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Abstract
Disposal of healthcare waste is a key issue of environmental sustainability in the world. 
The amount of healthcare waste is increasing every day, and it is necessary to adequately 
dispose of this kind of waste. There are various treatments for healthcare waste disposal, of 
which incineration of healthcare waste is one of the solutions. This paper suggests a model 
for selection of the type of incinerators that best solve the problem of healthcare waste 
in secondary healthcare institutions in Bosnia and Herzegovina. In the selection of incin-
erators, extended sustainability criteria were applied. Basic sustainability criteria: environ-
mental, economic, and social criteria, were extended with the technical criterion. To assess 
which of the incinerators best meets the needs for healthcare waste collection, multi-crite-
ria decision-making was used. For this purpose, a combination of two MCDA methods was 
applied in this paper, namely full consistency method (FUCOM) and compromise rank-
ing of alternatives from distance to ideal solution (CRADIS). The FUCOM method was 
applied to determine the weights of the criteria, while the CRADIS method was applied 
to rank the alternatives. The best alternative of the six alternatives used is A2 (I8-M50), 
followed by alternative A1 (I8-M40), while the worst ranked alternative is A5 (I8-M100). 
These results were confirmed by applying the other six methods of multi-criteria analysis 
and the performed sensitivity analysis. The contribution of this paper is reflected through 
a new method of multi-criteria analysis that was used to solve decision-making problems. 
This method has shown simplicity and flexibility in operation and can be used in all prob-
lems when it is necessary to make a multi-criteria selection of alternatives.
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1 Introduction

The amount of healthcare waste (HCW) is growing especially in the last few decades, and, 
according to Thakur and Ramesh (2015), one of the major reasons for this trend is because 
of growth of population and demand for health services. Badi, et  al. (2019) explained 
HCW as a category of waste produced by operations of health and laboratory services. 
Waste generated in healthcare institutions is classified into three main groups: municipal 
waste, HCW, and hazardous waste. Ciplak (2015) identified infectious, pathological, and 
sharp waste as major categories of HWC. HCW governance is becoming a complex and 
challenging problem in emerging economies (Li et al., 2020). At the same time, HWC rep-
resents very big challenges for public authorities (Hinduja & Pandey, 2019). Even more, 
Rafiee and et al., (2016) pointed out that HCW raises high levels of concern about public 
health and the environment. Improper management of HCW can cause significant envi-
ronmental pollution (Kumar, et al., 2015) and health problems in terms of the spread of 
diseases caused by viruses and microorganisms and can generate groundwater pollution as 
a result of continuous disposal of untreated medical waste in municipal landfills (Lu, et al., 
2016).

HCW directly and indirectly affects health and the environment risking more risks 
(Geetha, et  al., 2019). Healthcare institutions do not have a different approach to HCW 
which is often mixed with municipal waste (Lee, et  al., 2016) which further has conse-
quences for human health and the environment. HCW waste must be disposed of prop-
erly. There are different ways of treating HCW such as: incineration, autoclaves, chemical 
disinfection, disposal in the ground, and deep burial (Geetha, et al., 2019). One can find 
different advantages and disadvantages within these forms of treatments. Process of selec-
tion of the best and most effective HCW treatment technology has been the subject of huge 
research interest (Shi, et al., 2017), especially because of great environmental and financial 
effects. When choosing treatments for HCW management, it is necessary to provide a reli-
able and environmentally friendly HCW management system that is, according to Aung, 
et  al. (2019), one of the most important topics on the agenda for health institutions and 
local communities.

Selection of appropriate HCW waste management processes is based on comprehensive 
decision making. In this regard, the decision maker needs to make a decision about several 
issues. One of these is to select a treatment method in waste management and then which 
device will be used to best meet the set goals. Different treatment methods have their own 
pros and cons. This research is not about the problem of treatment selection but is focused 
on the selection of individual devices within the HCW incineration treatment. For the pur-
pose of this study, medium-sized healthcare institutions in Bosnia and Herzegovina (B&H) 
are investigated, which are most common in B&H.

One of commonly used HCW is an incineration by applying high temperatures to 
incinerate flammable components in waste (Hu, et al., 2015). The advantage of incinera-
tion technology in HCW management can be found in reducing the amount of waste and 
makes the waste unrecognizable (Hossain, et al., 2012). However, HCW incinerators have 
a role in increasing environmental air pollution (Datta, et al., 2018). It is therefore neces-
sary to ensure that the waste incineration process is harmless to the environment and public 
health (Hu, et al., 2015); thus, new standards need to be applied when building new HCW 
incinerators.

In selection of an adequate incinerator, different criteria can be applied to ensure that 
an incinerator procured will best meet the set decision-making objectives. Sometimes, 



11197Evaluation and selection of healthcare waste incinerators…

1 3

there are conflicting criteria existing in the selection process; thus, the problem of incin-
erator selection can be done by applying the method of multi-criteria analysis (MCDA). 
MCDA methods are used when there are multiple alternatives that need to be evaluated 
with adequate criteria (Rozman, et al., 2016). According to Đalić, et al. (2020), MCDA is 
a very useful tool for analyzing complex real-world problems. Nowadays, MCDA methods 
are increasingly used in analyzing various problems and different new methods have been 
developed (Stević, et al., 2020). In this study, the problem of incinerator selection was per-
formed using the Compromise Ranking of Alternatives from Distance to Ideal Solution 
(CRADIS) method, while weight determination was performed using the FUCOM (Full 
Consistency Method) method.

The task of the CRADIS method is to assist in the selection of the HCW incinerator, 
which best meets the decision criteria. In the selection, different criteria were used; quanti-
tative, those are obtained from the specifications, and qualitative, those are obtained from 
the expert. These criteria were used in evaluation of the alternatives of different forms of 
HCW incinerators. The CRADIS method was based on the utility function and the distance 
of certain alternatives from ideal and anti-ideal solutions. This method enables in deter-
mining which of selected incinerators best meets the needs of secondary healthcare institu-
tions in B&H. The most important questions that this paper will answer are the following:

(a) Can MCDA methods be used when choosing an HCW incinerator?
(b) Can the methodology for the selection of HCW incinerators be applied in other indus-

tries?
(c) Can a CRADIS-based approach be applied in the selection of HCW incinerators?

The CRADIS method enabled the assessment of all important criteria in the manage-
ment of HCW. The impact of HCW on human health and the environment was our first 
consideration in the study. Therefore, appropriate selection criteria were included to select 
the HCW incinerator that best meets the increasingly stringent requirements in terms of 
preserving human health and environmental protection. The contribution of this study can 
be found in applying the new HCW incinerator selection methodology to minimize the 
risks posed by HCW management.

Apart from the introduction, this paper is organized within 8 sections. The second sec-
tion is focused on the literature review about the application of MCDA methods in HCW 
management. The third section of papers explains the research methodology. Case study 
from practice is given in the fourth section of this paper which also introduces the alterna-
tives assessed in this study and explains which criteria for the alternatives were evaluated. 
In the fifth section, the weight of the criteria, calculated using the FUCOM method, and 
the alternatives, evaluated using the CRADIS method, are presented, following with the 
obtained ranking of HCW incinerators. The sixth section provides the test of results from 
this study. In the seventh section, the findings from the CRADIS method are discussed. 
Finally, the eighth section offers the most important conclusions based on the findings.

2  Literature review

In this section, an application of the MCDA method in waste management is reviewed, fol-
lowing with an application of the FUCOM method in previous studies. Furthermore, the 
research gaps and contributions of this research are explained.



11198 A. Puška et al.

1 3

2.1  Application of MCDA methods in waste management

In waste management, one can find different decision-making problems. To solve these 
problems, decision makers look at them from several points of views, considering sev-
eral criteria. Decision-making is complex because these criteria need to be taken into 
account. Therefore, decision makers use MCDA methods to make a simple decision. 
Numerous MCDA methods have been applied in new research in waste management. 
An overview of the application of these methods is presented in Table 1.

HCW management is a complex process. When operating healthcare facilities, they 
generate different waste. This waste can be classified into nine main categories: infec-
tious waste, pathological waste, sharps, pharmaceutical waste, genotoxic waste, chemi-
cal waste, wastes with high content of heavy metals, pressurized containers, and radio-
active waste (Budi et al., 2019; Pamučar et al., 2021). The procedures for handling these 
types of waste are different. According to Shi et al. (2017), it consists of waste collec-
tion, transfer routes, plant location, treatment technology selection, and energy recov-
ery. For adequate care for HCW, one of the most important decisions is about treatment 
methods. The selection of HCW treatment is a complex problem, as there are strong 
environmental and economic impacts that influence this choice. Therefore, it is neces-
sary to select the most appropriate and efficient HCW management technologies accord-
ing to different criteria (Hinduja & Pandey, 2019).

Liu et  al. (2013) pointed out that this is an extensive process to assess potential 
disposal practices. There is no single HCW management treatment that meets all the 
complex decision-making criteria (Li et  al., 2020), so it is necessary to apply differ-
ent alternatives for HCW management and apply decision-making in the conditions of 
criteria conflict (Pamučar et  al., 2021). MCDM uses several criteria for evaluation of 
different alternatives, which sometimes can be conflicting (Biswas et al., 2019). In solv-
ing MCDM problems used are different MCDA methods (Rozman et  al., 2017). The 
application of MCDM methods is done due to the existence of different criteria that 
serve decision makers to consider alternatives for HCW management (Liu et al., 2021). 
Therefore, the application of MCDA methods is of great help when evaluating an alter-
native to HCW management (Shi et al., 2017).

MDCA methods have been regularly used in solving HCW management problems. 
Taghipour et al. (2014) analyzed the HCW management facilities to find the best location 
for HCW management using the AHP (Analytic hierarchy process) method. Chauhan and 
Singh (2016) performed a sustainable site selection for the construction of a HCW man-
agement plant by performing the fuzzy AHP and TOPSIS (Technique for Order of Prefer-
ence by Similarity to Ideal Solution) method. Carnero (2020) created the Model Integrating 
Intuitionistic Fuzzy Set using the PAPRIKA method (Potentially All Pairwise RanKings of 
all possible Alternatives) to identify the risks of segregation in HCW.

Liu et al. (2013) presented a new MCDM technique based on fuzzy set theory and 
VIKOR (Higher Criterion Optimization and Compromise Solution) methods for evalu-
ating HCW management treatment in Shanghai, China. Voudrias (2016) used the AHP 
method to evaluate five different treatments for infectious HCW to select the optimal 
treatment. Dursun et al. (2011) applied multi-level hierarchical structure and fuzzy logic 
in assessing HCW management. Lu et al. (2016) performed the interval 2-tuple-induced 
TOPSIS method for selection for HCW management on the Shanghai example.

Liu et  al. (2014) used a modified MULTIMOOR method (Multi-Objective Optimi-
zation on the basis of Ratio Analysis plus full multiplicative form) based on interval 
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2-tuple linguistic variables in selection of HCW management treatment under uncer-
tain and incomplete information environment on the example of Shanghai, China. Fur-
thermore, Liu et al. (2015), in addition to the MULTIMOOR method, used the DEMA-
TEL method (DEcision MAking Trial and Evaluation Laboratory) on the example of 
Shanghai, China. Badi et al. (2019) applied Gray numbers to evaluate HCW treatment 
in Libya.

Xiao (2018) used D numbers to select HCW treatments in Shanghai. Hinduja & Pandey 
(2019) applied a complex approach using the methods ANP (Analytical Network Process), 
AHP and DEMATEL for HCW treatment selection on the example of Chhattisgarh, India. 
Mishra, et al. (2020) applied the novel EDAS (Evaluation Based on Distance from Average 
Solution) approach on an intuitionistic fuzzy set for selection of HCW management treat-
ments. Wei and Liao (2016) implemented the Hesitant fuzzy linguistic term set (HFLTS) 
to select treatments for HCW management on the example of West China Hospital. Adar 
and Delice (2019) used the MAIRCA (Multi-Attributive Ideal-Real. Comparative Analy-
sis) and MABAC (Multi-Attributive Border Approximation Area Comparison) methods in 
selection of the most appropriate healthcare waste treatment technology.

From the previous review, it can be concluded that most studies are related to the selec-
tion of HCW management treatment. These studies assessed four different HWC treatment 
methods: incineration, steam sterilization, microwave, and landfill. In some studies, other 
treatments have been added to these treatments. Voudrias (2016) applied reverse polymeri-
zation and chemical disinfection treatments with sodium hypochlorite. Each of these treat-
ments has its pros and cons. Therefore, Lu et  al. (2016) argued that depending on type 
of HWC, several different treatments can be used. Furthermore, different MCDA methods 
have been used and therefore the logical choice is to use these methods to solve the HCW 
management problem.

2.2  Application of FUCOM and CRADIS method

The methods to be used in this study are FUCOM and CRADIS. FUCOM is a new method 
for determining the weight of criteria that was developed in 2018. The FUCOM method 
was first used to be compared with the AHP and BWM methods showing simplicity 
and flexibility in operation compared to other methods for determining criteria weights 
(Pamučar et al., 2018). Therefore, the FUCOM method has been used since then in various 
studies such as: selection of suppliers, constructors, manufacturer, aircraft selection, land-
fill site, and logistics centers.

Nunić (2018) conducted the FUCOM method to determine the weights of the criteria 
while selecting suppliers of PVC profile manufacturers. Cao et al. (2019) used a combina-
tion of the SWARA-FUCOM method to determine the weight of the criteria when install-
ing solar panel systems. Stević et al., (2019) used the FUCOM method to determine the 
weights of criteria in sustainable selection of suppliers on the example of lime manufac-
turing company. Fazlollahtabar et  al. (2019) used the FUCOM method to determine the 
weights of criteria in evaluation and selection of side-loading forklift. Durmić (2019) 
applied the FUCOM method to determine the weights of criteria in sustainable selection 
of suppliers.

Matic and et  al. (2019) used a hybrid MCDM model with the FUCOM method to 
determine the weights of criteria in sustainable selection of suppliers on the example 
of a construction company. Buddy and Kridish (2020) examined the weights of criteria 
using the FUCOM method when determining the location for a landfill. Durmic and 



11201Evaluation and selection of healthcare waste incinerators…

1 3

et al. (2020) applied the FUCOM method to determine weights in sustainable supplier 
selection. Yazdani et al. (2020) applied the FUCOM method to determine the weight of 
criteria when selecting a logistics center. Hoan and Ha (2021) used the FUCOM method 
to determine the selection criteria. Blagojevic et al. (2021) used the FUCOM method to 
determine the weight of criteria for selecting rail crossing modes. Based on these and 
other studies, it can be concluded that the FUCOM method can be used in determin-
ing weights of criteria. This is one of most used methods in newly conducted studies in 
addition to the AHP method.

The CRADIS method was newly developed and introduced in this study. Since it is 
a new method, it has not been applied in previous research. This method has not been 
used so far, and it represents a contribution of this paper. This method seeks to take 
advantage of the existing methods and as such represents a new concept of using the 
MCDA methods. The CRADIS method uses existing and modified steps of existing 
methods, while ranks different alternatives. This approach to creating new methods rep-
resents a new approach in the scientific world.

2.3  Research gaps and contributions

This research addresses several research gaps. In previous HCW management studies, 
most attention was paid to the selection of treatment, i.e., the location for construction 
of the HCW management plant. The studies about the selection of HCW control devices 
have been rare. One of these studies is conducted by Pamučar et.al. (2021) who selected 
sterilizers for HCW management purposes. However, the selection of incinerators has 
not been considered in the literature until now. This study provides a methodological 
basis about how incinerators can be selected in small and medium medical institutions.

Many MCDA methods, used to rank HCW management alternatives, have been 
applied in researching HCW management problems. All MCDA methods have their 
advantages and disadvantages. There have been more and more MCDA methods intro-
duced lately. When developing these methods, an attempt has been made to use different 
procedures to make this method innovative and different from other methods. However, 
there is less and less space to develop new methods. The development of the CRADIS 
method went in such a way that the existing methods and their procedures were used, 
and a new method has been created. The CRADIC method tries to take the advantages 
of the methods used while minimizing the disadvantages of these methods. The meth-
odology used is new and opens the possibility of applying several different methods to 
develop a new method. In this way, new MCDA methods can be developed in future 
research.

The methodology used in this study provides opportunities to make a simple deci-
sion on device selection using extended sustainability criteria. In addition to the classic 
criteria of sustainability, it is necessary to use the technical characteristics of devices 
when selecting devices, which are the basis for distinguishing certain devices. Technical 
characteristics allow similar devices to differ from each other. Based on this, this study 
provides guidelines on how decisions should be made, while respecting the growing 
demands regarding environmental protection.

All medical institutions face the problem of waste management. Therefore, small- 
and medium-sized medical institutions were included in this study to show that all med-
ical institutions must take care of the waste they produce.
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3  Research methodology

The selection of the incinerator in this research was done within four phases (Table 2).
The research subject and goal of the research were defined in the first initial phase. After 

the research goal was established, an expert group was formed. Experts were selected from 
the company Derby Trade that has been authorized distributor of INCINER8 Limited from 
London. Three experts from this company were selected to evaluate six different alterna-
tives of the incinerators produced by INCINER8 Limited. Experts were included into the 
definition of alternatives and criteria for the evaluation of these alternatives. Based on 
these criteria and alternatives, a questionnaire was created and sent to experts for assess-
ment. The survey questionnaire consisted of two parts. The first part was focused to deter-
mine the weights of the criteria, while the second part of the questionnaire was intended to 
assess the alternatives.

The second phase was about determination of weights of the criteria. With experts’ 
support, the significance of the criteria was first determined, and the criteria were ranked 
according to that significance. Then, the weight of the criteria was determined in the way 
that the most significant criterion was given the value 1, while the other criteria were eval-
uated with other values reaching the maximum value of 9. The values of the criteria were 
given in the form of decimal values. The next step from the FUCOM method was about 
establishing the weights of the criteria that were determined. The Saaty AHP scale is not 

Table 2  Research methodology

Phase 1. Initial phase Defining the subject and goal of research
Forming an expert group
Defining alternatives and criteria
Creating a questionnaire
Collecting data from experts

Phase 2. Determining the weight of the criteria Determining the weights of the main criteria
Ranking and comparison of criteria in a pair of main 

criteria
Defining the constraints of a nonlinear model
Calculating the values of the main criteria
Determining the weights of sub-criteria

Phase 3. Ranking of HCW incinerators Forming an initial decision matrix
Normalization of the decision matrix
Aggravating the decision matrix
Determining the ideal and anti-ideal solution
Determining deviations from ideal and anti-ideal 

solutions
Calculating the deviation estimate of alternatives
Calculating the utility function in relation to the 

deviation from ideal and anti-ideal solutions
Ranking alternatives

Phase 4 Examination of results and sensitivity 
analysis

Exanimating the obtained results using the CRADIS 
method with the results obtained using other 
MCDA methods

Calculating the effects of a dynamic decision matrix
Scenario forming and weight for sub-criteria
Calculating the ranking order alternative for each 

scenario
Analyzing the obtained results
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used to determine these values. FUCOM does not use a scale of values but only the value 
for determining criteria. In addition, with the FUCOM method, the most important crite-
rion is assigned a value of 1, while with the AHP scale, the best value is 9.

The third phase of the study was focused on ranking HCW incinerators. Based on the 
experts’ ratings of alternatives given in the second part of the questionnaire, the initial 
decision matrix was formed. In the next step, the collected grades were normalized, follow-
ing with aggravation of the normalized decision-making matrix. After this step, the ideal 
and anti-ideal solution was identified and the deviation from these solutions was calculated 
and assessed. Based on previous steps, the utility function was calculated. The final step 
was about the ranking of alternatives.

The fourth phase in this study was about sensitivity analysis and examination of the 
results. This phase was implemented through three steps. Within the first step, the obtained 
results of the CRADIS method were compared with other MCDA methods. The second 
step implemented the effects of a dynamic decision matrix. The third step of sensitivity 
analysis examined the sensitivity of the ranking of alternatives to the change in weight of 
the sub-criteria. Within the third step, the scenarios were established and the ranking of 
alternatives for these scenarios was calculated.

In the following section, the used methods for ranking the alternatives are provided.

3.1  FUCOM method

The FUCOM method enabled an establishing the weights of criteria in the MCDM envi-
ronment. This method was developed by Pamučar and et al. (2018) who implemented this 
method to reduce subjectivity in the decision-making process. The FUCOM method ena-
bles the comparison of criteria in pairs, and the validation of results by deviating from the 
maximum consistency (Nunić 2018). This method, in relation to other methods for deter-
mining the subjective weights of criteria, according to Stević and Brković (2020) provides 
several advantages: reduced number of compared pairs, consistency in comparing criteria, 
and contributing to rational judgment. The FUCOM method involves creating a nonlinear 
model based on pairwise comparisons of criteria. The pairwise comparisons of the criteria 
are made in relation to the most important criterion, which reduces the number of compari-
sons to n-1. This procedure yields results that are consistent and represent realistic relation-
ships defined by expert preferences. The proposed model eliminates deviations in expert 
preferences that occur with other subjective methods based on pairwise comparisons, such 
as the AHP model. We emphasize this because with an increase in the degree of consist-
ency in AHP, expert preferences are distorted, and the values   of weight coefficients deviate 
from the optimal values. This is common in subjective models such as AHP and BWM and 
is most often due to the use of a nine-level scale that has limited ability to express expert 
preferences (Asadabadi, et al., 2019). Furthermore, the application of the FUCOM model 
eliminates the shortcomings of the nine-point scale, which include: (1) low flexibility in 
expressing expert preferences and (2) causing inconsistencies in paired comparison criteria 
(Asadabadi, et al., 2019).

According to Pamučar and et al., (2018), the FUCOM method uses the following steps:
Step 1 Criteria/sub-criteria ranking based on expert judgment.
Step 2 Determining the vector of comparative significance for evaluation criteria.
Step 3 Defining the constraints of a nonlinear optimization model. According to Fazlol-

lahtabar, et al. (2019), the values of the weighted coefficients should satisfy two conditions:
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• Condition 1. The ratio of weight coefficients is equal to the comparative significance 
between the observed, that the condition meets: wk∕wk+1 = �k∕(k+1)

• Condition 2. The final values of the weighted coefficients should satisfy the condi-
tion of mathematical transitivity, i.e., �k∕(k+1) × �(k+1)∕(k+2)=�k∕(k+2)

Step 4 Defining a model for determining the final values of the weighted coefficients 
of the evaluation criteria (Božanić et al., 2019).

Step 5 Solving the model and obtaining the final weight of the criteria/sub-criteria 
(w1,w2,… ,wn)

T

3.2  CRADIS method

The CRADIS method is designed to determine the deviation of alternatives from the 
ideal and anti-ideal solution. This method is a combination of steps from the methods: 
ARAS (Additive Ratio ASsessment), MARCOS (Measurement of Alternatives and 
Ranking according to COmpromise Solut), and TOPSIS methods. The CRADIS method 
is not a new method, but it is a new approach of using steps from existing methods into 
a unique combination. This method uses ideal solutions which represent the maximum 
value of the ideal solution of the alternative, i.e., the minimum value of the alterna-
tive by observing the alternatives through all criteria. The steps for implementing the 
CRADIS method are as follows:

Step 1 Forming an initial decision matrix. The decision matrix in multi-criteria mod-
els includes defining a set of “n” criteria and “m” alternatives.

Step 2 Normalization of decision matrix. Normalization is performed based on the 
following expressions:

Step 3 Aggravation of decision-making matrices. The aggravated decision matrix is 
obtained by multiplying the value of the normalized decision matrix by the correspond-
ing weights, based on the following expression:

Step 4 Determining the ideal and anti-ideal solution. The calculation of the ideal 
solution is done by finding the largest value vij in aggravated decision matrix, while the 
calculation of the anti-ideal solution is done by finding the smallest value vij in aggra-
vated decision matrix.

(1)A =

⎡
⎢⎢⎢⎣

x11 x12 … x1n
x21 x22 … x2n
⋮

xm1

⋮

xm2

⋱

…

⋮

xmn

⎤⎥⎥⎥⎦

(2)nij =
xij

xjmax

(3)nij =
xjmin

xij

(4)vij = nij ⋅ wj
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Step 5 Calculation of deviations from ideal and anti-ideal solutions.

Step 6 Calculating the grades of the deviation of individual alternatives from ideal and 
anti-ideal solutions.

Step 7 Calculation of the utility function for each alternative in relation to the deviations 
from the optimal alternatives.

 where s+
0
 is the optimal alternative that has the smallest distance from the ideal solution, 

while s−
0
 is the optimal alternative that has the greatest distance from the anti-ideal solution.

Step 8 Ranking alternatives. The final order is obtained by looking for the average devi-
ation of the alternatives from the degree of utility.

The best alternative is the one that has the greatest value Qi.

4  Case study

In practice, there are different types of HCW that can be disposed of in different ways. 
Burning HCW is just one method of managing HCW. Compared to other HCW disposal 
methods, incineration has several advantages, such as taking up relatively little space, 
reducing waste, and producing energy (Hu et al., 2015). However, the incineration of HCW 
also has negative aspects including the impact on health of employees in these incinera-
tors (Ciplak, 2013) and the environmental impact (Ciplak, 2015). Waste minimization and 
recycling, control of toxic air emissions and alternative incineration procedures are major 

(5)ti = maxvij

(6)tai = minvij

(7)d+ = ti − vij

(8)d− = vij − tai

(9)s+
i
=

n∑
j=1

d+

(10)s−
i
=

n∑
j=1

d−

(11)K+
i
=

s+
0

s+
i

(12)K−
i
=

s−
i

s−
0

(13)Qi =
K+
i
+ K+

i

2
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challenges in incinerators (Geetha et al., 2019). The challenges it faces in practice regard-
ing the use of incinerators are numerous, and it is necessary to reduce the risks that arise 
with the use of HCW incinerators.

When managing HCW in Bosnia and Herzegovina, there are major challenges related 
to the lack of legal regulations in the field of waste management. Furthermore, there is no 
precise data on where HCW is disposed and what the exact volume of HCW is. It is esti-
mated that 2.2 kg per capita is produced annually. This amount is currently higher because 
the amount of HCW is increasing due to measures being taken to prevent the spread of 
disease caused by the COVID-19 virus (Ramaci et al., 2020). In Bosnia and Herzegovina, 
there is only one facility that commercially handles HCW, while other HCW care units 
are located within large hospital centers. When treating HCW in Bosnia and Herzegovina, 
various treatments are used, most of which are sterilizers and incinerators.

Incinerators are used to destroy the following medical waste: Type I—IV pathological 
waste, infectious and contaminated "red bag," surgical dressings, plastic test devices, vials 
& syringes, yellow bags, bandages and gauzes and other forms of pharmaceutical waste. In 
B&H, several medical waste incinerators have been installed, of which INCINER8 Limited 
incinerators have been installed at most locations, which is why these incinerators have 
been taken as an example. These incinerators have been installed in Bihać, Posušje, Brčko, 
etc. The main problem when installing an incinerator is which type of incinerator to select. 
It is necessary to choose the type of incinerator that best meets the goals of healthcare 
institutions.

INCINER8 Limited provides several basic types of incinerators in its portfolio. How-
ever, six of them were selected in this paper because certain types of incinerators such as 
the i8-M15 are used for small clinics, laboratories, and hospitals, while incinerators of the 
i8-M1000 type are used in large regional hospitals and laboratories. The following incin-
erators were used as alternatives in this study: I8-M40 (A1), I8-M50 (A2), I8-M70 (A3), 
I8-M80 (A4), I8-M100 (A5) and I8-M120 (A6). The characteristics and ratings by experts 
for these incinerators are given in Table 3.

When analyzing and selecting the type of incinerator that best meets the needs of 
medium-sized healthcare institutions in B&H, it is necessary to apply a systematic 
approach. This approach involves considering the most important criteria for incinerators. 
To determine the criteria and alternatives in the research, experts were first identified. For 
that purpose, the company Derby Trade from the City of Brčko was selected, which deals 
with the procurement and sale of various medical devices. This company is also a distribu-
tor of INCINER8 Limited equipment for HCW treatment. They supply HCW treatment 
equipment to more than ten medical centers.

Questionnaires were distributed to Derby Trade Company and out of the total number of 
employees; three employees were selected to participate in the survey. These respondents 
were selected based on their experience in the procurement and distribution of equipment 
intended for HCW. The first respondent is the director of this company who has 20 years 
of experience in the procurement and sale of medical instruments. The second respondent 
is an employee who deals with procurements of medical instruments and has ten years of 
experience in these assignments. The third respondent is an employee who deals with dis-
tribution of medical instruments and has ten years of experience. Respondents were given 
seven days to complete the questionnaire. After seven days, the questionnaire was collected 
from this company. All three questionnaires were completed in full, and there was no need 
to return them for re-completion.

After the experts were selected, they determined all criteria for comparison of differ-
ent types of selected incinerators. These criteria are presented in Table 4. All criteria were 
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divided into four groups: environmental, economic, social, and technical criteria. Based 
on that grouping, the sustainability criteria were expanded with technical criteria. All 
these criteria were further broken down into four sub-criteria to avoid some criterion to get 
greater importance.

The values for the technical criteria were captured from the technical characteristics 
of the incinerators, while the sustainability criteria were evaluated by selected experts. 
Depending on the type of sub-criteria, the experts gave grades from one to seven. For ben-
efit (B) sub-criteria, a higher rating meant that this alternative better met the set goals for 
that criterion, while for cost (C) sub-criteria this rating meant the opposite meaning that 
if the value of that criterion is lower; it better satisfies the set goals for that sub-criterion. 
These assessments were given by experts in the first part of the survey questionnaire. After 
evaluating the alternatives with a particular grade, the experts determined the importance 
of the criteria and sub-criteria used in this study.

Determining the weights of the criteria and sub-criteria was done using the second part 
of the survey questionnaire. For this purpose, each expert had to frank the criteria accord-
ing to the importance they have. The experts determined which, in their opinion, the most 
important criterion was. The most important criterion was assigned a value of one (1), and 
other criteria were assigned their values in relation to the most important criteria whose 
value could be a maximum of nine (9). The less important the criterion, the greater value 
was assigned.

5  Results

Before selection of the incinerator that best meets the needs of secondary healthcare insti-
tutions in B&H, it was necessary to determine the weights of criteria and sub-criteria by 
experts. The experts determined the importance of the main criteria (Table 5). The first 
expert expressed the opinion that the most important criterion for selecting the most suit-
able incinerator should be economic, followed by ecological, technical, and finally social 
criteria. The second and third experts believed that the most important criterion for incin-
erator’s selection was the technical, and then the economic and environmental criteria and 
the least important criterion should be the social criterion. Based on evaluations of the 
criteria obtained by experts, it can be concluded that they have a different opinion that 
needs to be harmonized. To harmonize the opinion of the experts, the geometric mean of 
the weights determined by the individual experts was used (Durmić, 2019). Before harmo-
nization of expert opinions, steps from the FUCOM method were taken to determine the 
weights of the main criteria.

The harmonized weights showed that the most important criteria according to the 
experts’ assessment is the technical criterion, followed by the economic and social 

Table 5  Evaluation of the main 
criteria by experts Expert 1 (E1) C2 C1 C4 C3

C2 (best criterion) 1 2 2,3 2,9
Expert 2 (E2) C4 C2 C1 C3
C4 (best criterion) 1 1,5 1,7 2,5
Expert 3 (E3) C4 C2 C1 C3
C4 (best criterion) 1 1,3 2 2,8
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criterion, while the social criterion is the least important in their opinion (Table 6). Weights 
for sub-criteria were determined in the same way for all main criteria (Table 7).

Within the assessment of the environmental criteria by experts, the greatest importance 
was given by two experts to the sub-criterion Air pollution, while the third expert gave 
priority to the sub-criterion energy consumption. In assessing the economic criteria, the 
experts gave the greatest importance to the price sub-criterion, while in the social criteria 
they gave the greatest importance to the system security sub-criterion. For the technical 
criteria, the experts gave the greatest importance to the capacity sub-criterion.

From the steps of the FUCOM method, the values of the sub-criteria’s weights were 
obtained (Table 3). Multiplying the weights for the sub-criteria by the weights of the main 
criteria, the final weights (F w) were calculated which were used to determine the rank 
order of the incinerators using the CRADIS method.

The first step in the CRADIS method was to form an initial decision matrix (Table 8). 
To form the initial decision-making matrix, it was necessary to harmonize different 
experts’ opinions, since three experts participated in this research. The experts evaluated 
the sustainability sub-criteria with grades from 1 to 7, while the values for the technical cri-
teria sub-criteria were taken from the technical characteristics of the incinerators (Table 9). 
The reason why crisp values were taken and not linguistic values is because the CRADIS 
method has not been used before, so it is necessary to first clarify this method on crisp val-
ues. This procedure has been done with other methods that are new and used for the first 
time (Hwang & Yoon, 1981; Pamučar & Ćirović, 2015; Stević et al., 2020; Zavadskas & 
Turskis, 2010). To reconcile the opinions of the experts, the average grade was calculated 
using a geometric mean. Applying this procedure, an initial decision matrix was obtained.

The second step in the application of the CRADIS method was to perform data normali-
zation (Table 10). Since certain sub-criteria have benefit character and some cost character, 
different expressions were used to calculate the normalization of data. Benefit sub-criteria 
were calculated using expression 2, while cost criteria were calculated using expression 3. 
Using these expressions, a normalized decision matrix was formed.

The third step in applying the CRADIS method was to calculate the aggravated deci-
sion matrix (Table  11). To obtain this decision matrix, it was necessary to multiply the 
normalized data by the appropriate weighting coefficients (expression 4). After an aggra-
vated decision matrix was formed, then the step four was applied within the CRADIS 
method. This step is about to determine the ideal and anti-ideal solution. The ideal solution 
represents the maximum value of all elements of the aggravated decision matrix (expres-
sion 5), while the anti-ideal solution represents the minimum value of all elements of the 
aggravated decision matrix (expression 6). The value of the ideal solution is 0.0907, while 
the value of the anti-ideal solution is 0.0187. Once the ideal and anti-ideal solutions were 
determined, the deviation of the values from the aggravated decision-making matrix of 
these solutions was calculated. This is step 5 in the CRADIS method.

The specificity of this method is that the distances of individual elements of the aggra-
vated decision matrix from ideal and anti-ideal solutions are calculated (step 6), and then, 
the values of optimal alternatives (OA) are calculated (Table 12). The optimal alternative 
is the one that is least distant from the ideal solution and most distant from the anti-ideal 
solution. After these calculations, step 7 of the CRADIS method was applied to calculate 
the utility function. The calculation of the utility function was calculated by placing the 
aggregate values of the deviation from the ideal values in relation to the aggregate opti-
mal alternatives. The final value of the CRADIS method was obtained by looking for the 
average value of the utility function (step 8). The best alternative is the one that has the 
highest value of Qi . On the example of incinerator selection, the best results are shown 
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by alternative A2 (I8-M50), followed by alternative A1 (I8-M40), while the worst results 
based on expert assessment and technical characteristics of incinerators is shown by alter-
native A5 (I8-M100). Additional sensitivity analysis was performed to confirm these 
results.

6  Examination of results and sensitivity analysis

Examination of the results and sensitivity analysis was conducted through three steps. The 
first step was to compare the rankings obtained by the CRADIS method with the rank-
ings obtained by applying other methods. The second step was to calculate the effects of a 
dynamic decision matrix. The third step was to examine the impact of changing weights of 
sub-criteria on the ranking of alternatives.

The first step in examining the results was to compare the ranking order obtained by 
applying other methods. For this purpose, six methods were used: MARCOS, MABAC, 
SAW (Simple Additive Weighting technique), ARAS, WASPAS (Weighted Aggregated 
Sum Product ASsessment), and TOPSIS (Technique for Order Performance by Similarity 
to Ideal Solution). The results obtained by applying these methods showed that the rank-
ing order obtained by the CRADIS method is the same as in the ranking order obtained by 
the MARCOS, MABAC, SAW, and WASPAS methods. It differs in relation to the ARAS 
and TOPSIS methods (Table  13). The ARAS method developed by Zavadskas and Tur-
skis (2010) uses a different normalization, and by applying the same normalization as with 
the CRADIS method, the same ranking order is obtained. In this way, it is shown that the 
application of different normalizations affects the ranking order of alternatives. Therefore, 
when comparing methods, it is necessary to apply the same normalization as the influence 
of normalization on the ranking of alternatives has decreased. The CRADIS method used a 
different approach when calculating the deviation, so the ranking is therefore more consist-
ent with other methods than with the TOPSIS method.

These results were confirmed by the results obtained using the Spearman correlation 
coefficient, which showed that the TOPSIS method has the largest deviation from the 
results of other methods (Table  14). With three alternatives, this ranking order differs, 
while with the ARAS method it differs with two alternatives. Using other methods, the 
results obtained by the CRADIS method were confirmed.

The next step in examining the results was the calculation of the effects of the dynamic 
decision matrix. This approach implies that the worst alternative is discarded, and the value 
of the remaining alternatives is calculated (Stević et al., 2020). In this study, the analysis 

Table 6  Weights of the main criteria

Expert 1 C1 C2 C3 C4
0.2356 0.3298 0.2087 0.2259

Expert 2 C1 C2 C3 C4
0.2345 0.2417 0.2095 0.3143

Expert 3 C1 C2 C3 C4
0.2268 0.2520 0.2036 0.3176

Harmonized 
weights

C1 C2 C3 C4
0.2337 0.2735 0.2085 0.2843
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included four methods: CRADIS, TOPSIS, ARAS, and MARCOS. These methods were 
taken because the CRADIS method uses the steps from these methods.

When applying the effects of the dynamic decision matrix with the CRADIS method, 
first alternative A5 was eliminated from the analysis, then alternative A6 and until alter-
native A2 itself remained. The procedure was applied to other methods in the same way. 
The obtained results of the effects of the dynamic matrix showed that the rank order of 
alternatives was not changed with the CRADIS and MARCOS methods, while the rank 
order was changed with the TOPSIS and ARAS methods (Fig. 1). The TOPSIS method 
changed the ranking order of alternatives A4 and A6 in scenario 2, while the ARAS 
method changed the ranking order of A4 and A1 in scenario 3. The results obtained by 
the CRADIS and MARCOS methods have shown consistency in the ranking of alter-
natives, while this is not the case with the TOPSIS method and ARAS. Thus, it was 
confirmed that the algorithm that applies the CRADIS method has shown reliability in 
ranking alternatives.

The third step was sensitivity analysis. Sensitivity analysis was applied to determine 
how weight change was used to rank alternatives. In this case, the weight of the sub-criteria 
was changed to determine how this ranking order is used to rank the alternatives. The first 
scenario provided the same importance to all sub-criteria (w = 0.0625), the other scenar-
ios gave preference to one of the sub-criteria and that sub-criterion, and five times more 
weight was assigned. Since we used 16 sub-criteria, scenario 17 was formed in this way 
(Table 15).

By applying these scenarios in the sensitivity analysis for the first 13 scenarios, the 
same ranking order was obtained (Fig. 2). The reason why there is no difference in these 13 
scenarios can be explained with the fact that all incinerators are produced in the same way 
and according to the same standards and differ only in technical characteristics. Therefore, 
there are deviations from the ranking order in the last 4 scenarios. In scenario 14, alter-
native A3 was ranked as the worst alternative, because this alternative, although it has a 
higher capacity than alternatives A1 and A2, showed worse other values of the sub-criteria 
and is therefore placed as the last. In scenario 15, there was a change in the ranking of 
alternatives A1 and A4, also in this scenario alternative A3 was the worst ranked alter-
native. Alternative A4 can burn waste faster than alternative A2, so this alternative was 
ranked well than A2. In scenarios 16 and 17, the A1 alternative was the best because it 
has the lowest fuel consumption and at the same time the lowest surface area, while other 
incinerators consume more fuel and take up more space.

Sensitivity analysis showed that in most scenarios alternative A2 is the best; only in 
two scenarios alternative A1 is better. Based on this analysis, it can be concluded that the 

Table 7  Sub-criteria assessments by experts

Environmental criteria Economic criteria Social criteria Technical criteria

E1 C11 C14 C12 C13 C21 C24 C23 C22 C32 C31 C34 C33 C41 C43 C44 C42

1 1.3 2.2 2.6 1 1.7 2 2.1 1 1.4 2 2.3 1 1.5 1.8 2.2
E2 C14 C11 C12 C13 C21 C22 C24 C23 C32 C31 C33 C34 C41 C44 C43 C42

1 1.5 2 2.6 1 1.8 2.2 2.5 1 1.6 1.8 2 1 2 2.1 2.4
E3 C11 C14 C13 C12 C21 C24 C22 C23 C32 C34 C31 C33 C41 C43 C42 C44

1 2 2.4 2.4 1 2 2.2 2.5 1 2 2.2 2.5 1 1.8 2.2 2.3
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Table 9  Evaluation of alternatives by experts

E1 C11 C12 C13 C14 C21 C22 C23 C24 C31 C32 C33 C34 C41 C42 C43 C44

A1 3 2 3 3 5 3 3 4 4 5 3 1 0.36 30 10.0 5.02

A2 3 2 3 3 4 3 3 4 4 6 3 1 0.54 40 11.5 6.26
A3 4 3 3 3 5 4 4 5 3 6 4 1 0.75 50 12.5 8.97
A4 3 2 3 4 4 3 3 4 4 6 4 2 0.57 65 17.5 8.79
A5 5 3 4 4 5 4 4 4 2 5 5 2 1.35 100 16.5 11.68
A6 4 3 4 4 5 4 4 5 2 6 5 2 1.20 100 15.5 12.90
E2 C11 C12 C13 C14 C21 C22 C23 C24 C31 C32 C33 C34 C41 C42 C43 C44

A1 1 2 2 3 4 4 2 3 4 5 2 1 0.36 30 10.0 5.02
A2 1 2 2 3 4 4 2 3 4 6 2 1 0.54 40 11.5 6.26
A3 2 3 3 3 5 5 2 3 3 6 3 1 0.75 50 12.5 8.97
A4 1 2 2 4 4 4 2 3 4 6 3 2 0.57 65 17.5 8.79
A5 2 3 3 4 5 6 3 4 2 5 3 3 1.35 100 16.5 11.68
A6 2 2 3 4 5 5 3 4 3 6 4 2 1.20 100 15.5 12.90
E3 C11 C12 C13 C14 C21 C22 C23 C24 C31 C32 C33 C34 C41 C42 C43 C44

A1 2 1 3 2 4 3 2 3 5 6 2 2 0.36 30 10.0 5.02
A2 2 1 3 2 3 3 2 3 5 6 2 2 0.54 40 11.5 6.26
A3 3 2 4 3 4 3 2 4 4 6 3 3 0.75 50 12.5 8.97
A4 2 1 3 2 3 3 2 3 5 6 3 2 0.57 65 17.5 8.79
A5 3 3 5 4 5 4 3 4 3 5 4 4 1.35 100 16.5 11.68
A6 3 2 4 3 5 4 3 4 4 6 4 3 1.20 100 15.5 12.90

Table 10  Normalized decision matrix

C11 C12 C13 C14 C21 C22 C23 C24 C31 C32 C33 C34 C41 C42 C43 C44

A1 1.00 1.00 1.00 1.00 0.84 1.00 1.00 1.00 1.00 0.89 1.00 1.00 0.27 0.30 1.00 1.00
A2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.40 0.40 0.87 0.80
A3 0.63 0.61 0.79 0.87 0.78 0.84 0.91 0.84 0.77 1.00 0.69 0.87 0.56 0.50 0.80 0.56
A4 1.00 1.00 1.00 0.83 1.00 1.00 1.00 1.00 1.00 1.00 0.69 0.63 0.42 0.65 0.57 0.57
A5 0.58 0.53 0.67 0.66 0.73 0.72 0.69 0.83 0.53 0.83 0.58 0.44 1.00 1.00 0.61 0.43
A6 0.63 0.69 0.72 0.72 0.73 0.77 0.69 0.77 0.67 1.00 0.53 0.55 0.89 1.00 0.65 0.39

Table 11  Aggravated decision-making matrix

C11 C12 C13 C14 C21 C22 C23 C24 C31 C32 C33 C34 C41 C42 C43 C44

A1 0.07 0.05 0.05 0.06 0.07 0.06 0.06 0.06 0.05 0.06 0.05 0.05 0.02 0.02 0.07 0.06
A2 0.07 0.05 0.05 0.06 0.09 0.06 0.06 0.06 0.05 0.07 0.05 0.05 0.04 0.02 0.06 0.05
A3 0.04 0.03 0.04 0.05 0.07 0.05 0.05 0.05 0.04 0.07 0.03 0.04 0.05 0.03 0.05 0.04
A4 0.07 0.05 0.05 0.05 0.09 0.06 0.06 0.06 0.05 0.07 0.03 0.03 0.04 0.04 0.04 0.04
A5 0.04 0.03 0.03 0.04 0.06 0.05 0.04 0.05 0.03 0.06 0.03 0.02 0.09 0.06 0.04 0.03
A6 0.04 0.04 0.04 0.04 0.06 0.05 0.04 0.05 0.03 0.07 0.02 0.03 0.08 0.06 0.04 0.03
Max 0.07 0.05 0.05 0.06 0.09 0.06 0.06 0.06 0.05 0.07 0.05 0.05 0.09 0.06 0.07 0.06
Min 0.04 0.03 0.03 0.04 0.06 0.05 0.04 0.05 0.03 0.06 0.02 0.02 0.02 0.02 0.04 0.03
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ranking of alternatives is unchanged and thus, the results obtained by the CRADIS method 
are confirmed.

7  Discussion

In this study, extended sustainability criteria were applied to evaluate different types of 
incinerators. Four main criteria were used: ecological, economic, social, and technical cri-
teria. By applying these criteria, the sustainability in the application of incinerators and 
their technical characteristics were considered. Each of these criteria was further broken 
down into four sub-criteria. This was done in order not to give greater importance to a 

Table 12  Results of CRADIS 
method s+

i
K+
i

s−
i

K−
i

Qi Rank

A1 0.5825 0.7742 0.5689 0.8122 0.7932 2
A2 0.5643 0.7992 0.5871 0.8382 0.8187 1
A3 0.7042 0.6403 0.4471 0.6384 0.6393 4
A4 0.6238 0.7229 0.5276 0.7532 0.7380 3
A5 0.7558 0.5966 0.3956 0.5647 0.5807 6
A6 0.7277 0.6197 0.4237 0.6049 0.6123 5
OA 0.4509 0.7005

Table 13  Rank of alternatives

MARCOS MABAC SAW ARAS WASPAS TOPSIS CRADIS

A1 2 2 2 2 2 2 2
A2 1 1 1 1 1 1 1
A3 4 4 4 5 4 6 4
A4 3 3 3 3 3 3 3
A5 6 6 6 6 6 5 6
A6 5 5 5 4 5 4 5

Table 14  Spearman correlation coefficient results

MARCOS MABAC SAW ARAS WASPAS TOPSIS CRADIS

MARCOS 1.000 1.000 1.000 0.943 1.000 0.829 1.000
MABAC 1.000 1.000 1.000 0.943 1.000 0.829 1.000
SAW 1.000 1.000 1.000 0.943 1.000 0.829 1.000
ARAS 0.943 0.943 0.943 1.000 0.943 0.943 0.943
WASPAS 1.000 1.000 1.000 0.943 1.000 0.829 1.000
TOPSIS 0.829 0.829 0.829 0.943 0.829 1.000 0.829
CRADIS 1.000 1.000 1.000 0.943 1.000 0.829 1.000
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certain main criterion compared to other criteria. The assessment of the sustainability cri-
teria was done using expert decision-making, while the technical criteria were completed 
based on the technical characteristics of the device. Since there are several criteria accord-
ing to which the evaluation of incinerators was performed, the logical choice for solving 
this problem is the application of the MCDA method.

Before alternatives were ranked, it was necessary to first determine the importance of 
individual criteria. Determining the importance of criteria or weights was done using the 
FUCOM method. The FUCOM method is a relatively new MCDA method used to deter-
mine weight criteria (Pamučar et al., 2018). The advantage of the FUCOM method over 
the AHP method is that the decision maker has fewer comparisons. In relation to the BWM 
(Best–Worst Method) and PIPRECIA (Pivot Pairwise Relative Criteria Importance Assess-
ment) method, it is not necessary to determine the best and worst criteria, but only to rank 
the criteria according to the importance of what is done with the FUCOM method. After 
the weights were determined, the alternatives were ranked using the CRADIS method. 
Based on the obtained results, it was determined that CRADIS and MARCOS methods 
have consistency for determining the ranking, while the TOPSIS and ARAS methods do 
not. The reason for this should be sought in the following. The TOPSIS method devel-
oped by Hwang and Yoon (1981) applies the Euclidean distance to calculate from ideal and 
anti-ideal solutions. The TOPSIS method calculates the ideal and anti-ideal solution at the 
level of individual criteria for alternatives without considering all the criteria. It puts the 
alternatives in relation to ideal and anti-ideal solution for each criterion, and at the end the 
deviations of the alternatives from these solutions are added up. The problem often cited 
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with the TOPSIS method is about which are the ideal and anti-ideal solutions (Wang, et al., 
2014).

The ARAS method provided a different ranking order primarily due to the type of nor-
malization it applies. Applying the same normalization as with the CRADIS method, the 
same rank order was obtained. The ARAS method uses the utility function, but in rela-
tion to the ideal solution without considering the anti-ideal solution (Zavadskas & Tur-
skis, 2010). The MARCOS method calculates the utility function in relation to the ideal 
and anti-ideal solution, and in addition applies the same normalization as the CRADIS 
method. Therefore, the same ranking order was obtained. The CRADIS method, unlike 
the MARCOS method, calculates the ideal and anti-ideal solution after the decision matrix 
becomes aggravated, while the MARCOS in the first step forms an initial decision matrix 
that includes the ideal and anti-ideal solution. Also, the results obtained by the CRADIS 
method were confirmed by the MABAC, SAW, and WASPAS methods.

The CRADIS method is characterized with the great flexibility in its application. It is 
possible to apply all types of normalization and their effects will not be mitigated by apply-
ing other steps as is the case with the VIKOR method (MULTI-Criterion Optimization 
and Compromise Solution). The VIKOR method defines the use of certain normalization, 
and the effects of applying different normalizations are neutralized (Opricovic & Tzeng, 
2004). In addition, the CRADIS method allows the modification of the algorithm so that it 
is possible to apply other methods for calculating deviations. As with the TOPSIS method, 
the authors Wang, and Wang (2014) applied Mahalanobis distances instead of Euclidean 
distances. All this is the reason why the CRADIS method should be used when ranking 
alternatives.

The results of the sensitivity analysis have shown that there are certain shortcomings in 
conducting this study that is about comparison of different types of incinerators from one 
manufacturer. INCINER8 Limited uses the same technology, and the incinerators basically 
differ only in technical specifications. Therefore, in 13 scenarios, the same ranking was 
obtained. The last four criteria changed the ranking. However, the aim of this paper is to 
recognize which of the six types of analyzed incinerators would best suit the secondary 
healthcare institutions in B&H.

The conducted sensitivity analysis has confirmed that alternative A2 (I8-M50) best 
meets the objectives of these institutions according to expert assessments, followed by 
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alternative A1 (I8-M40). The reason for this should be sought in the fuel consumption and 
the impact on the environment (Ciplak, 2015). Therefore, it is necessary to make a compro-
mise between capacity, consumption, and impact on the environment as well as on human 
health. Small incinerators have less impact on the environment than larger ones because 
they consume less fuel and destroy less waste. Community acceptance is better; they take 
up less space and have a lower cost compared to large incinerators. These smaller incin-
erators can also be installed in settlements because they do not affect air pollution in high 
volume. Due to consumption and the impact on the environment, large incinerators need to 
be slightly distanced from the settlement. Therefore, it is necessary to respect all standards 
when making incinerators to minimize the impact on the environment.

8  Conclusion

The management of HCW gets increasing importance due to the increasing amount of 
waste that occurs during the operation of healthcare institutions. There are different types 
of HCW that can be treated in different ways. Waste incineration is one of ways how HCW 
can be managed. HCW incineration has certain advantages and disadvantages, and when 
choosing an HCW incinerator, a systematic approach must be applied, and all relevant cri-
teria must be included. It is necessary to include different criteria in the selection of incin-
erator, of which the sustainability criteria together with the technical criteria are the most 
important. Due to the existence of several criteria in the selection of HCW treatment, this 
decision problem is solved by applying MCDM.

This study applied a combination of two MCDA methods, namely FUCOM and 
CRADIS methods in the selection of HCW incinerators for the needs of secondary health-
care institutions in B&H. The technical characteristics of the incinerators and the expert 
assessments of the sustainability criteria were used. A total of four main criteria were 
applied, which are further broken down into four sub-criteria. The weights of criteria and 
sub-criteria were determined by the FUCOM method. The CRADIS method was used to 
rank HCW incinerators manufactured by INCINER8 Limited. Of the six incinerators taken 
as alternatives, the best ranked incinerator is A2 (I8-M50) which also showed the best 
results when applying different MCDA methods and applying sensitivity analysis. Based 
on the obtained research results, it can be concluded that it is the first choice for incinera-
tors from this manufacturer for the needs of secondary healthcare institutions in B&H.

The shortcoming of this study can be found from the fact that the selection of incinera-
tors was taken from only one producer. The reason is that the company Derby trade, that 
provided experts for evaluation, is the distributor of incinerators of this manufacturer, and 
no other manufacturers were taken into consideration. This limitation is also present in the 
technical characteristics of incinerators because the same HCW incineration technology 
is applied in all incinerators, and therefore, there are no large differences in the ratings 
of incinerators. However, the focus of this study is on the application of the multi-crite-
ria analysis method in the selection of incinerators and the development of the CRADIS 
method that applies the steps of existing methods.

The specificity of this paper is that the original CRADIS multi-criteria methodology 
was used for the selection of incinerators, which combines the advantages of the exist-
ing multi-criteria methods MARCOS, ARAS, and TOPSIS. The CRADIS method has 
shown simplicity and flexibility, which represent significant recommendations for solving 
other real and practical problems. The method was tested and compared with other MCDA 
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methods. When using the other six MCDA methods, the same ranking was obtained for the 
four methods as for the CRADIS method. Further analysis in a dynamic environment of 
the CRADIS method has shown resistance to rank reversal problems. This consistency has 
been also shown by the MARCOS method, while the ARAS and TOPSIS methods have 
shown inconsistency in the ranking of alternatives. This analysis has confirmed the robust-
ness of the solution and the stability of the CRADIS method, which recommends it for 
further application in decision support systems.

The algorithm of the CRADIS method can be modified using different types of normali-
zation, as well as by application of different methods for calculating the distance between 
ideal and anti-ideal points, which represents some of the directions of future research. A 
practical example has shown how the CRADIS method can be used in combination with 
other MCDA methods. Therefore, other methods for determining the weights of the crite-
ria may be applied in future research. In addition, it is possible to develop more advanced 
forms of the CRADIS method such as the fuzzy and rough approach in solving MCDM 
methods.
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