

Service cooperation time

Strategic cooperation ability and
customer loyalty

Customer satisfaction

Quality level of service delivery

Risk control

Equipment failure rate

The reliability and safely of production devices

Emergency response time

Ability to deal with unexpected problems

3. Research Methodology

This paper adapts fuzzy TOPSIS method to solve the problem of supplier selection and evaluation.
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3.1. Fuzzy Set Theory in Multi-Criterion Decision Making

The concept of fuzzy set theory was first proposed by Zadeh [52] in 1965. In 1970, Zadeh and
Bellman et al. [53] introduced the fuzzy set theory into multi-criterion decision making to solve the
uncertainty problem in the actual decision-making process. Fuzzy set are functions that show the
dependence degree of one fuzzy number on a set number. It is a kind of object with continuous
membership, which can be used as the intermediate value between 0 and 1. Owing to its ease in terms
of usage and calculations, triangular fuzzy numbers (TFN) approach is utilized in the study for rating
the importance weight of criteria and the performance of the suppliers.

Definition 1. If TFN N can be determined by (u,m, g), 0 <u <m < g <1 uisthe most conservative
estimate, m is the most likely estimate and g is the most optimistic estimate. The definition of membership

function fg:

= u<x<m
fa) =5 m<x<g
0 else.

The distribution diagram of triangular fuzzy number is shown in Figure 2.

Y

u m g

Figure 2. Membership function of triangular fuzzy number a.

Definition 2. The formal arithmetic operation of TFN: If the distance between @ and b is d (E,E), a =
(u,m,8),b = (u1,m1,81), then

d(ﬁ,ﬁ):\/;[(u—m)z + m-m)? + (g-g1)? ]

Definition 3. Suppose there are n decision makers in the decision group, and the fuzzy rating of each decision
maker can be expressed as the positive triangular fuzzy number R with membership function f(x). Then the
aggregate fuzzy rating can be defined as:

) 1 &
u = miny, (u,),m = - Z My, § = maxy(gn)
n=1

3.2. Fuzzy TOPSIS Model

The TOPSIS proposed by Hwang and Yoon [34] in 1981 is one of the most clastic and useful
MCDM methods. The basic principle [34-37] of the TOPSIS is that the most satisfactory alternative
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should have the nearest distance to the positive ideal solution (PIS) and the farthest distance to the
negative ideal solution (NIS). In this study, TOPSIS method is extended to the fuzzy environment to
form a fuzzy TOPSIS model to optimize the MCDM method. Therefore, the model can obtain more
effective results under the "fuzzy information" environment. The specific steps are as follows:

Step 1: Determine the value and weight of criteria.

The linguistic variables are converted into triangular fuzzy Numbers to determine the value and
weight of criteria.

Step 2: Construct the normalized decision matrix.

The normalized fuzzy decision matrix can be expressed as:

X:[x,-]-] i=12,...,mj=12...,n

m+n’

If H and I represent the benefit criteria and cost criteria respectively, then:

Uij Mij ij . .
xij = (a%r 74,]’ 74{)/] S H,a]—.i_ = maxigl.].,] cH
/A A |
ﬂ; 11; a;
xij=(—,——,——),j € L,a; =minju;;,j€l
1 (gijlmij’uij)’] g i 1],]

Step 3: Calculate the weighted normalized decision matrix.
Y = [yij]m*n’i =1,2,....mj=12,...,n

Where y;; = x;j.w;;, and wj; is the j criteria’s weight.
Step 4: Compute the fuzzy positive ideal solution (FPIS) and fuzzy negative ideal solution (FNIS).
The definition of FPIS (Z ") and FNIS (Z ™) are as follows:

Zt =y vs ) 2T = (Y Ys oY)

Where y;r = max; {y;; } and y; = min;{y;;},i=1,2,...,mj=12,...,n
Step 5: Calculate the distance of each alternative from FPIS (Z*) and ENIS (Z7).

n
dl+ = Zd(ylj,y]—i_)/l = 1,2,...,m
j=1

n
d; = Zd(yl]’y;>,l = 1,2,.. .,om
j=1
Where di+ is the distance between Z; and Z ™, d; is the distance between Z~ and d; . d (47,5) is the
distance between two fuzzy Numbers, it can be obtained in definition 2.
Step 6: Estimate the closeness coefficient of each alternative.
DD 4i i =1,2
= ——,i=12,...,m
L@ )
Where DD; represents the geometric distance of alternative from d;" and d; .
Step 7: Rank the alternatives.

Alternative Z; is closer to FPIS (Z1) and farther from FNIS (Z~) as DD; approaches to 1. Based
on the descending order of DD, the prioritization of all alternatives can be determined.
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4. Case Study

In order to verify the practicability and effectiveness of the selection criteria of chemical equipment
maintenance suppliers and the fuzzy TOPSIS method, this paper presents a case study of W
petrochemical company.

4.1. Case Company

W petrochemical company is located on Sichuan province, China, with a total investment of nearly
6 billion dollars. Since its official operation in 2013, it has defined the idea of "Intensive operation
of core business and integrated outsourcing of non-core business" and has made full use of external
resources to achieve efficient operation of equipment. As the key part of non-core business of the
company, the inspection business accounts for 25-30% of the total production cost. Therefore, the
reasonable selection of equipment maintenance providers is of great importance to the cost control,
safe operation of equipment and sustainable development of the company.

4.2. Criteria Framework for W Petrochemical Company

According to the criteria determined in table 1, this paper selects 8 main criteria in case study for
understanding and analysis easily. As is shown in Figure 3, the criteria framework includes 2 market
acceptance aspects (B1, B2), 4 resource conditions aspects (B3, B4, B5, B6) and 2 production safety
aspects (B7, B8), in which B8 is the cost-based criteria and the other is the benefit-based criteria. For
any case company at hand, the decision makers can list the criteria framework form 3 aspects (Market
acceptance, resource conditions and safe production) and their 8 criteria.

Sustainable maintenance
supplier evaluation criteria

Resource conditions

Market acceptance B3 Human resources Safe production
B1 Access permission B4 Financial resources B7 Service ability
B2 Management system BS5 Equipment resources B8 Risk control

Figure 3. Criteria Framework.

4.3. Application of Fuzzy TOPSIS method

The linguistic scale for rating the importance weight of criteria and the performance of the
suppliers are as Table 2.
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Table 2. Linguistic scale for rating the importance weight of criteria and the performance of

the suppliers.

The Importance Weight of Criteria

The Performance of the Suppliers

Linguistic variable

Fuzzy numbers

Linguistic variable

Fuzzy numbers

Very Low (VL)
Low (L)
Medium Low (ML)
Medium (M)
Medium High (MH)
High (H)

Very High (VH)

(0,0,0.1)
(0,0.1,0.3)
(0.1,0.3,0.5)
(0.3,0.5,0.7)
(0.5,0.7,0.9)
(0.7,0.9,1)
0.9,1,1)

Very Poor (VP) (0,0,1)
Poor (P) 0,1,3)
Medium Poor (MP) (1,3,5)
Fair (F) 3,5,7)
Medium Good (MG) (5,7,9)
Good (G) (7,9,10)
Very Good (VG) (9,10,10)

Step 1: Determine the importance of criteria and aggregated fuzzy weights of criteria.
According to the criteria in Table 2, questionnaires were distributed to 4 experts (D1, D2, D3,
and D4) of W petrochemical company for investigation. They come from the purchasing department,

production department, HSE (health, safety and environment) management department, and R&D

department respectively. All of them are over 50 years old and have more than 15 years of working
experience in relevant business departments and has been working in W company for more than
5 years. They have comprehensive understanding of the company and the chemical industry, so

their results are reliable. They are also responsible for evaluating the importance of criteria and the
performance of 4 maintenance suppliers (E1, E2, E3, and E4) by using a seven-point Likert scale. Since
4 experts are equivalent to business ability, the arithmetic mean number of 4 is taken as the evaluation

value of the equipment maintenance supplier. As is shown in Tables 3 and 4, the results show the

importance of criteria and aggregated fuzzy weights of criteria.

Table 3. Experts Assessment on importance of criteria and aggregated fuzzy weights of criteria.

Criteria D1 D2 D3 D4 Aggregated Fuzzy Weight
B1 M H MH H (0.3,0.75,1)
B2 ML MH M MH (0.1,0.55,0.9)
B3 MH VH H H (0.5,0.88,1)
B4 H H MH MH (0.5,0.8,1)
B5 M MH MH MH (0.3,0.65,0.9)
B6 H MH H MH (0.5,0.8,1)
B7 H H H MH (0.5,0.85,1)
B8 L ML ML M (0,0.3,0.7)

Table 4. Experts Assessment on performance of suppliers and aggregated fuzzy weights.

Criteria Suppliers D1 D2 D3 D4 Aggregated Fuzzy Weight

El MG G F MG (3,7,9)

B1 E2 MG F MG F (3,6,9)
E3 G VG VG G (7,9.5,10)
E4 F F MP MG (1,5,9)
E1l VG G VG (7,9.5,10)

B2 E2 MG MG G MG (5,7.5,10)
E3 F MP MP F (14,7)
E4 F MP F MP (1,4,7)
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Table 4. Cont.

Criteria Suppliers D1 D2 D3 D4 Aggregated Fuzzy Weight
E1 P MP F MP (0,3,7)
B3 E2 G F MG G (3,7.5,10)
E3 F MG G G (3,7.5,10)
E4 VG VG VG G (9,9.75,10)
E1 F G F MG (3,6.5,10)
B4 E2 MP F F MP 1,4,7)
E3 MG MG MG F (3,6.5,9)
E4 MP MP MP F (1,3.5,7)
E1 MG G F F (3,6.5,10)
B5 E2 G MG MG G (5,8,10)
E3 MG MG G VG (5,8.25,10)
E4 MG MG MG MG (5,7,9)
E1l MG MG MG G (5,7.5,10)
B6 E2 MG MG F F (3,6,9)
E3 MG F G MG (3,7,10)
E4 MG G G F (3,7.5,10)
E1 MP F F MP 1,4,7)
B7 E2 G VG VG MG (5,9,10)
E3 MG G G MG (5,8,10)
E4 G G MG F (3,7.5,10)
E1 G MG G MG (5,8,10)
BS E2 VG MG G MG (5,8.25,10)
E3 F MP F F (1,45,7)
E4 MG MG MG G (5,7.5,10)

Step 2: Construct the normalized decision matrix, and the results are shown in Table 5.

Table 5. Normalized fuzzy-decision matrix.

Criteria El E2 E3 E4
B1 (0.30,0.70,0.90) (0.30,0.60,0.90) (0.70,0.95,1.00) (0.10,0.50,0.90)
B2 (0.70,0.95,1.00) (0.50,0.75,1.00) (0.10,0.40,0.70) (0.10,0.40,0.70)
B3 (0.00,0.30,0.70) (0.30,0.75,1.00) (0.30,0.75,1.00) (0.90,0.98,1.00)
B4 (0.30,0.65,1.00) (0.10,0.40,0.70) (0.30,0.65,0.90) (0.10,0.35,0.70)
B5 (0.30,0.65,1.00) (0.50,0.80,1.00) (0.50,0.83,1.00) (0.50,0.70,0.90)
B6 (0.50,0.75,1.00) (0.30,0.60,0.90) (0.30,0.70,1.00) (0.30,0.75,1.00)
B7 (0.10,0.40,0.70) (0.50,0.90,1.00) (0.50,0.80,1.00) (0.30,0.75,1.00)
B8 (0.50,0.63,1.00) (0.50,0.61,1.00) (0.14,0.22,1.00) (0.50,0.67,1.00)

Step 3: Calculate the weighted normalized decision matrix. The data is shown in Table 6.

Table 6. Weighted normalized fuzzy decision matrix.

Criteria E1 E2 E3 E4
B1 (0.09,0.53,0.90) (0.09,0.45,0.90) (0.21,0.71,1.00) (0.03,0.38,0.90)
B2 (0.07,0.52,0.90) (0.05,0.41,0.90) (0.01,0.22,0.63) (0.01,0.22,0.63)
B3 (0.00,0.26,0.70) (0.15,0.66,1.00) (0.15,0.66,1.00) (0.45,0.86,1.00)
B4 (0.15,0.52,1.00) (0.05,0.32,0.70) (0.15,0.52,0.90) (0.05,0.28,0.70)
B5 (0.09,0.42,0.90) (0.15,0.52,0.90) (0.15,0.54,0.90) (0.15,0.46,0.81)
B6 (0.25,0.60,1.00) (0.15,0.48,0.90) (0.15,0.56,1.00) (0.15,0.60,1.00)
B7 (0.05,0.34,0.70) (0.25,0.77,1.00) (0.25,0.68,1.00) (0.15,0.64,1.00)
B8 (0.00,0.19,0.70) (0.00,0.18,0.70) (0.00,0.07,0.70) (0.00,0.20,0.70)
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Step 4: Compute the fuzzy positive ideal solution (FPIS) and fuzzy negative ideal solution (FNIS)
are computed as follows.

Z* =((0.25,0.60,1.00), (0.25,0.77,1.00), (0.25,0.68,1.00), (0.45,0.86,1.00))

Z~ =((0.00,0.19,0.70), (0.00,0.18,0.70), (0.00,0.07,0.70), (0.00,0.20,0.70))

Step 5 and 6: Calculation of di*, d;” and DD;, the results are presented in Table 7.

Table 7. Results of df, d; and DD;.

Suppliers df d; DD;
E1 1.35 2.62 0.66
E2 1.62 3.24 0.67
E3 1.22 343 0.74
E4 2.57 3.95 0.61

Step 7: The ranking of suppliers is sorted in a descending order based on the closeness coefficient
value, and the final ranking of suppliers is: E3 > E2 > E1 > E4.

4.4. Sensitivity Analysis

Sensitivity analysis determines how the variation of the criteria relative weights may affect the
final ranking of the alternatives. It is necessary when there is uncertainty in the determination of
the importance of different criteria. In the study, sensitivity analysis has been conducted through 10
experiments by varying the criteria weights in the proposed model and observing the ranking of the
alternatives. The details of experiments are presented in Table 8. For example, in experiment 2, market
acceptance aspect is preferred to be considered. As a result, there are little changes in the final ranking
of the potential suppliers. Although the ranking of the alternatives suppliers has changed when facing
different weights, supplier E3 has good performance in different situations in general. This is best
to be chosen as the best supplier. Therefore, it can be concluded that this methodology is robust and
the decision-making process is occasionally sensitive to the criteria weights. Furthermore, since the
decision-making process is sensitive to the relative weights of criteria, the number of experts, and their
professional judgment of the criteria, the decision should be made carefully.

Table 8. Results of sensitivity analysis for maintenance supplier ranking.

Experiment Description Ranking

All criteria are considered (Market,

1 Resource, and Safe production) E3>E2>FEl > E4
Preference of market aspect (50% Mar,

2 25% Res, 25% Saf) E3>El>E2>E4
Preference of resource aspect (25% Mar,

3 50% Res, 25% Saf) E3>El>E2>Ed

4 Preference of safe production aspect (25% E3>E2>El> Fd

Mar, 25% Res, 50% Saf)
Market and resource criteria are
5 considered (50% Mar, 50% Res) E3>El>Ed>E2

Market and safe production are

6 considered (50% Mar, 50% Saf) E1>E3>E2>E4
.,- Resure sd b prodution etasre g5, s 1
8 Only market (clré’z)i;oi?v[ v;lf)re considered El1>E3>E2>Fd
9 Only resourc(eli)lg)i(’g/e;1&’1{5:e :)re considered El>E2>F4>E3
10 Only safe production criteria are E3=F2 = Fl = F4

considered (100% Saf)
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5. Conclusions and Future Study

5.1. Conclusions

Safe operation of production equipment is the key to sustainable development of chemical
companies. The reasonable selection of equipment maintenance suppliers can effectively guarantee the
long-term safe operation of equipment and realize the sustainable development of the chemical
enterprises. Due to the high-risk attributes of chemical enterprises and strict requirements for
maintenance services, general supplier selection and evaluation criteria do not meet the needs of
chemical industry. In this paper, a comprehensive criteria framework is established for maintenance
supplier evaluation in the chemical industry with which safety factors and sustainable development
have also been taken into account. To be specific, based on the previous supplier evaluation criteria
and the safe production in chemical industry, the criteria is built for finding the optimal supplier with
the consideration of market acceptance, resource conditions and safe production. By using fuzzy
TOPSIS method, the effectiveness of the criteria and method is systematically verified.

(1) The chemical industry, which attaches great importance to safe production, technical
professionalism, and service standardization, is very different from general manufacturing. Therefore,
when considering a new framework with an innovation set of criteria, this paper takes the
characteristics of chemical industry into account. Aiming at security operations and sustainable
development, we set three dimensions: Market acceptance, resource conditions and safe production,
and develop supplier evaluation criteria hierarchy with 8 main criteria and 24 sub-criteria. As a
result, the new evaluation criteria of equipment maintenance suppliers are put forward for the safe
production and sustainable development for the chemical industry.

(2) Equipment maintenance suppliers mainly provide technology and services, which are different
from the general manufacturing suppliers providing products. Therefore, based on traditional supplier
selection criteria, we add new evaluation criteria and weights to evaluation, such as the market
acceptance, production safety capacity, advanced technology and equipment, operation ability of
technical personnel et al. For analyzing how the variation of the criteria relative weights may affect the
final ranking of the suppliers, we use sensitivity analysis to conclude that this methodology is robust.

(3) Supplier evaluation criteria proposed by previous studies without giving specific definitions
might not be useful in practice. Therefore, this paper gives a detailed description of each criteria,
which can help chemical companies to replace the index if necessary. For example, in petrochemical
companies, the market recognized management system is HSE management system (health, safety,
and environment management system), but they rarely used ISO 14001 management system and ISO
45001 management system. Therefore, HSE management system can be used to enhance the practical
operation of evaluation criteria.

(4) The fuzzy TOPSIS method is adopted in this study. On the one hand, it is conducive to the
evaluation of companies in fuzzy evaluation criteria. On the other hand, it can help decision makers
to determine the weight of evaluation index with actual needs and attributed to the promotion of
enterprises. In addition, suppliers can enhance competitiveness by working diligently on the areas
highlighted by the important criteria. They can also establish a strategic partnership to promote the
sustainable development on both sides.

5.2. Future Work

This paper puts forward a ground-breaking research on the selection of equipment maintenance
suppliers in chemical enterprises, which lays a solid foundation for further research. As time and
resources are limited, there are also some aspects for improvements. To be specific, the criteria proposed
in this paper may not completely applicable in every chemical company. Depends on corresponding
situations, some criteria need to be replaced according to the definitions of sub-criteria. If more
quantitative criteria can be taken into consideration in future studies by using different MCDM tools,
this can lead to further implications in other similar industries. Finally, the scientific decision of
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equipment maintenance suppliers only is the first step for the chemical companies achieving safe and
sustainable development. For further studies, in order to form strategic partnership and promote
sustainable development for all the roles in supply chain, effective management and assessment for
suppliers need to be highlighted.
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