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Abstract

Healthcare services provided by hospitals and clinics inevitably produce waste that may hazardous to the environment and
society. However, there is a lack of an effective and comprehensive evaluation framework that takes uncertainty and fuzzi-
ness into account to assess healthcare waste treatment technologies in the emerging economies. The objective of this paper
is to present a new integrated multi-criteria decision-making method based on interval-valued fuzzy DEMATEL (Decision-
Making Trial and Evaluation Laboratory) and interval-valued fuzzy TOPSIS for evaluating healthcare waste treatment
technologies in the emerging economies from a sustainability perspective. In this study, the decision makers are allowed to
determine the weights of the evaluation criteria and prioritize the alternatives using linguistic variables. The weights of the
evaluation criteria are determined by the interval-valued fuzzy DEMATEL method, and the prioritization of the alternatives
is determined by the interval-valued fuzzy TOPSIS (Technique for Order Preference by Similarity to an Ideal Solution)
method. Four alternatives for healthcare waste treatment technologies including incineration, steam sterilization, microwave
and landfill are studied, and the results show that our established method is effective to help the decision-makers to determine
the prioritization of the alternatives for healthcare waste treatment technologies.

Keywords Healthcare waste treatment technology - Multi-criteria decision-making - Interval-valued fuzzy DEMATEL -

Interval-valued fuzzy TOPSIS - Sustainability

Introduction

Due to the rapid increase of the number of the aging popula-
tion and the demand for healthcare services in the emerg-
ing economies, the amount of healthcare wastes is rising
quickly in the past few decades [1, 2]. As a result, healthcare
waste management has become a complex and challenging
problem in the emerging economies. In fact, providing an
eco-friendly and trustworthy healthcare waste management
system is one of the key issues for healthcare institutions
and communities [3]. However, healthcare waste has not
received sufficient attention in the emerging economies, and
it is still handled and disposed of together with the domestic
waste [4, 5]. In contrast, healthcare waste is classified and
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managed scientifically in developed countries. Consequently,
it poses a great risk to the environment and the public [6, 7].

The World Health Organization defines healthcare waste
as those waste generated from hospitals, medical centres,
healthcare establishments and research facilities in diagno-
sis, treatment, immunization and associated research [8, 9].
Healthcare waste can be infectious, toxic and even lethal
because of its potential for the transmission of disease [10].
If not adequately treated, poor healthcare waste manage-
ment results in adverse effects on the ecological environment
and public health [11]. Proper healthcare waste manage-
ment involves a number of activities, but healthcare waste
treatment plays a key role in healthcare waste management.
Hence, we focus on the sustainable selection of healthcare
waste treatment technologies in this paper. It is of great
importance to select the most sustainable healthcare waste
treatment technology in the emerging economies by estab-
lishing a systematic and effective evaluation method.

To select the most sustainable healthcare waste
treatment technology in the emerging economies, the
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decision-makers have to consider various criteria simulta-
neously. In the actual conditions, the evaluation criteria are
often interdependent [12, 13], there are also uncertain and
ambiguous information existing in the process of decision-
making. Moreover, this process involves multiple stake-
holders including researchers, administrators, engineers
and so on. There is no healthcare waste treatment technol-
ogy that can satisfy all evaluation criteria simultaneously,
so the sustainable selection of healthcare waste treatment
technologies requires the participation of multiple stake-
holders for a trade-off evaluation.

Plenty of mathematical methods have been applied to
study the selection problem for healthcare waste treat-
ment technologies arising from different regions around
the world. These mathematical methods include Analyti-
cal Hierarchy Process, Analytic Network Process, Data
Envelopment Analysis, fuzzy multi-criteria decision-
making method, fuzzy decision-making method with data
mining and so on [14-18]. However, to our knowledge,
the existing mathematical methods do not consider the
independent relationships among the evaluation criteria
or the uncertainties in the determination of the decision-
making matrix simultaneously. In many cases, due to the
vagueness of the judgments, it is difficult for decision-
makers to express their opinions with an exact numerical
value. In other words, it is more reasonable and scientific
for multiple stakeholders to use the linguistic variables
rather than exact numerical values. This paper aims to
establish an interval-valued fuzzy multi-criteria decision
making method based on interval-valued fuzzy DEMA-
TEL (Decision-Making Trial and Evaluation Laboratory)
and interval-valued fuzzy TOPSIS (Technique for Order
Preference by Similarity to an Ideal Solution) for sustain-
able selection of healthcare waste treatment technologies
in the emerging economies, which can overcome the limi-
tations of the existing mathematical methods. Specially,
a case study in Beijing, the capital of China, is used to
explain the computational process and potential benefits
of the proposed mathematical method.

Besides the introduction, the rest of this study is organ-
ized as follows: The mathematical model established in
this study is given in the “Methods” section. An illustra-
tive case is discussed in the “Case study” section. The dis-
cussions of this study are developed in the “Discussions”
section. Finally, the conclusions and the future research
directions are provided in “Conclusions” section.

Next, we review previous research with respect to the
healthcare waste treatment evaluation and related methods
in the sustainability performance of waste treatment tech-
nology. We also summarize the primary characteristics
and the research gaps of sustainable selection of healthcare
waste treatment technologies.
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Literature review of selection problems of waste
treatment

In this section, we first summarize the existing literature
focusing on waste disposal technologies selection and sus-
tainability performance assessment, which is helpful to
study sustainable section of healthcare waste treatment
technologies in the emerging economies.

For the selection problems of waste treatment, the
multi-criteria decision-making method is widely applied
to the selection of waste disposal technologies [19-27].
Kharat et al. [28] presented a systematic three-stage evalu-
ation framework to select an appropriate solid waste tech-
nology, and the framework is based on the fuzzy Delphi
method, fuzzy Analytic Hierarchy Process and the fuzzy
TOPSIS technique, which can make the uncertain deci-
sion-making process more objective and analytical. Cris-
tébal et al. [29] developed a 3-stage methodology which
capitalizes on Data Envelopment Analysis (DEA), Life
Cycle Assessment (LCA) and the mathematical program-
ming. The developed methodology is applied to the assess-
ment and retrofit of a number of technological options
for food waste management. Vucijak et al. [30] presented
a multi-criteria decision-making tool for the purpose of
selecting the best municipal solid waste management sce-
nario among six different alternatives. Arikan et al. [31]
and Wang et al. [32] presented a new fuzzy multi-criteria
decision-making method to select the best waste disposal
technology.

Over the past decade, sustainability and environment
issue of waste management have aroused wide concern
around the world. We should put much attention on sus-
tainability and environment performances when selecting
an appropriate waste treatment technology. Life Cycle
Assessment (LCA) is the most common method that is
applied to evaluate sustainability and environment per-
formance of waste management [33]. Lijo et al. [34] com-
pared the environmental performance and sustainability
of different management options for livestock waste using
Analytic Hierarchy Process (AHP) and Life Cycle Assess-
ment (LCA). Havukainen et al. [35] and Liu et al. [36]
studied environmental performance evaluation of different
Chinese waste management scenarios using LCA method.
Sustainability performance of waste treatment technolo-
gies using LCA method is elaborated in Zhou et al. [37]
and Chen et al. [38].

Literature review of healthcare waste management

Due to the fuzziness and ambiguity of the evaluation crite-
ria, the majority of the existing literature adopts the fuzzy
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method to study the selection of healthcare waste treatment
technologies. Dursun et al. [39] presented a multi-criteria
decision-making technique for evaluating healthcare waste
treatment alternatives based on multi-level hierarchical
structure and fuzzy logic. Karsak et al. [40] established a
fuzzy multi-criteria group decision-making framework
based on the principles of fuzzy measure and fuzzy inte-
gral for evaluating healthcare waste treatment alternatives
for Istanbul. Liu et al. [41] developed a new MCDM tech-
nique based on fuzzy set theory and VIKOR method for
evaluating HCW disposal methods. Shan et al. [42] proposed
an interval 2-tuple linguistic MULTIMOORA method for
selecting healthcare waste treatment technologies. Espe-
cially, both subjective and objective importance coefficients
of the evaluation criteria are analyzed in the developed
method. You et al. [43] proposed a novel hybrid multi-
criteria decision-making model by integrating the 2-tuple
DEMATEL technique and fuzzy MULTIMOORA method
for selection of HCW treatment alternatives. Shi et al. [44]
developed an integrated decision-making framework based
on cloud model and MABAC method for selecting the best
HCW treatment technology from a multiple stakeholder
perspective.

With the development of information technology and the
increase of data amount, some new methods based on data
mining are gradually being applied to the field of healthcare
waste management. To generate predictions and classify
previously unseen data, Csorba and Créciun [45] applied
the decision tree algorithm in a sustainable medical waste
management process. Baghapour et al. [46] presented a
quantitative software-based index to assess the healthcare
waste process performance by integrating ontology-based
multi-criteria group decision-making technique and data
mining. Xiao [47] proposed a novel decision-making model
based on D numbers to assess health-care waste treatment
technologies.

As it is known to all, sustainability of the healthcare waste
treatment technology is fundamental to the environment and
society, but it did not get much attention. Up to now, there is
little literature studying on sustainability of healthcare waste
treatment technology. Hong et al. [48] used a cost-coupled
life cycle assessment to quantify the environmental and eco-
nomic impacts of three medical waste disposal scenarios.
Cesaro and Belgiorno [49] studied the sustainability of med-
ical waste management system in different sized healthcare
facilities by establishing hospital operational parameters and
discussing medical waste pollution data.

Summary
At present, people are becoming aware of the importance

of sustainable municipal solid waste, electronic waste, food
waste and wastewater treatment technologies, but little

attention has been paid to the sustainability of healthcare
waste treatment technologies in emerging economies in the
existing literature. In this paper, we aim to study sustain-
able selection of healthcare waste treatment technologies
in the emerging economies by establishing a mathemati-
cal method. Furthermore, to our knowledge, the existing
mathematical methods do not consider the independent
relationships among the evaluation criteria or the uncer-
tainties in the determination of the decision-making matrix
simultaneously.

To fill the above-mentioned research gaps, we establish
an interval-valued fuzzy decision-making method to study
sustainable selection of healthcare waste treatment technolo-
gies, and our research has the following three features: (1)
there is mounting concern about how to support decision-
makers in driving sustainable healthcare waste management,
we study selection of healthcare waste treatment technolo-
gies from a sustainability perspective; (2) we establish an
interval-valued fuzzy DEMATEL method to analyse the
independent relationships when determining the weights
of the evaluation criteria; (3) we present an interval-valued
fuzzy TOPSIS method to address uncertainty and ambiguity
in the decision making process, and the preference of mul-
tiple stakeholders is taken into account in the method. An
explanatory case including four alternatives for healthcare
waste treatment technologies is studied by the established
method. The results of the case study show that the most sus-
tainable healthcare waste treatment technology among these
four alternatives is steam sterilization, followed by micro-
wave, incineration, and landfill in the descending order.

Methods

The interval-valued fuzzy set theory is widely applied in
many fields due to its capability of handling uncertainties
[50]. The traditional fuzzy set theory allows the decision-
makers to represent the uncertainty using a crisp value [51],
while the interval-valued fuzzy set theory allows the deci-
sion-makers to represent the uncertainty using an interval
number, so the interval-valued fuzzy set theory is superior
to the traditional fuzzy set theory in accuracy. The applica-
tion of the interval-valued fuzzy numbers allows the deci-
sion-makers to define the lower and upper bounds values
as an interval for matrix’s elements and weights of criteria
[52]. Therefore, in this paper, we develop a multi-criteria
decision-making method based on the interval-valued fuzzy
set theory to study sustainable selection of healthcare waste
treatment technologies in the emerging economies. The
flowchart of the method can be seen in Fig. 1.

We first introduce the basic concept and arithmetic
operations of the interval-valued fuzzy set theory. Next,
we develop an interval-valued fuzzy DEMATEL method
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Fig. 1 The flowchart of the
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to determine the weights of the evaluation criteria, and the
independent relationships among the evaluation criteria are
incorporated into the developed method. Finally, we estab-
lish an interval-valued fuzzy TOPSIS method to rank the
alternatives for healthcare waste treatment technologies.

The basic introduction of the interval-valued fuzzy
set theory

The interval-valued fuzzy set theory was first intro-
duced in the 1980 s, suppose a = [(al,a’l);az;(ag,%)]
and d=[(d,.d)):d,;(d},dy)] are two interval-val-
ued fuzzy numbers (as illustrated in Fig. 2), and
p is a positive crisp number. Note that in Fig. 2,
aij = a],af = a’l,alz“ = ag = a2,a§ = ag,agj = a,. The defi-
nition of the interval-valued fuzzy set and the arithmetic
operations of the interval-valued fuzzy numbers are pre-

sented in “Appendix”.
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The interval-valued fuzzy DEMATEL method
to determine the weights

We establish an interval-valued fuzzy DEMATEL method to
determine the weights of the evaluation criteria for sustain-
able selection of healthcare waste treatment technologies in
the emerging economies. The Decision-Making Trial and
Evaluation Laboratory (DEMATEL) was first introduced in
1987 [54]. The DEMATEL method is used to analyze and
visualize the structure of complex systems, and the proposed
method combines DEMATEL with the interval-valued fuzzy
set theory, which has the ability to deal with interdepend-
ence among the evaluation criteria and offer a better repre-
sentation of uncertainty. The steps of the interval-valued
fuzzy DEMATEL method are described as follows:

Step 1 Design the pairwise factor influence assessment
scale. The proposed pairwise influence assessment scale
(Table 1) include six levels: “No influence”, “Very low
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Table 1 Linguistic terms for the pairwise factor influence assessment
(32]

Linguistic terms Interval-valued fuzzy numbers

No influence (N)
Very low influence (VL)

[(0, 0); 05 (0, 0)]

[(1.0, 1.5); 2.0; (2.5, 3.0)]
[(2.0, 2.5); 3.0; (3.5, 4.0)]
[(3.0, 3.5); 4.0; (4.5, 5.0)]
[(4.0, 4.5); 5.0; (5.5, 6.0)]
[(5.0, 5.5); 6.0; (6.5, 7.0)]

Low influence (L)
Medium influence (M)
High influence (H)

Very high influence (VH)

influence”, “Low influence”, “Medium influence”, “High
influence”, “Very High influence”, respectively. Each

[ 311 @12 1

Q _ 6]:21 q:22 qzzn

_in qnl an
(0,0);0:(0,0)

/3

13 /3

interval-valued fuzzy number corresponds to a linguistic
term. For example, if the decision-maker think the relative
influence level between a pair of factors is “High influence”,
then denoted by [(4.0,4.5);5.0;(5.5, 6.0)].

Step 2 Develop the initial direct-relation matrix 0. We
suppose that there are n criteria to be taken into account
in the system. The decision makers are asked to assess the
direct influence level between each pair of facors using an
interval-valued fuzzy number. g;; is an interval-valued fuzzy
number, which refers to the influence of the i-th criteria on
the j-th criteria determined by the decision-maker. The
initial direct-relation matrix Q can form a n X n matrix, as
showed in Eq. (1).

ey

3

1 1y.,.2 . 3 3 1 1y.,2 . 3
1 ) ) 3 3 (Q}z?q;%)’q%29(q}%vq%2) i (q%n’LI:lln),q%n,(q}Sn’q%n)
(qm,qz]);qgl;(qz],qn) (qzz,qzz);q_zz;(qn,qzz) (qz,l,qz,,);q?n;(qz",qz”)
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Step 3 Normalize the initial direct-relation matrix. Let
P be the normalized direct-relation matrix, which could be
obtained by Egs. (2)-(4).

T — ot 1y 2003 3
p_pﬂm_k%wpﬂag¢ﬂmn @)

py = 43, = Al aDiaa )| = [l g aq)]
3)

1= 1
- no 3 4
maXlgiSn Zj:] ql] ( )
Step 4 Calculate the total relation matrix. Let 7 = (7] xn
be the total relation matrix that expresses both direct and
indirect effects. With the increase of the powers of the total
relation matrix 7, the indirect effects will continuously
decrease, and T, approaches to zero, which guarantees con-
vergent solutions to the matrix inversion [32], the total rela-
tion matrix 7 could be expressed as follows:

where I refers to the identity matrix.
/1 73 3
[(t” t )t (7, 1)) ©

tL ¢l 2,13 and t3 could be obtained by Egs. (7)—(16).

[/ T k]

Py = [l ™
Pl = 19 L (8)
Py = [Pyl ©)
Py = [ e (10)
P3 = [Pl an
T' = [t]]xn = P1 = P! (12)
"= 1) = LU= P 13
T? =[], = Py = P)”! (14)
P = [ i = Py~ PY)! (15)

T = (1] = P3(I = P3)™! (16)
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Step 5 Analyze the cause-effect relationship value. 7
refers to the total influence that the i-th criteria exerts to the
rest of the criteria, while ¢ ¢ refers to the total influence that
the j-th criteria affected by the rest of the criteria.

n
- - 1
= 0=,
=

)] (17)

&= )= [(c},cjl);cf;(cf;cf ] (18)

i=1

If i=j, 7; + ¢; refers to the prominence value, which repre-
sents the relatlve importance of the jth criteria, while 7, — ¢;
refers to the reason value, which represents the net effect of
the jth criteria.

/3 3+c3)]

19)

i+ = [(r +c r +c’1)r +c (r

a3 52
e (GRARRE

iy — AP =P - c!)]

] J J
(20)

The defuzzied form of ?j + Ej and ?j - Ej can be deter-

mined by Egs. (21) and (22).

(rj1 +c} +r]{] +C;')+2(r].2+cj2)+(r’3+c’3 r3+c)

ntG=

6
@n
. [} =)+ =D+ 2(rj26— D+ =+ =]
(22)

Step 6 Determine the weights of the criteria. The cause-
effect relationship value can be used to determine the
weights of the criteria. The normalized weights represent
the relative importance of these criteria, then the weights
can be determined.

;= 05+ 60 + (=) (23)

W—W

Zw (24)

The interval-valued fuzzy TOPSIS method to rank
the alternatives

We establish an interval-valued fuzzy TOPSIS method to
rate the alternatives for sustainable selection of healthcare
waste treatment technologies in the emerging economies.
Assuming that there are m (i=1, 2, ..., m) alternatives of
healthcare waste treatment technologies to be assessed by
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Table 2 Linguistic variables for prioritizing the alternatives [55] [ | . 5
/
X! X5
Linguistic variables Interval-valued fuzzy numbers 3, = v Yy v .
lj 9 b
3 3 3

Very poor (VP) [0, 0); 0; (1.0, 1.5)] fmax { y} mei{xz} max; { u}

Poor (P) [(0, 0.5); 1.0; (2.5, 3.5)] 2 7

Moderately poor (MP) [(0, 1.5); 3.0; (4.5, 5.9)] ;3 2

Fair (F) [(2.5,3.5); 5.05 (6.5, 7.5)] 0 B

Moderately good (MG) [(4.5.5.5); 7.0; (8.0, 9.5)] max {xu} ma"i{ } @7

Good (G) [(5.5,7.5);9.05 (9.5, 10.0)]

Very good (VG) [(8.5,9.5); 10.0; (10.0, 10.0)] Step 4 Establish the weighted decision-making matrix V.
By considering the corresponding weights of each evalua-
tion criteria, the weighted interval-valued fuzzy decision-

n(j=1, 2, ..., n) metrics. The steps of the interval-valued ~ making matrix V can be determined.

fuzzy TOPSIS method are described as follows:

Step 1 Design the linguistic variable scale that is used to
prioritize the alternatives of healthcare waste treatment tech-
nologies with respect to the evaluation criteria. The scale
(Table 2) include seven levels: “Very poor”, “Poor”, “Mod-
erately poor”, “Fair”, “Moderately good”, “Good”, “Very
good”, respectively. Each interval-valued fuzzy number cor-
responds to a linguistic term. For example, if the decision
maker think the linguistic variable is “Good”, then denoted
by [(5.5,7.5);9.05(9.5, 10.0)].

Step 2 Develop the initial decision-making matrix X. The
element of initial interval-valued fuzzy decision-making
matrix X is determined by the decision-maker. According
to the evaluation criteria, the decision-maker express his
opinion on the alternatives of healthcare waste treatment
technologies using the linguistic variables. Then the sustain-
ability performance of the alternatives can be determined.
The initial decision-making matrix X can form a m x n
matrix, as showed in Eq. (25).

Xy Xy oo Xy,
g = | f2r X2t Ao
_)~Cm1 Xml xmn
- I 1
(xn,x )xn’(xn’ 11) (x12’x )x12’(x12’ 12) (x}
_ (), %) )le’(xzw 21) (0 X%, )xzz’(xzz’ 22) (2, X
1 1 . /3 1
_()le, ml)xml’(xml’ ml) (xm2’xm2)’xm2’(x 2° m2) (X

5 ToING 203 )3y = 5 3
V" - [(V“v V. )’vij’(v[[ ’vij) - Wj g[/ [(g,, g ) g,j (g g,/)

—[(Wg,W 815wy 83 (w; 872, ,g,,)]

(28)
Then, the ideal solution A* can be defined as:
= [(1, 1):;1;(1, D] (29)
The negative ideal solution A~ can be defined as:
~ =1(0,0);0;(0,0)] (30

Step 5 Calculate the Euclidean distance. The Euclidean
distance of each alternative from the ideal alternative in
the form of interval-valued fuzzy set can be expressed by
Egs. (31) and (32).

n
D;'i = z\/%[<v:jl -
J=1

_ 1)2+ <v3— 1) ] 31)

2
1) + (v?
ij

x x
3

)x2n (x2n x2n

/1 2 3
mn’xmn) mn( mn’ mn)

Step 3 Normalize the initial decision-making matrix. The
elements in the interval-valued fuzzy decision-making matrix
X are used to rank the alternatives of healthcare waste treatment
technologies, and the normalized interval-valued fuzzy deci-
sion-making matrix G can be obtained by Egs. (26) and (27).

&u 812 8
gml gml gmn

=§\/§[<v;j_1)2+(V;_l)Z(v;_])z] @)

The Euclidean distance of each alternative from the nega-
tive ideal alternative in the form of interval-valued fuzzy set
can be expressed by Eqs. (33) and (34).

D; = g \/% [(V,'-jl - 0)2 + (vj - 0)2 + <v3 - 0)2] (33)
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D; = Z‘{ \/% [(@i - 0)2 +(v2- 0)2 (- 0>2] (34)

Step 6 Determine the final relative closeness. The initial
relative closeness can be determined as follows:

D; D;

RC; = —1— RCp=—"2—, i=12..,m 0<RC<I
D[l +D D[2+Di2

(35)

il
The final relative closeness RC;‘ to the ideal alternative
can be defined as follows:

RC’ =RC;; +RC,, i=1,2,....m (36)

Case study

In this section, we conduct an empirical case study in Bei-
jing. Beijing is a representative city in the emerging econo-
mies, with a population of over 21 million dispersed in 16
different districts. The purpose of the case study is to illus-
trate the developed interval-valued fuzzy decision-making
method for sustainable selection of healthcare waste treat-
ment technologies in the emerging economies. Through
literature review and expert interview in Beijing, we dis-
cussed the problem of sustainable selection encountered
in healthcare waste management. Then four representative
alternatives for healthcare waste treatment technologies are
studied, and they are incineration (A,), steam sterilization
(A,), landfill (A;) and microwave (4,).

For incineration (A,), the bottom ash is clean and the
heat from combustion can be used to generate electricity
[6], but it also consumes plenty of resources. For steam
sterilization (A,), many researchers in the healthcare waste
treatment industry think that it is a promising and environ-
mentally friendly technology. For landfill (4,), it is an eco-
nomic alternative but has adverse effect on environmental
sustainability and public health. For microwave (4,), it has
better performance in heating speed, automatic control and
energy saving.

The sustainable selection of healthcare waste treatment
technologies in the emerging economies is a complex multi-
criteria decision—-making problem. In this paper, five cri-
teria including economic sustainability (C,), environmen-
tal sustainability (C,), social sustainability (C5), technical
sustainability (C,) and resource sustainability (Cs) are used
to evaluate the alternatives. The data of the initial direct-
influenced matrix (Table 3) and the initial decision-making
matrix (Table 5) are determined by the expert team using
Delphi method. The Beijing municipal government began
to pay attention to healthcare waste management from
2018. To promote the sustainable selection of healthcare

@ Springer

Table 3 The initial direct-influenced matrix determined by the deci-
sion-maker using Delphi method

Evaluation criterias C, C, ¢ C Cs
Economic sustainability (C,) N N M N N
Environmental sustainability (C,) VL N H N VL
Social sustainability (C;) N N N N M
Technical sustainability (C,) H VH M N L
Resource sustainability (Cs) N N M N N

Table 4 The cause-effect relationship value and the criteria weights

C, C, G C, Cs
ritc; 2.191 3.338 7.451 6.803 6.314
r=c; 0.197 1.984 —5.061 6.803 -3.924
Type Cause Cause Effect Cause Effect
w; 0.068 0.121 0.281 0.299 0.231

J

waste treatment technologies, an academic committee was
established in Beijing. The academic committee is made up
of five authoritative experts focusing on healthcare waste
management and healthcare waste treatment technology,
and data in this study was obtained from five experts of
the academic committee. The expert team consist of two
researchers, one administrator and two engineers in Beijing.
The two researchers have been studying healthcare waste
management for 10 years, the one administrator has been
working on policy making of healthcare waste treatment for
the last 7 years, and the two engineers have been engaged in
technology development of healthcare waste treatment for
12 years. The experts are allowed to use the interval-valued
fuzzy numbers to express their opinions on the dependent
relationship between each pair of criteria and the prioritiza-
tion with respect to each criteria. First, each expert gives
his opinion using the interval-valued fuzzy numbers sepa-
rately, then the expert team meets to make a final decision.
Finally, the consistent opinions on the relationship between
each pair of criteria and the prioritization with respect to
each criteria among the experts can be obtained and listed
in Tables 3 and 5.

In this paper, we develop an interval-valued fuzzy deci-
sion-making method to study the sustainable selection
of healthcare waste treatment technologies in the emerg-
ing economies. The interval-valued fuzzy DEMATEL
method is first used to analyze the independent relation-
ships among the five evaluation criteria and determine the
weights. First, the initial direct-relation matrix for the five
evaluation criteria is shown in Table 3. Accordingly, the
form of the interval-valued fuzzy numbers of the initial
direct-influenced matrix Q = [;]s5xs is shown in Table 7.
Next, the form of the interval-valued fuzzy numbers
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Table 5 The initial decision-
making matrix determined by

C, (economic

C, (environmen-  Cj (social C, (technical ~ Cj (resource

> . . sustainability) tal sustainability) sustainabil-  sustainability) sustainabil-
the decision-maker using Delphi . :
ity) ity)

method

A, (incineration) MP VP F VG P

A, (steam sterilization) G F VG G VG

A; (landfill) P MG P F MG

A, (microwave) MG G G P F
Table 6 The Euclidean distance and the final relative closeness Discussions

D; Dl; D} D RC;}
A, (incineration) 4491 4538 0.861 0488 0.231
A, (steam sterilization) 4.110 4.199 0.896 0.849 0.347
Aj; (landfill) 4503 4574 0.692 0453 0.224
A, (microwave) 4420 4494 0614 0545 0.269

of the normalized direct-relation matrix P = [Djlsxs 1s
obtained by Eqs. (2)—(4) and shown in Table 8. Third,
the total relation matrix 7 = [7;]5xs for the five evaluation
criteria is calculated by Eqgs. (3)-(16) and presented in
Table 9. Then, the cause-effect relationship value can be
obtained by Eqgs. (17)-(22) and shown in Table 4. Finally,
using Eqgs. (23) and (24), we can determine the weights of
the five evaluation criteria, and the result of the weights
is presented in Table 4. The weights of the five evalua-
tion criteria are 0.068, 0.121, 0.281, 0.299, and 0.231,
respectively.

After calculating the weights for the five evaluation cri-
teria using the interval-valued fuzzy DEMATEL method,
we further establish an interval-valued fuzzy TOPSIS
method to determine the prioritization of the alternatives
for the healthcare waste treatment technologies. Firstly,
the initial decision-making matrix for the alternatives is
shown in Table 5. Accordingly, the form of the inter-
val-valued fuzzy numbers of the initial decision-making
matrix X= [X;]4xs 1s shown in Table 11. Next, the form of
the interval-valued fuzzy numbers of the normalized deci-
sion-making matrix G= [g;],s is obtained by Egs. (26)
and (27) and shown in Table 12. Third, the form of the
interval-valued fuzzy numbers of the weighted decision-
making matrix V = [V;]4xs is obtained by Egs. (28)—(30)
and shown in Table 13. Fourth, the Euclidean distance
can be calculated by Eqgs. (31)—(34) and shown in Table 6.
Finally, the final relative closeness can be determined by
Eqgs. (35) and (36) and shown in Table 6. Note that the
greater the value of the final relative closeness, the bet-
ter the corresponding alternative will be. Therefore, the
descending order of the alternatives is steam sterilization
(A,), microwave (A,), incineration (A,) and landfill (A5).

First, the results of the the interval-valued fuzzy DEMA-
TEL (see Table 4) show that technical sustainability (C,) is
the most important criteria with the weight of 0.299, social
sustainability (C;) is the second with the weight of 0.281,
while economic sustainability (C)) is the least important cri-
teria with the weight of 0.068. These findings reveal that the
dimension of technical sustainability (C,) and social sustain-
ability (C5) should be given much attention when selecting
the most sustainable healthcare waste treatment technology.
Further, the interval-valued fuzzy DEMATEL method can
also be used to analyze the independent relationships among
the five evaluation criteria. It shows that technical sustain-
ability (C,) and environmental sustainability (C,) have more
influence over the other factors, which means that they can
be regarded as the critical factors for assessing and improv-
ing the alternatives.

Next, steam sterilization (A,) is regarded as the best
healthcare waste treatment technology among the four alter-
natives from a sustainability perspective, followed by micro-
wave (A,), incineration (A,), and landfill (4;) in the descend-
ing order. Among the four alternatives, steam sterilization
(A,) has the best social sustainability, the greatest resource
sustainability and high economic sustainability, environmen-
tal sustainability and technical sustainability based on the
opinion of the experts. The managerial implications of steam
sterilization are presented as follows: (1) steam steriliza-
tion has better performance on environmental sustainability,
social sustainability and resource sustainability with lower
operation cost. The emerging economies is comprised of dif-
ferent developing countries, so steam sterilization is a better
alternative in the emerging economies. (2) Steam steriliza-
tion can beautify the environment and improve the air qual-
ity, because it can not only dispose healthcare waste thor-
oughly but also only create a minor negative environment
impact. (3) China has mature technology and rich experience
on steam sterilization, then China could provide the support
of the development and promotion of steam sterilization to
the other developing countries in the emerging economies.

The results of the developed interval-valued fuzzy deci-
sion-making method is comparable to the research of Dursun
et al. [40]. Both of the two studies analyze the selection
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of healthcare waste treatment technologies, but traditional
fuzzy set theory was applied to describe the opinion of the
decision-maker using a crisp fuzzy number in the work of
Dursun et al. [40], while we use the interval-valued fuzzy
number to describe the opinion of the decision-maker
in this paper. The traditional fuzzy set theory allows the
decision-makers to represent the uncertainty using a crisp
value, while the interval-valued fuzzy set theory allows the
decision-makers to represent the uncertainty using an inter-
val number. The application of the interval-valued fuzzy
numbers allows the decision-makers to define the lower and
upper bounds values as an interval for matrix’s elements, so
the interval-valued fuzzy set theory is superior to the tradi-
tional fuzzy set theory in accuracy. The developed interval-
valued fuzzy decision-making method not only analyzes the
independent relationships among the evaluation criteria but
also takes into account the uncertainty and fuzziness in the
process of the sustainable selection of healthcare waste treat-
ment technologies in the emerging economies.

Conclusions

Due to the rapid increase in the number of the aging popula-
tion and the demand for healthcare services in the emerging
economies, healthcare waste management is becoming a
complex problem. In this paper, we establish an interval-
valued fuzzy decision-making method to study the sustain-
able selection of healthcare waste treatment technologies in
the emerging economies. The decision-maker is allowed to
describe his opinions using the interval-valued fuzzy num-
bers, the interval-valued fuzzy DEMATEL method is used
to deal with independent relationships among the evaluation
criteria when determining the weights, and interval-valued
fuzzy TOPSIS method is used to rank the alternatives for
the healthcare waste treatment technologies in the emerging
economies taking into account the uncertainty and fuzziness
in the process of decision making.

A case study conducted in Beijing, China is used to illus-
trate the application of the developed interval-valued fuzzy
decision-making method. Steam sterilization (A,) is regarded
as the best healthcare waste treatment technology among the
four alternatives from a sustainability perspective, followed
by microwave (A,), incineration (A4,), and landfill (A;) in the
descending order. The priority order of the four healthcare
waste treatment technologies agrees almost completely with
that determined by some of the previous research works. It
is proved that the developed interval-valued fuzzy decision-
making method is effective to select the best alternative for
healthcare waste treatment technologies in the emerging
economies from a sustainability perspective.

In future research, the following directions are suggested.
First, an integrated model based on fuzzy multi-criteria

@ Springer

decision-making method, partially observable Markov deci-
sion process and life cycle assessment method should be
developed to study selection of the healthcare waste treat-
ment technologies from a dynamic and whole cycle per-
spective. Next, due to the rapid development of information
technology, Artificial Intelligence (AI) could be applied to
the selection of healthcare waste treatment technologies,
which can facilitate the man—machine interaction and help
the decision-maker to evaluate the healthcare waste treat-
ment technology dynamically.
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Appendix

The definition of the interval-valued fuzzy set are as follows
[53]:

A= {x, [u§<x>,ug(x)] },x € (00, +00),

ML), pf (%) 1 (=00, +00) = [0, 1] 37)

130 = [k, w000 b0 < WY@, V€ (—o0,4+00)
(38)

where ,ug refers to the lower limit of the membership degree,
uY refers to the upper limit of the membership degree, and
A is the interval-valued fuzzy number.

The arithmetic operations of the interval-valued fuzzy
numbers are as follows:

(1) Addition of two interval-valued fuzzy numbers:

a+d = |(a),d))a,:(d}, a3)| X [(dy. d)):dyi(d}, d3)

39
= [(al +dy,d) +d)a, + dz;(ag +d,a; + d3)] (39

(2) Subtraction of two interval-valued fuzzy numbers:

a—d=[(a,d);a,3d5, @) = [(dy,d' 1) dy 3(d' 5, d3)]
= [, —ds.d' | —d'3)iay—dyi(d'y—d' a3 — d)))
(40)

(3) Multiplication of two interval-valued fuzzy numbers:

axd=|(a,,d))a(d}, a3)] x [(d,,d)):dy:(d}, d3)]

41
= [(aldl,a;d;);azdz;(agd;, a3d3)] ( )

(4) Multiplication between a positive crisp number and
an interval-valued fuzzy number:
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B -a=px(ay,a))ar(a5, a3)] = [(Bay, fd));fay; (B, fas)]
(42)

(5) Division of two interval-valued fuzzy numbers:
a+d = (ay,d))say(d}, a3)| + [(d), d))idyi(ds, d3)]

43
= [ /dy, @ Jdsa di(ada )]
(6) Reciprocal of two interval-valued fuzzy numbers [12]:

@' = [(al,a'l);az;(a;,%)]_l = |(1/as,1/dy);1/ay:(1/d), 1/a,)]
(44)

(7) Exponentiation of two interval-valued fuzzy numbers
[12]:
@" = [(ay. a}); ay; (d,a3)]"

= [((@)", @)"); (@) (@), (a3)")] (45)

(8) Defuzzification of the interval-valued fuzzy number
[32]:
ay +d, +2a, +d +a,

6

fla = (46)

See Tables 7, 8,9, 10, 11, 12 and 13.

Table 7 The form of the interval-valued fuzzy numbers of the initial direct-influenced matrix

G G G

G,

Cs

C, [(0, 0); 05 (0, 0)] [(0, 0); 05 (0, 0)] [(3.0,3.5); 4.0; (4.5, 5.0)]

[(0, 0); 0; (0, 0)

[(0, 0); 0; (0, 0)]

C,  [(1.0,1.5);2.0; (2.5, 3.0)]
G [(0, 0); 05 (0, 0)]
C,  [(4.0,4.5);5.0;(5.5,6.0)]

[(0, 0); 0; (0, 0)]
[(0, 0); 0; (0, 0)]
[(5.0, 5.5); 6.0; (6.5, 7.0)]

[(4.0, 4.5); 5.0; (5.5, 6.0)]
[(0, 0); 0; (0, 0)]
[(3.0, 3.5); 4.0; (4.5, 5.0)]

[0, 0); 0; (0, 0)]  [(1.0, 1.5); 2.0; (2.5, 3.0)]
[(3.0, 3.5); 4.0; (4.5, 5.0)]

[0, 0); 0; (0, 0)]  [(2.0, 2.5); 3.0; (3.5, 4.0)]

[(0, 0); 0; (0, 0)]

[(0, 0); 0; (0, 0)]

[(3.0, 3.5); 4.0; (4.5, 5.0)]

]
]
[(0, 0); 0; (0, 0)]
]
]

[(0, 0); 0; (0, 0)

[(0, 0); 0; (0, 0)]

Table 8 The form of the interval-valued fuzzy numbers of the normalized direct-influenced matrix

c,

Cs

[(0.413, 0.482); 0.551;
(0.620, 0.689)]
[(0.551, 0.620); 0.689;
(0.758, 0.826)]
[(0.000, 0.000); 0.000;
(0.000, 0.000)]
[(0.413, 0.482); 0.551;
(0.620, 0.689)]

G G G

C,  [(0.000, 0.000); 0.000; [(0.000, 0.000); 0.000;

(0.000, 0.000)] (0.000, 0.000)]
C, [(0.138,0.207); 0.275; [(0.000, 0.000); 0.000;

(0.344, 0.413)] (0.000, 0.000)]
C,  [(0.000, 0.000); 0.000; [(0.000, 0.000); 0.000;

(0.000, 0.000)] (0.000, 0.000)]
C, [(0.551,0.620); 0.689; [(0.689, 0.758); 0.826;

(0.758, 0.826)] (0.895, 0.964)]
Cs  [(0.000, 0.000); 0.000; [(0.000, 0.000); 0.000;

(0.000, 0.000)]

(0.000, 0.000)]

[(0.413, 0.482); 0.551;
(0.620, 0.689)]

[(0.000, 0.000); 0.000;
(0.000, 0.000)]
[(0.000, 0.000); 0.000;
(0.000, 0.000)]
[(0.000, 0.000); 0.000;
(0.000, 0.000)]
[(0.000, 0.000); 0.000;
(0.000, 0.000)]
[(0.000, 0.000); 0.000;
(0.000, 0.000)]

[(0.000, 0.000); 0.000;
(0.000, 0.000)]
[(0.138, 2.207); 0.275;
(0.344, 0.413)]
[(0.413, 0.482); 0.551;
(0.620, 0.689)]
[(0.275, 0.344); 0.413;
(0.482, 0.551)]
[(0.000, 0.000); 0.000;
(0.000, 0.000)]

Table 9 The form of the interval-valued fuzzy numbers of the total relation matrix

c,

Cs

[(0.498, 0.628); 0.791;
(0.380, 1.312)]
[(0.802, 1.068); 1.424;
(0.830, 2.656)]
[(0.206, 0.303); 0.436;
(0.484, 0.904)]
[(1.462, 2.042); 2.840;
(2.900, 5.679)]

G G G

C,  [(0.000, 0.000); 0.000; [(0.000, 0.000); 0.000;

(0.000, 0.000)] (0.000, 0.000)]
C, [(0.138,0.207); 0.275; [(0.000, 0.000); 0.000;

(0.000, 0.413)] (0.000, 0.000)]
C;  [(0.000, 0.000); 0.000; [(0.000, 0.000); 0.000;

(0.000, 0.000)] (0.000, 0.000)]
C, [(0.646,0.777); 0.916; [(0.689, 0.758); 0.826;

(0.189, 1.224)] (0.000, 0.964)]
Cs  [(0.000, 0.000); 0.000; [(0.000, 0.000); 0.000;

(0.000, 0.000)]

(0.000, 0.000)]

[(0.498, 0.628); 0.791;
(0.380, 1.312)]

[(0.000, 0.000); 0.000;
(0.000, 0.000)]
[(0.000, 0.000); 0.000;
(0.000, 0.000)]
[(0.000, 0.000); 0.000;
(0.000, 0.000)]
[(0.000, 0.000); 0.000;
(0.000, 0.000)]
[(0.000, 0.000); 0.000;
(0.000, 0.000)]

[(0.206, 0.303); 0.436;
(0.484, 0.904)]
[(0.469, 0.722); 1.060;
(0.899, 2.243)]
[(0.498, 0.628); 0.791;
(0.380, 1.312)]
[(0.974, 1.485); 2.205;
(2.593, 4.862)]
[(0.206, 0.303); 0.436;
(0.484, 0.904)]
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Table 10 The form of the interval-valued fuzzy numbers of the cause-effect relationship

7.

i

<

5+ ¢

=6

¢

[(0.704, 0.931); 1.227; (0.864,

2.216)]

[(1.409, 1.997); 2.759; (1.729,

5.312)]

[(0.704, 0.931); 1.227; (0.864,

2.216)]

[(3.771, 5.062); 6.787; (5.682,

12.729)]

[(0.704, 0.931); 1.227; (0.964,

2.216)]

1.637)]

0.964)]

11.863)]

0.000)]

10.225)]

[(0.784, 0.984); 1.191; (0.189,

[(0.689, 0.758); 0.826; (0.000,

[(3.466, 4.669); 6.282; (4.974,

[(0.000, 0.000); 0.000; (0.000,

[(2.353, 3.441); 4.928; (4.840,

3.853)]

6.276)]

14.079)]

12.729)]

12.441)]

[(1.488, 1.915); 2.418; (1.053,

[(2.098, 2.755); 3.585; (1.729,

[(4.170, 5.600); 7.509; (5.838,

[(3.771, 5.062); 6.787; (5.682,

[(3.057, 4.372); 6.155; (5.704,

[ 0.933, 0.742); 0.030; (— 0.120,
1.432)]

[(0.445, 1.997); 1.933; (0.971,
4.623)]

[(— 11.159, — 4.043); — 5.055;

(—3.805, — 1.250)]

[(3.771, 5.062); 6.787; (5.682,

12.729)]

[(=9.521, — 3.909); — 3.701;

(=2.577,-0.137)]

Table 11 The form of the interval-valued fuzzy numbers of the initial decision-making matrix

¢

G

cs

c,

Cs

A
4y

Az
Ay

[0, 1.5); 3.0; (4.5, 5.5)]

[(5.5,7.5);9.0; (9.5,
10.0)]

[(0, 0.5); 1.05 (2.5, 3.5)]

[(4.5,5.5); 7.0; (8.0, 9.5)]

[(0, 0); 05 (1.0, 1.5)]

[(2.5,3.5); 5.0; (6.5, 7.5)]

[(4.5,5.5); 7.0; (8.0, 9.5)]

[(5.5,7.5);9.0; (9.5,
10.0)]

[(2.5,3.5); 5.0; (6.5, 7.5)]

[(8.5,9.5); 10.0; (10.0,
10.0)]

[(0, 0.5); 1.05 (2.5, 3.5)]

[(5.5,7.5);9.0; (9.5,
10.0)]

(8.5, 9.5); 10.0; (10.0,

10.0)]

[(5.5,7.5); 9.0; (9.5,

10.0)]

[(2.5,3.5); 5.0 (6.5, 7.5)]
[(0, 0.5); 1.05 (2.5, 3.5)]

[0, 0.5); 1.0; (2.5, 3.5)]

[(8.5,9.5); 10.0; (10.0,
10.0)]

[(4.5,5.5); 7.0; (8.0, 9.5)]
[(2.5,3.5);5.0; (6.5, 7.5)]

Table 12 The form of the interval-valued fuzzy numbers of the normalized decision-making matrix

C, C, G C, Cs
A, [(0.000, 0.150); 0.300; [(0.000, 0.000); 0.000; [(0.250, 0.350); 0.500; [(0.850, 0.950); 1.000; [(0.000, 0.050); 0.100;
(0.450, 0.550)] (0.100, 0.150)] (0.650, 0.750)] (1.000, 1.000)] (0.250, 0.350)]
A,  [(0.550, 0.750); 0.900; [(0.250, 0.350); 0.500; [(0.850, 0.950); 1.000; [(0.550, 0.750); 0.900; [(0.850, 0.950); 1.000;
(0.950, 1.000)] (0.650, 0.750)] (1.000, 1.000)] (0.950, 1.000)] (1.000, 1.000)]
A;  [(0.000, 0.053); 0.105; [(0.474,0.579); 0.737; [(0.000, 0.053); 0.105; [(0.263, 0.368); 0.526; [(0.474,0.579); 0.737,
(0.263, 0.368)] (0.842, 1.000)] (0.263, 0.368)] (0.684, 0.789)] (0.842, 1.000)]
Ay [(0.450, 0.550); 0.700; [(0.550, 0.750); 0.900; [(0.550, 0.750); 0.900; [(0.000, 0.050); 0.100; [(0.250, 0.350); 0.500;
(0.800, 0.950)] (0.950, 1.000)] (0.950, 1.000)] (0.250, 0.350)] (0.650, 0.750)]
Table 13 The form of the interval-valued fuzzy numbers of the weighted decision-making matrix
C, C, G C, Cs
A, [(0.000, 0.010); 0.020; [(0.000, 0.000); 0.000; [(0.070, 0.098); 0.141; [(0.254, 0.284); 0.299; [(0.000, 0.012); 0.023;
(0.031, 0.037)] (0.012, 0.018)] (0.183, 0.211)] (0.299, 0.299)] (0.058, 0.081)]
A, [(0.037,0.051); 0.061; [(0.030, 0.042); 0.061; [(0.239, 0.267); 0.281; [(0.164, 0.224); 0.269; [(0.196, 0.219); 0.231;
(0.065, 0.068)] (0.079, 0.091)] (0.281, 0.281)] (0.284, 0.299)] (0.450, 0.231)]
A;  [(0.000, 0.003); 0.007; [(0.057, 0.070); 0.089; [(0.000, 0.150); 0.030; [(0.079, 0.110); 0.157; [(0.109, 0.134); 0.170;
(0.018, 0.025)] (0.102, 0.121)] (0.074, 0.103)] (0.205, 0.236)] (0.195, 0.231)]
Ay [(0.031,0.037); 0.048; [(0.067, 0.091); 0.109; [(0.155,0.211); 0.253; [(0.000, 0.015); 0.030; [(0.058, 0.081); 0.116;
(0.054, 0.065)] (0.115, 0.121)] (0.267, 0.281)] (0.075, 0.105)] (0.150, 0.173)]
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