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In all production or service-oriented processes there is continuous need for upgrading the 

quality of the produced goods or the service provided. Fast development of IT tools and 

electronic devices is among the most frequent grounds for decisions to improve such processes. 

The thesis focuses on specific production facility at the automotive industry. The potential for 

upgrading the process with new machine and the market offer alternatives is assessed. Those 

with selected criteria are evaluated and finally multicriteria ranking of such alternatives is 

prepared. Research methods include surveys and interviews with the company staff on needs 

and potentials for process upgrade, survey on devices available at the market, simulation of the 

use in the process, expert judgement of key criteria for selection and valuation of these criteria 

for defined alternatives, comparative analysis of several multicriteria ranking methods.  
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Greek characters 

υ - strategy coefficient 

λ - maximum eigenvalue of the judgement matrix 

Abbreviations 

IATF 16949 - International Automotive Task Force 16949 (a technical specification aimed at 

the development of a quality management system which provides for continual improvement, 

emphasizing defect prevention and the reduction of variation and waste in the automotive 

industry supply chain and assembly process) 

MCDA – multicriteria decision analysis 

MCDM – multicriteria decision making 
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1 INTRODUCTION 

There are growing appeals for economic growth in line with sustainable development in the 

world. United Nations (2015) through its Sustainable Development Goals addresses 

“Responsible consumption and production”, encompassing the efficient management of natural 

resources, disposal of waste and pollutants as well as recycling and reducing waste. 

Waste is an unwanted side effect of any manufacturing process resulting in higher production 

costs and thus decrement of the company’s profit. For that matter, the current focus of most 

companies is implementing activities that lead to waste prevention, reduction, or elimination. 

Institutions for waste handling are already established in most European countries, unlike 

Bosnia and Herzegovina, where recycling does not provide any added value to a business, and 

moreover, it can be more expensive and time consuming. 

Waste in manufacturing processes can be generated by numerous factors: careless attitude of 

the worker, machine-related problems, measurement and control problems etc. In automotive 

industry, the majority of components for fuel systems are made of various types of plastic that 

ensures higher fuel efficiency and is highly recyclable. Unfortunately, due to high costs of 

recycling in Bosnia and Herzegovina, companies producing such fuel systems label pipes that 

do not fulfil the required standards as a waste, despite their enormous potential for recycling or 

reusing. 

The concept of circular economy can certainly put automotive industry in Bosnia and 

Herzegovina to a more sustainable path of development. Circular economy represents the 

economic system that aims to eliminate waste through the complete value chain – 

manufacturing, production, and use. Its value lies in the preservation of raw materials and the 

total elimination of waste. In contrast, the currently used concept of linear economy 

manufacture raw materials into products that are used and later disposed of, finding the ultimate 

value in producing and selling only. 

This thesis considers the field of circular economy as the main subject of its study. Extensive 

research on pipe recycling has been done in cooperation with company that is a system supplier 

for the modern automotive industry. The potential for upgrading a manufacturing process with 

a machine for pipe crushing and internal recycling is assessed. By enabling the circular 

economy model within the business, crushed piping can be melted and utilized as a raw material 

for the creation of new pipes. Market available machines are assessed and valuated for selected 
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criteria. Multicriteria ranking of alternatives and market offering is executed. Finally, one 

alternative that ranked best by two methods is proposed for purchase.  
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2 PRODUCTION PROCESS 

The company in question is engaged in production of piping systems for automotive industry. 

The production process, as shown in Figure 1, consists of: 

• raw material production (extruded plastic pipes),  

• assembly process and  

• evaluation of the leakage conditions of the pipes.  

All manufactured pipes are subject to strict quality controls in accordance with the IATF 16949 

standard. 

 

 

Figure 1 Production process flow 

 

Quality assurance department monitors every production step and ensures that only the products 

that meet all the criteria defined by the customer are shipped further. Strict quality control 

implies that significant quantities of scrap are produced daily. In most cases, the causes of 

scraps are related to the inattention of the workers and machine defects (software and 

hardware). Figure 2 and Figure 3 shows scrap pipes that were damaged due to the machine 

defects. Figure 4 and Figure 5 illustrates defect caused by inattention of the workers, where the 

pipe that fulfils quality requirements is shown on the right of the damaged ones.
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Figure 2 Production error due to machine defect 

 

Figure 3 Production error due to machine defect 

 

Figure 4 Production error due to worker inattention 



 

9 

 

 

Figure 5 Production error due to worker inattention 

 

All piping systems have an annular cross section with a diameter in the range of 15 mm to 20 

mm and a wall thickness of 2.5 mm on average. The length of the pipes varies from 1100 mm 

to 1500 mm. Material of piping systems are mostly polymers, type polyamide 6 and polyamide 

12. 

Assessment of daily waste production rate equals to 50 kg on average and it represents an 

opportunity to establish a circular business model that leads to more efficient resource use and 

trimmed operational waste. 

As explained in Figure 1, the company currently use linear economy model. Raw material is 

taken, processed and production waste is disposed. Since company’s products are piping 

systems suitable for recycling, establishment of circular economy model would reduce 

company’s operational costs as well as acquire added value to the business itself. 
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2.1  Feasibility of recycling 

Plastic waste in Bosnia and Herzegovina is landfilled and it takes up to hundreds of years to 

decompose. Besides being an eyesore, landfilled plastics release toxins and greenhouse gases 

into the air and earth. Recycling is one of the best ways to lower its polluting effect. 

Generally, there are numerous of options to recycle and reuse plastic. In the case of plastic 

piping systems made of polyamide 6 and polyamide 12 materials, one way to recycle and reuse 

waste involves sorting, pre-treatment, melting, pelletizing and at the end, arbitrary 

manufacturing process. 

The recycling process, as shown in Figure 6, begins with sorting, where external elements 

mounted on the pipe, such as couplings or clamping rings, are removed. When the pipe alone 

is ready, it undergoes shredding process, where its size is reduced to flake-like particles. The 

particles are later melted, cooled in water baths, and turned into pellets which are easier to 

manipulate when making new products. Finally, extrusion process takes place where new, 

recycled pipe is born. 

 

Figure 6 Plastic pipes recycling process 

 

2.2  Pre-treatment process 

Implementation of recycling process in the company supports a circular economy model that is 

based on using the scrap of one process as a raw material for another. In this thesis, the focus 

is on pre-treatment process of plastic pipes. As already mentioned, it encompasses size 

reduction of pipes into smaller particles. Size reduction machines can be classified as 

granulators and shredders, to name a few. Although one can assume that these machines 

perform the same tasks, this is not entirely the truth. Understanding distinction between these 

machines assures no costly mistakes are made in the procurement process. 
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Both granulators and shredders are machines that reduce larger components into smaller, more 

manageable pieces. The primary difference between granulator and shredder is the output size 

they produce. Shredder is a single-stage machine which produce particles with sizes ranging 

from 20 to 100 mm. Dual shaft shredders, which have no screens at the outlet, can generate 

particles with a wide range of sizes and shapes. Granulators are ideal machines for producing 

consistently uniform granules since they can repeatedly lower the size of the scrap until it passes 

through the 5 mm to 12 mm screen holes (Niaounakis, 2020). 

Another major fact that distinguishes shredder and granulator is feeding. Granulators operate at 

high speed (from 415 rpm to 1460 rpm) with relatively low torque. Shredders, on the other 

hand, operate at lower speeds (3,6 rpm to 83 rpm) with high torque. With such design features, 

it is not ideal to feed a lot of large sized and high-density material at a time into granulator 

because it creates a lot of noise, lead to jam and can even potentially damage the granulator. 

Most granulators require feeding by hand or a conveyor. Shredders are quite the opposite, the 

more and heavier the scraps are, the easier it is to shred as the weight of the scrap on top of the 

hopper can force the lower scrap down to the cutters. Moreover, most shredders can 

automatically reverse the rotor to clean the jams that can occur from over feeding, particularly 

of thick material, or foreign matter like hard material. So, for shredders, feeding is straight 

forward. The material is fed into the hopper and then the machine will get the job done by itself 

(Niaounakis, 2020). 

In some cases, these two types of size reduction machines can work together. Shredder performs 

coarse size-reduction task and then the shreds are further fed by conveyor into a granulator for 

final sizing to consistent, small, and uniform granules. 

Foregoing research has revealed that scrap features are a decisive factor in choosing the right 

machine, including size of the input scrap and output particle size. Considering the pipe 

characteristics presented in Table 1, it can be concluded that pipes are not robust in dimensions. 

Table 1 Pipe characteristics 

Diameter 15 ÷ 20 mm 

Wall thickness 2,5 mm 

Length 1100 ÷ 1500 mm 

 

Furthermore, in consultation with relevant machine producers it is concluded that for daily scrap 

throughput of 50 kg, feeding by conveyor would not be efficiently utilized and it would 
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needlessly increase the machine dimensions. Hence, feeding by hand is the optimal machine 

setting. To further manipulate and process the particles smoothly, they should be small-sized. 

Accordingly, output particle sizes lower than 20 mm are certainly required. 

To summarize: 

• compact size of the pipes,  

• hand feeding and  

• output particle size lower than 20 mm 

leads to the conclusion the optimal solution for pipe recycling is a granulator alone. Choosing 

a machine of any type is a complex task since there are numerous aspects and constrains to 

consider. For this purpose, the multicriteria decision aid is utilized. 
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3 LITERATURE REVIEW 

There is a large volume of published studies describing the role of multicriteria decision 

analysis in equipment selection problems. Multiple methods are available for executing this 

analysis including analytical hierarchical process (AHP), the analytical network process (ANP), 

multicriteria optimisation and compromise ranking (VIKOR), elimination and choice 

translating reality (ELECTRE), the preference ranking organization method for enrichment of 

evaluation (PROMETHEE), technique for the order of prioritisation by similarity to ideal 

solution (TOPSIS), etc. 

The literature on equipment selection has highlighted several multicriteria decision analysis 

applications such as selection of construction equipment (Temiz and Calis, 2017), selection of 

milling machines (Dagdeviren, 2008), open pit mines equipment selection (Samanta et al., 

2002), selection of the loading and hauling system's equipment (Bascetin, 2004; Bazzazi et al., 

2011), hydraulic excavator selection (Alpay and Iphar, 2018), machine tool selection 

(Wiriyapirom, 2017), loader selection (Yavuz, 2015), electrical energy equipment selection 

(Maniya and Bhatt, 2013), mining equipment (Bodziony et al., 2019) etc.  

Table 2 provides a summary of the multicriteria decision making methods that the researchers 

found most adequate for the equipment selection problem in question. 

Table 2 Employed multicriteria decision making methods 

Authors Applied methods Application objective 

Temiz and Calis (2017) AHP, PROMETHEE Construction equipment 

selection 

Dagdeviren (2008) AHP, PROMETHEE Milling machine selection 

Samanta et al. (2002) AHP Mining equipment selection 

Bascetin (2004) AHP Loading-hauling system’s 

equipment selection 

Bazzazi et al. (2011) VIKOR Loading-hauling system’s 

equipment selection 

Alpay and Iphar (2018) TOPSIS, VIKOR Hydraulic excavator selection 

Wiriyapirom (2017) AHP, PROMETHEE Machine tool selection 

Yavuz (2015) AHP, Yager Loader selection 
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Maniya and Bhatt 

(2013) 

AHP, PSI Electrical energy equipment 

selection 

Bodziony et al. (2019) AHP Mining equipment selection 

 

Among previously mentioned MCDM methods, VIKOR has proved that it can support the 

problem in this study (Bazzazi et al., 2011). However, the subjective initial weighting, which 

is challenging to evaluate, is a drawback of the VIKOR approach. Wibawa et al. (2019) studied 

the effects of AHP weighting in combination with VIKOR method. The results indicated that 

AHP-VIKOR outperformed VIKOR alone. In comparison to VIKOR, the AHP-VIKOR result 

is more precise and consistent. Temiz and Calis (2017) proved that AHP weighting method 

produce consistent results. Dagdeviren (2008), who used this approach to address a company 

problem regarding equipment selection, supports this viewpoint. The management of the 

company in question considered the suggested model acceptable and effective for other 

equipment procurement processes as well. 

The majority of the research on MCDM related equipment selection focuses on evaluating just 

one decision making method with a single issue (Samanta et al., 2002; Bascetin, 2004; Bazzazi 

et al., 2011). This is a problem since different methods might provide different outcomes when 

used to solve the same problem, thus it's crucial to consider how well each method works with 

a certain kind of selection problem (Malczewski and Rinner, 2016). In their review of selecting 

the hydraulic excavator, Alpay and Iphar (2018) suggest that if a decision process involves 

subjectivity, it is advisable to compare the consistency of the outcomes using at least two 

different multicriteria decision making approaches. 

The literature on AHP method (Samanta et al., 2002; Bascetin, 2004; Bodziony et al., 2019) 

has highlighted that application of the AHP method can assist engineers in evaluating the 

alternatives effectively. The decision makers could use AHP method models because they are 

clear, simple to understand and transparent.  

During literature review, articles presenting implementation of VIKOR combined with AHP 

method utilized to determine criteria weights were scarce. Consequently, this study will 

examine whether using the MCDM method VIKOR along the AHP for criteria importance 

weighting will assist decision makers in making well-informed choices and obtaining the 

optimum alternative in selection of equipment. Additionally, AHP method will be implemented 

to examine the consistency of the outcomes of the VIKOR method. 
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4 MULTICRITERIA DECISION AID 

The process of selecting the best practical solution in accordance with the defined criteria is 

known as multicriteria optimization. Practical issues are frequently characterized by diverse 

non-commensurable and conflicting criteria, and it may not always be possible to find a solution 

that simultaneously optimizes each of those criteria. Therefore, the solution is a group of non-

inferior solutions or a compromise solution depending on the decision maker’s preferences 

(Opricovic and Tzeng, 2004). 

4.1  VIKOR method 

The VIKOR method (srp. VIšekriterijumsko KOmpromisno Rangiranje) was developed as a 

multicriteria decision making method to solve a discrete decision problem with conflicting and 

impossible-to-measure criteria (Opricovic and Tzeng, 2004).  

The focus of VIKOR method is ranking and selecting from a set of alternatives, determining 

compromise solution for a problem with conflicting criteria and thus, helping the decision 

maker to reach a final solution. Determining the positive and negative ideal points in the 

solution space is the fundamental principle behind the VIKOR approach, as seen in (2). Based 

on the "closeness" to the "ideal" solution, it evaluates a multicriteria ranking index. The 

compromise ranking can be determined by comparing the relative closeness measure to the 

ideal alternative when each alternative is assessed in respect to each criterion (Yazdani and 

Graeml, 2014; Mardani et al., 2016).  

Based on the Lp-metric D, the following is the distance measurement to the ideal solution:  

 

𝐷(𝐴𝑗) =  √∑ 𝐶𝑖 ∙
𝑓𝑖𝑗

+ − 𝑓𝑖𝑗

𝑓𝑖
+ − 𝑓𝑖

−

𝑁

𝑖=1

𝑝

 (1) 

where: 

 𝑓𝑖
+ = 𝑚𝑎𝑥 𝑓𝑖𝑗 (𝑖 = 1,2, … , 𝑛) 

 
𝑓𝑖

− = 𝑚𝑖𝑛 𝑓𝑖𝑗 (𝑖 = 1,2, … , 𝑛) 

 

(2) 

where: 

- fij - values of jth criteria of ith alternative and  
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- ci - criteria weights,  

where it is requested that each particular criterion be maximized. 

Two Lp-metric variants serve as the basis for VIKOR, for p=1 and p=∞: 

 
𝑆𝑗 = ∑ 𝐶𝑖 ∙

𝑓𝑖𝑗
+ − 𝑓𝑖𝑗

𝑓𝑖
+ − 𝑓𝑖

−

𝑁

𝑖=1

 (3) 

and 

 
𝑅𝑗 = max (𝐶𝑖 ∙

𝑓𝑖𝑗
+ − 𝑓𝑖𝑗

𝑓𝑖
+ − 𝑓𝑖

−) 

 
 

(4) 

and then creates different 2D space RS of alternatives with the following definition of the L1 

metric Q: 

 

𝑄(𝐴𝑗)  =  𝑄𝑗  =  𝜈 𝑄𝑆𝑗  +  (1 − 𝜈) 𝑄𝑅𝑗  =  𝑄𝑅𝑗  +  𝜈 (𝑄𝑆𝑗 –  𝑄𝑅𝑗)  (5) 

where: 

 
 𝑄𝑅𝑗 =

(𝑅𝑗 − 𝑅+
)

(𝑅− − 𝑅+
)

     𝑎𝑛𝑑     𝑄𝑆𝑗 =
(𝑆𝑗 − 𝑆+

)

(𝑆− − 𝑆+
)
 (6) 

and 

 𝑆+ = 𝑚𝑖𝑛 𝑆𝑗,     𝑆− = 𝑚𝑎𝑥 𝑆𝑗,      𝑅+ = 𝑚𝑖𝑛 𝑅𝑗      𝑎𝑛𝑑      𝑅− = 𝑚𝑎𝑥 𝑅𝑗  (7) 

The "strategy coefficient" (coefficient υ) always falls within the range [0, 1], with values higher 

than 0.5 placing more emphasis on meeting the majority of the requirements and lower values 

placing more emphasis on minimizing individual deviations from the ideal solution. (Vučijak 

et al., 2016) 

VIKOR method, for the compromise alternative proposes the one first ranked for υ = 0.5, while 

also satisfying the following criteria: 

• The necessary advantage over the following ranked alternative is achieved. This is true 

if Q(Aj) - Q(Ai) ≥ DQ is valid for ν=0.5, while DQ = min (0.25, 
1

𝑀−1
) (0.25 indicates 

advantage in case of number of alternatives is too low), and M represents alternatives 

number, 



 

17 

 

• To own a position that remains stable with the change of "strategy coefficient" υ, 

indicating that one or more of these requirements is true: 

 
- With υ = 1, the ideantical alternative is ranked first, 

- With υ = 0, the ideantical alternative is ranked first, or 

- With υ = 0.25 and υ = 0.75, the ideantical alternative is ranked first. 

 

(8) 

If the alternative ranked first satisfies both requirements, it is not significantly superior to the 

second option, and both are therefore viewed as compromise solution. If it doesn't fit the first 

requirement alone, it nevertheless qualifies as a compromise solution along with all of the other 

options listed that also don't meet the first requirement. The second-ranked alternative is to be 

suggested only as a compromise if the alternative ranked first does not meet only the second 

requirement (Pašić et al., 2009). 

4.2  Analytical Hierarchy Process 

Analytical Hierarchy Process (AHP) disaggregates a complex decision problem into different 

hierarchical levels (Saaty, 1987). The weight for each criterion is judged in pairwise comparison 

and priorities are calculated by the Eigenvector method. Evaluation of weights for alternatives 

is provided by pairwise comparisons of alternatives by individual criteria. In addition, AHP 

with applied paired comparisons simplifies judgements and calculations and it shows 

consistency or inconsistency of decisions (Jalaliyoon, 2012). 

Phases of conducting an AHP, as suggested by Saaty (1987) are as follows: 

• The issue is organized into a hierarchy of objectives, criteria, and alternatives. A hierarchy 

shows a connection between items on one level and those on the level just underneath it. 

Every element in the hierarchy is connected to every other element, at the very least 

indirectly, thanks to this interaction that permeates the hierarchy's lowest levels. Figure 7 

shows a generic hierarchic structure. 
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Figure 7 Generic hierarchical structure (Bhushan and Rai, 2014) 

 

• To conduct pairwise comparison a questionnaire should be designed and distributed among 

the respondents (decision-makers, expert users etc.) to acquire their opinion. It can be 

collected in a format as shown in Figure 8. „X“ in the column marked „Strong importance“ 

indicates that A is strong compared with B in terms of criterion on which the comparison is 

being made. Comparisons are made for each criterion. Each decision maker enters their 

grade for individual criteria and then individual judgements of each respondent is converted 

into group judgements using the geometrical average. The benchmark reference is 

illustrated in Table 3, according to Saaty (1980). 

 

Figure 8 Format for pairwise comparison 
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Table 3 The fundamental scale (Saaty, 1980) 

Intensity of 

importance 

Definition Explanation 

1 Equal importance Two activities contribute equally to the 

objective 

3 Moderate importance of 

one over another 

Experience and judgement strongly 

favour one activity over another 

5 Essential or strong 

importance 

Experience and judgement strongly 

favour one activity over another 

7 Very strong importance An activity is strongly favoured, and its 

dominance demonstrated in practice 

9 Extreme importance The evidence favouring one activity over 

another is of the highest possible order of 

affirmation 

2,4,6,8 Intermediate values 

between the two adjacent 

judgements 

When compromise is needed 

Reciprocals If activity i has one of the above numbers assigned to it when 

compared to activity j, then j has the reciprocal value when compared 

with i 

 

• The pairwise comparison matrix is extracted from the data collected from the interviews. 

The squared matrix's diagonal elements are equal to 1. If the value of the element (i,j) is 

greater than 1, the criterion in the ith row is preferable to the criterion in the jth column; 

otherwise, the jth column's criterion is preferable to the ith  row's criterion. The matrix's (j,i) 

element is the (i,j) element's inverse.  

• The principal eigenvalue of the comparison matrix and the associated normalized right 

eigenvector show the relative weights given to the various comparison criteria. The 

consistency ratio of the matrix of order n is evaluated. If value fails to accomplish the 

required minimum, the answers to comparisons may be re-examined. Saaty (1987) suggests 

that the value of consistency ratio should be lower than 0.1. The consistency ratio, CR, is 

calculated as: 
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𝐶𝑅 =  

𝐶𝐼

𝑅𝐼
 (9) 

 

 Consistency index, CI, is calculated as: 

 
𝐶𝐼 =  

𝜆𝑚𝑎𝑥 − 𝑛

𝑛 − 1
 

 
(10) 

where: 

λmax – maximum eigenvalue of the judgement matrix, 

n – number of criteria. 

The value of random consistency index, RI, is obtained from Table 4 below.  

Table 4 The value of Random consistency Index (Golden, 1990) 

Dimension RI 

1 0 

2 0 

3 0.5799 

4 0.8921 

5 1.1159 

6 1.2358 

7 1.3322 

8 1.3952 

9 1.4537 

10 1.4882 

  

• To obtain local ratings with regard to each criterion, the weighted average of the ratings for 

each alternative is multiplied by the weights of the sub-criteria. The weights of the criteria 

are then compounded by the local ratings, which are subsequently aggregated to provide 

the global ratings. 

Based on the assessed relative importance of each alternative to a common criterion, the AHP 

method generates weighted values for each alternative.  
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5 CASE STUDY 

5.1  Criteria selection 

The criteria for decision process are decided with a team constituted from two most relevant 

decision makers within the company (industrial engineer and project manager), and additionally 

an expert who is a production engineer with over 15 years of experience in recycling. Criteria 

are selected as follows: 

• Height – Considering the hall layout, machine should not be robust in dimensions. Due to 

the manual feeding process, the height of the machine, expressed in millimetres, should be 

minimised. 

• Weight – To meet inconsistent number of orders for distinct parts, change of the hall layout 

is frequent. To be able to respond to these challenges, machine should be easy to manipulate 

by employees. Machines are relocated manually, with electric hand pallet truck of which 

maximum load capacity is 1000 kg on average. The weight of the machine should not 

exceed load capacity of an electric hand pallet truck, thus all machines weighting more than 

1000 kg will not be considered nor included in ranking. From previous observations, it is 

clear that weight of the machine, expressed in kilograms, should be minimised. 

• Screen mesh size – Screen mesh size is used to control the final product size and it is 

dependent on machine size and material composition. Smaller screen holes and a thinner 

screen will result in more uniform particle sizes and the maximum throughput when 

operating at slower rotor speeds. A range of Ø3 mm to Ø20 mm of the screen mesh size is 

available on the market. The granulate particles should be as fine as possible, thus the screen 

mesh size, expressed in millimeters, should be minimised. 

• Number of rotor blades - The overall design of the knives can impact the quality of the 

final granulate and the efficiency of the equipment. Knives can be positioned on a fixed bed 

or on a granulator's rotor. For increased efficiency of the equipment and quality of the final 

granulate, number of rotor blades of the granulator should be maximised. 

• Number of stator blades – According to the prior criterion, for increased efficiency of the 

equipment and quality of the final granulate, number of stator blades of the granulator 

should be maximised. 
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• Cleaning time – Granulator, due to its purpose, can get clogged easily. Time needed to 

disassemble and clean the granulator should be as low as possible for manufacturing process 

to run smoothly. Expressed in minutes, cleaning time of the machine should be minimised. 

• Changeability – Relates to the repair friendliness of the machine design. Changeability 

implies disassembling of the machine is possible in a simple, fast, and non-destructive way 

with no special tool requirements. This is achieved by screw or plug-in connection types. 

All parts should be easily accessed for regular maintenance: greasing the rotor bearings, 

checking the rotating blade and bed knife wear, on a regular basis or as needed replacing 

the blades or bed knives, sharpening the knives to the proper angle, etc. It is evaluated by 

opinion of an expert and should be maximised. Expert is selected based on expertise and 

years of experience: over fifteen years in recycling and seven years in automotive industry. 

The measuring scale equals from one to ten, where one represents poor changeability and 

ten signifies exceptional changeability. 

• Energy consumption – Adhering to the ISO 50001:2018 standard that reflects following a 

systematic approach in achieving continual improvement of energy performance, the 

company aims to purchase new machines that are energy efficient. Since the granulator will 

require feeding by hand, staff will be appointed to this workplace. Due to the company 

efforts to reduce the number of non-essential workers in night shifts, recycling will be done 

only during the day shift. The specific energy consumption will be expressed per one shift 

which equals to 8 hours, and it should be minimised. 

• Cost – Cost plays an important role in decision making. It is expressed in EUR and should 

be minimised. Relevant types of costs in choosing a new machine are procurement, 

operational and maintenance costs. This criterion implies procurement cost, while 

operational costs are included into energy consumption previously listed. Maintenance costs 

are not taken into account since they are not provided by the suppliers and there is no reliable 

data available on other sites. 

Further criteria that are considered are approximately equal for all the alternatives, for that 

reason they are not included in multicriteria ranking. 

• Warranty – The warranty period is 12 months for all alternatives. There is one alternative 

with warranty period of 13 months, but this difference is insignificant, hence this criterion 

is considered but not included in ranking. 
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• Discharge unit – Following the 5S methodology, all workstations should remain clean at 

all times. For that reason, discharge unit should be able to collect all the excess material or 

dust. All alternatives offer customizable discharge unit solution. 

• Knives clearance – The performance of size reduction depends on the space between 

rotating and stationary knives. Cleaner, more efficient cuts come from reduced clearance. 

All alternatives secure corresponding satisfactory clearance. 

• Knives material – Knives are made of high-quality knife-grade steel with high durability, 

where blades can withstand wear as well as shock. 

• Hopper dimensions – Hopper is used to feed the crushing chamber with plastic material to 

be recycled. Every alternative offers customizable hopper dimensions that are suitable for 

pipes that company produces. 

Table 5 below represents a list of selected criteria. Additionally, column three indicated if 

criteria should be maximised or minimized. 

Table 5 Criteria selected for analysis 

Criteria  Preference 

Height Criteria 1 Minimised 

Weight Criteria 2 Minimised 

Screen mesh size Criteria 3 Minimised 

Number of rotor blades Criteria 4 Maximised 

Number of stator blades Criteria 5 Maximised 

Cleaning time Criteria 6 Minimised 

Changeability Criteria 7 Maximised 

Energy consumption Criteria 8 Minimised 

Cost Criteria 9 Minimised 

 

5.2  Alternatives overview 

An extensive research of market available granulators was conducted over a period of two 

months. A quotation is requested for alternatives agreed with relevant decision makers, which 

corresponds to the needs of the company. A total of six suppliers submitted their quotations. 
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Appendix 1 contains all obtained offers and Table 6 summarizes information received from 

suppliers. 

Table 6 Alternatives overview 

 
Alternative 

1 

Alternative 

2 

Alternative 

3 

Alternative 

4 

Alternative 

5 

Alternative 

6 

Product 
PS-C-M-

2541 

GSE 

300/300 

S 20/40L-

(V) 

D25.38s 

Standard 

150-21 

DeltaTECH 

G17-22-

3K-ARK 

Supplier Prosino ZERMA Dreher Wanner RAPID CMG 

Criteria 1 

Height 
1310 mm 1880 mm 1225 mm 1732 mm 1790 mm 1457 mm 

Criteria 2 

Weight 
420 kg 900 kg 500 kg 430 kg 220 kg 190 kg 

Criteria 3 

Screen mesh 

size 

Ø10 mm Ø8 mm Ø5 mm Ø6 mm Ø5 mm Ø5 mm 

Criteria 4 

Number of 

rotor blades 

12 3 6 18 9 9 

Criteria 5 

Number of 

stator blades 

2 2 4 2 2 2 

Criteria 6 

Cleaning 

time 

10 min 15 min 10 min 30 min 20 min 35 min 

Criteria 7 

Changeability 
5 6 9 9 7 8 

Criteria 8 

Energy 

consumption 

60 kWh 60 kWh 60 kWh 44 kWh 17,6 kWh 17,6 kWh 

Criteria 9 

Cost 
€ 5.056,52 € 12.950,00 € 14.746,25 € 11.045 € 7.300 € 14.180,7 
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5.3  Criteria weight generation using Analytical Hierarchy Process 

This method is used to determine the appropriate weight for each criterion. Excel was used to 

execute this approach. To begin with, the opinions of most-relevant decision makers are 

considered. The fact that Saaty’s scale of intensity of importance contains nine grades and there 

are nine criteria in this case study, allows simplification of the interviewing process. Project 

manager and industrial engineer from the company are interviewed to express their preference 

in criteria ranking. Interviewees are asked to rank the criteria according to their own 

professional preference and opinion of relevance in buying a new granulator. The ranking 

process is done individually and any possibility of affecting each other’s opinion is eliminated.  

Table 7 represents the ranking of criteria according to their evaluations. Arithmetic mean is 

used to unify the received inputs. The importance is ranked from one to nine, where first ranked 

represents the most important one and ninth ranked represents the least important one. 

Table 7 Criteria ranking 

Criteria  Rank 

Changeability C7 1 

Number of rotor blades C4 2 

Number of stator blades C5 3 

Screen mesh size C3 4 

Energy consumption C8 5 

Cost C9 6 

Cleaning time C6 7 

Weight C2 8 

Height C1 9 

 

Table 8 displays the outcomes of the pairwise comparisons for the nine primary criteria. Criteria 

are arranged according to Table 3. The importance of one criterion over another is evaluated 

according to obtained inputs. Diagonal elements are always equal to one since the criterion is 

compared to itself and its significance does not variate. 

 



 

26 

 

Table 8 Pairwise comparison of criteria importance 

 C1 C2 
 

C3 
 

C4 
 

C5 
 

C6 
 

C7 
 

C8 
 

C9 
 

C1 1      1/2  1/6  1/8  1/7  1/3  1/9  1/5  1/4 

C2 
 

2     1      1/5  1/7  1/6  1/2  1/8  1/4  1/3 

C3 6     5     1      1/3  1/2 4      1/4 2     3     

C4 8     7     3     1     2     6      1/2 4     5     

C5 7     6     2      1/2 1     5      1/3 3     4     

C6 3     2      1/4  1/6  1/5 1      1/7  1/3  1/2 

C7 9     8     4     2     3     7     1     8     6     

C8 5     4      1/2  1/4  1/3 3      1/8 1     2     

C9 4     3      1/3  1/5  1/4 2      1/6  1/2 1     

 

Normalized values of pairwise comparison are calculated and represented in Table 9, while 

weighted coefficients describing criterion’s relative importance is shown in Table 10. Figure 9 

presents graphical form of criteria weights. 

Table 9 Normalized values of pairwise comparison 

 C1 C2 
 

C3 
 

C4 
 

C5 
 

C6 
 

C7 
 

C8 
 

C9 
 

C1 0,0222 0,0137 0,0146 0,0265 0,0188 0,0116 0,0403 0,0104 0,0113 

C2 
 

0,0444 0,0274 0,0175 0,0303 0,0220 0,0173 0,0454 0,0130 0,0151 

C3 0,1333 0,1370 0,0873 0,0707 0,0659 0,1387 0,0908 0,1037 0,1358 

C4 0,1778 0,1918 0,2620 0,2120 0,2634 0,2081 0,1816 0,2074 0,2264 

C5 0,1556 0,1644 0,1747 0,1060 0,1317 0,1734 0,1210 0,1556 0,1811 

C6 0,0667 0,0548 0,0218 0,0353 0,0263 0,0347 0,0519 0,0173 0,0226 

C7 0,2000 0,2192 0,3493 0,4239 0,3951 0,2428 0,3631 0,4149 0,2717 

C8 0,1111 0,1096 0,0437 0,0530 0,0439 0,1040 0,0454 0,0519 0,0906 

C9 0,0889 0,0822 0,0291 0,0424 0,0329 0,0694 0,0605 0,0259 0,0453 
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Table 10 Final evaluated criteria weights 

Criteria Criteria weights 

Criteria 1 

Height 
0,01882 

Criteria 2 

Weight 
0,02581 

Criteria 3 

Screen mesh size 
0,10703 

Criteria 4 

Number of rotor blades 
0,21449 

Criteria 5 

Number of stator blades 
0,15149 

Criteria 6 

Cleaning time 
0,03683 

Criteria 7 

Changeability 
0,32000 

Criteria 8 

Energy consumption 
0,07257 

Criteria 9 

Cost 
0,05296 

 

 

Figure 9 Criteria weights 
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Finally, consistency ratio is calculated and presented in Table 11. Consistency ratio equals to 

less than 10%, meaning grading of the criteria is done consistently. 

Table 11 Consistency ratio 

Consistency ratio 5,94% 

λmax 9,688754635 

Consistency index 0,086094329 

Random consistency index 1,45 

CI / RI 0,0593754 

 

5.4  VIKOR method 

After determination of criteria weights, alternatives ranking by VIKOR method follows. 

Initially, a matrix containing criteria and alternatives is presented in Table 12, also containing 

information if criteria is maximized or minimized. 

Table 12 Initial matrix 

C/A A1 A2 A3 A4 A5 A6 Min/Max 

C1 1310 1880 1225 1732 1790 1457 -1 

C2 420 900 500 430 220 190 -1 

C3 10 8 5 6 5 5 -1 

C4 12 3 6 18 9 9 1 

C5 2 2 4 2 2 2 1 

C6 10 15 10 30 20 35 -1 

C7 5 6 9 9 7 8 1 

C8 60 60 60 44 17,6 17,6 -1 

C9 5057 12950 14746 11045 7300 14181 -1 

 

Followingly, every criterion fi that must be minimized is swapped with -fi that must be 

maximized, and shown in Table 13. 

Table 13 Maximum matrix 

 A1 A2 A3 A4 A5 A6 Min Max Range 

C1 -1310 -1880 -1225 -1732 -1790 -1457 -1880 -1225 655 

C2 -420 -900 -500 -430 -220 -190 -900 -190 710 



 

29 

 

C3 -10 -8 -5 -6 -5 -5 -10 -5 5 

C4 12 3 6 18 9 9 3 18 15 

C5 2 2 4 2 2 2 2 4 2 

C6 -10 -15 -10 -30 -20 -35 -35 -10 25 

C7 5 6 9 9 7 8 5 9 4 

C8 -60 -60 -60 -44 -17,6 -17,6 -60 -17,6 42,4 

C9 -5056,5 -12950 -14746 -11045 -7300 -14181 -14746,3 -5056,5 9689,7 

 

Equation (2) and the weights from Table 10 are used to normalize the criteria values as indicated 

in Table 14. 

Table 14 Normalized values 

C/A A1 A2 A3 A4 A5 A6 

C1 0,00244 0,01882 0,00000 0,01457 0,01623 0,00667 

C2 0,00836 0,02581 0,01127 0,00873 0,00109 0,00000 

C3 0,10703 0,06422 0,00000 0,02141 0,00000 0,00000 

C4 0,08580 0,21449 0,17159 0,00000 0,12870 0,12870 

C5 0,15149 0,15149 0,00000 0,15149 0,15149 0,15149 

C6 0,00000 0,00737 0,00000 0,02946 0,01473 0,03683 

C7 0,32000 0,24000 0,00000 0,00000 0,16000 0,08000 

C8 0,07257 0,07257 0,07257 0,04518 0,00000 0,00000 

C9 0,00000 0,04314 0,05296 0,03273 0,01226 0,04987 

 

Using the preceding formulas (5), (6), and (7), Table 15 displays derived QS, QR, and Q values, 

with Q values given for various “strategy coefficient” values υ (υ = 0.25, υ = 0.50, υ = 0.75).

  

Table 15 QS, QR and Q values 

 A1 A2 A3 A4 A5 A6 

S 0,74769 0,83791 0,30839 0,30357 0,48451 0,45355 

R 0,32000 0,24000 0,17159 0,15149 0,16000 0,15149 

QS 0,83116 1,00000 0,00902 0,00000 0,33862 0,28068 

QR 1,00000 0,52524 0,11928 0,00000 0,05048 0,00000 
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Q (υ=0,25) 0,95779 0,64393 0,09172 0,00000 0,12251 0,07017 

Q (υ =0,5) 0,97889 0,58458 0,10550 0,00000 0,08650 0,03509 

Q (υ=0,75) 0,96307 0,62909 0,09516 0,00000 0,11351 0,06140 

 

Table 16 Alternatives final ranking 

Rank υ = 0,5 υ = 0,25 υ = 0,75 

1 A4 A4 A4 

2 A6 A6 A6 

3 A5 A3 A3 

4 A3 A5 A5 

5 A2 A2 A2 

6 A1 A1 A1 

 

5.5  Analytical Hierarchy Process 

Table 17-43 shows the evaluation of each alternative's importance in relation to a common 

criterion. The consistency ratio is also assessed. 

• Height 

Table 17 The evaluation of criteria with respect to height criterion 

C1 A1 A2 A3 A4 A5 A6 

A1 1      1/5 2      1/3  1/4  1/2 

A2 5     1     6     3     2     4     

A3  1/2  1/6 1      1/4  1/5  1/3 

A4 3      1/3 4     1      1/2 2     

A5 4      1/2 5     2     1     3     

A6 2      1/4 3      1/2  1/3 1     
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Table 18 Normalized values of relative weights 

C1 A1 A2 A3 A4 A5 A6 
Row 

average 

Column 

sum 
Product 

A1 0,065 0,082 0,095 0,047 0,058 0,046 0,065 15,500 1,015 

A2 0,323 0,408 0,286 0,424 0,467 0,369 0,379 2,450 0,929 

A3 0,032 0,068 0,048 0,035 0,047 0,031 0,043 21,000 0,912 

A4 0,194 0,136 0,190 0,141 0,117 0,185 0,160 7,083 1,136 

A5 0,258 0,204 0,238 0,282 0,233 0,277 0,249 4,283 1,066 

A6 0,129 0,102 0,143 0,071 0,078 0,092 0,102 10,833 1,110 

 

Table 19 Consistency check 

Consistency ratio 2,72% 

λmax 6,168904 

Consistency index 0,033781 

Random consistency index 1,24 

CI / RI 0,027243 

 

• Weight 

Table 20 The evaluation of criteria with respect to weight criterion 

C2 A1 A2 A3 A4 A5 A6 

A1 1      1/4  1/3  1/2 2     3     

A2 4     1     2     3     5     6     

A3 3      1/2 1     2     4     5     

A4 2      1/3  1/2 1     3     4     

A5  1/2  1/5  1/4  1/3 1     2     

A6  1/3  1/6  1/5  1/4  1/2 1     

 

Table 21 Normalized values of relative weights 

C2 A1 A2 A3 A4 A5 A6 
Row 

average 

Column 

sum 
Product 

A1 0,092 0,102 0,078 0,071 0,129 0,143 0,102 10,833 1,110 

A2 0,369 0,408 0,467 0,424 0,323 0,286 0,379 2,450 0,929 
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A3 0,277 0,204 0,233 0,282 0,258 0,238 0,249 4,283 1,066 

A4 0,185 0,136 0,117 0,141 0,194 0,190 0,160 7,083 1,136 

A5 0,046 0,082 0,058 0,047 0,065 0,095 0,065 15,500 1,015 

A6 0,031 0,068 0,047 0,035 0,032 0,048 0,043 21,000 0,912 

 

Table 22 Consistency check 

Consistency ratio 2,72% 

λmax 6,168904 

Consistency index 0,033781 

Random consistency index 1,24 

CI / RI 0,027243 

 

• Screen mesh size 

Table 23 The evaluation of criteria with respect to screen mesh size criterion 

C3 A1 A2 A3 A4 A5 A6 

A1 1      1/8  1/8  1/8  1/8  1/8 

A2 8     1      1/5  1/5  1/5  1/5 

A3 8     5     1     2     1     1     

A4 8     5      1/2 1      1/2  1/2 

A5 8     5     1     2     1     1     

A6 8     5     1     2     1     1     

 

Table 24 Normalized values of relative weights 

C3 A1 A2 A3 A4 A5 A6 
Row 

average 

Column 

sum 
Product 

A1 0,024 0,006 0,033 0,017 0,033 0,033 0,024 41,000 0,994 

A2 0,195 0,047 0,052 0,027 0,052 0,052 0,071 21,125 1,502 

A3 0,195 0,237 0,261 0,273 0,261 0,261 0,248 3,825 0,949 

A4 0,195 0,237 0,131 0,137 0,131 0,131 0,160 7,325 1,173 

A5 0,195 0,237 0,261 0,273 0,261 0,261 0,248 3,825 0,949 

A6 0,195 0,237 0,261 0,273 0,261 0,261 0,248 3,825 0,949 
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Table 25 Consistency check 

Consistency ratio 8,33% 

λmax 6,516332 

Consistency index 0,103266 

Random consistency index 1,24 

CI / RI 0,083279 

 

• Number of rotor blades 

Table 26 The evaluation of criteria with respect to number of rotor blades criterion 

C4 A1 A2 A3 A4 A5 A6 

A1 1 5 4 1/2 2 4 

A2 1/5 1 1/2 1/6 1/4 1/4 

A3 1/4 2 1 1/5 1/4 1/2 

A4 2 6 5 1 4 4 

A5 1/2 4 4 1/4 1 2 

A6 1/4 4 2 1/4 1/2 1 

 

Table 27 Normalized values of relative weights 

C4 A1 A2 A3 A4 A5 A6 
Row 

average 

Column 

sum 
Product 

A1 0,238 0,227 0,242 0,211 0,250 0,340 0,252 4,200 1,057 

A2 0,048 0,045 0,030 0,070 0,031 0,021 0,041 22,000 0,903 

A3 0,060 0,091 0,061 0,085 0,031 0,043 0,062 16,500 1,016 

A4 0,476 0,273 0,303 0,423 0,500 0,340 0,386 2,367 0,913 

A5 0,119 0,182 0,242 0,106 0,125 0,170 0,157 8,000 1,259 

A6 0,060 0,182 0,121 0,106 0,063 0,085 0,103 11,750 1,206 

 

Table 28 Consistency check 

Consistency ratio 5,70% 

λmax 6,353427 

Consistency index 0,070685 

Random consistency index 1,24 

CI / RI 0,057004 
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• Number of stator blades 

Table 29 The evaluation of criteria with respect to number of stator blades criterion 

C5 A1 A2 A3 A4 A5 A6 

A1 1     1      1/2 1     1     1     

A2 1     1      1/2 1     1     1     

A3 2     2     1     2     2     2     

A4 1     1      1/2 1     1     1     

A5 1     1      1/2 1     1     1     

A6 1     1      1/2 1     1     1     

 

Table 30 Normalized values of relative weights 

C5 A1 A2 A3 A4 A5 A6 
Row 

average 

Column 

sum 
Product 

A1 0,143 0,143 0,143 0,143 0,143 0,143 0,143 7,000 1,000 

A2 0,143 0,143 0,143 0,143 0,143 0,143 0,143 7,000 1,000 

A3 0,286 0,286 0,286 0,286 0,286 0,286 0,286 3,500 1,000 

A4 0,143 0,143 0,143 0,143 0,143 0,143 0,143 7,000 1,000 

A5 0,143 0,143 0,143 0,143 0,143 0,143 0,143 7,000 1,000 

A6 0,143 0,143 0,143 0,143 0,143 0,143 0,143 7,000 1,000 

 

Table 31 Consistency check 

Consistency ratio 0,00% 

λmax 6 

Consistency index -1,78E-16 

Random consistency index 1,24 

CI / RI -1,43E-16 

• Cleaning time 

Table 32 The evaluation of criteria with respect to cleaning time criterion 

C6 A1 A2 A3 A4 A5 A6 

A1 1     2     1     4     3     5     

A2  1/2 1      1/2 3     2     4     

A3 1     2     1     4     3     5     
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A4  1/4  1/3  1/4 1      1/2 2     

A5  1/3  1/2  1/3 2     1     3     

A6  1/5  1/4  1/5  1/2  1/3 1     

 

Table 33 Normalized values of relative weights 

C6 A1 A2 A3 A4 A5 A6 
Row 

average 

Column 

sum 
Product 

A1 0,305 0,329 0,305 0,276 0,305 0,250 0,295 3,283 0,968 

A2 0,152 0,164 0,152 0,207 0,203 0,200 0,180 6,083 1,094 

A3 0,305 0,329 0,305 0,276 0,305 0,250 0,295 3,283 0,968 

A4 0,076 0,055 0,076 0,069 0,051 0,100 0,071 14,500 1,032 

A5 0,102 0,082 0,102 0,138 0,102 0,150 0,112 9,833 1,106 

A6 0,061 0,041 0,061 0,034 0,034 0,050 0,047 20,000 0,938 

 

Table 34 Consistency check 

Consistency ratio 1,70% 

λmax 6,105499 

Consistency index 0,0211 

Random consistency index 1,24 

CI / RI 0,017016 

 

• Changeability 

Table 35 The evaluation of criteria with respect to changeability criterion 

C7 A1 A2 A3 A4 A5 A6 

A1 1     1      1/5  1/4  1/2  1/3 

A2 1     1      1/4  1/3 1      1/2 

A3 5     4     1     1     3     2     

A4 4     3     1     1     2     1     

A5 2     1      1/3  1/2 1     1     

A6 3     2      1/2 1     1     1     
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Table 36 Normalized values of relative weights 

C7 A1 A2 A3 A4 A5 A6 
Row 

average 

Column 

sum 
Product 

A1 0,063 0,083 0,061 0,061 0,059 0,057 0,064 16,000 1,024 

A2 0,063 0,083 0,076 0,082 0,118 0,086 0,084 12,000 1,014 

A3 0,313 0,333 0,305 0,245 0,353 0,343 0,315 3,283 1,035 

A4 0,250 0,250 0,305 0,245 0,235 0,171 0,243 4,083 0,991 

A5 0,125 0,083 0,102 0,122 0,118 0,171 0,120 8,500 1,022 

A6 0,188 0,167 0,152 0,245 0,118 0,171 0,173 5,833 1,012 

 

Table 37 Consistency check 

Consistency ratio 1,57% 

λmax 6,097122 

Consistency index 0,019424 

Random consistency index 1,24 

CI / RI 0,015665 

 

• Energy consumption 

Table 38 The evaluation of criteria with respect to energy consumption criterion 

C8 A1 A2 A3 A4 A5 A6 

A1 1     3     3      1/3  1/3  1/3 

A2  1/3 1     3      1/3  1/3  1/3 

A3  1/3  1/3 1      1/3  1/3  1/3 

A4 3     3     3     1      1/2  1/2 

A5 3     3     3     2     1     1     

A6 3     3     3     2     1     1     

 

Table 39 Normalized values of relative weights 

C8 A1 A2 A3 A4 A5 A6 
Row 

average 

Column 

sum 
Product 

A1 0,094 0,225 0,188 0,056 0,095 0,095 0,125 10,667 1,337 

A2 0,031 0,075 0,188 0,056 0,095 0,095 0,090 13,333 1,200 
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A3 0,031 0,025 0,063 0,056 0,095 0,095 0,061 16,000 0,973 

A4 0,281 0,225 0,188 0,167 0,143 0,143 0,191 6,000 1,146 

A5 0,281 0,225 0,188 0,333 0,286 0,286 0,266 3,500 0,932 

A6 0,281 0,225 0,188 0,333 0,286 0,286 0,266 3,500 0,932 

 

Table 40 Consistency check 

Consistency ratio 8,40% 

λmax 6,520718 

Consistency index 0,104144 

Random consistency index 1,24 

CI / RI 0,083987 

 

• Cost 

Table 41 The evaluation of criteria with respect to cost criterion 

C9 A1 A2 A3 A4 A5 A6 

A1 1     5     7     4     2     6     

A2  1/5 1     4      1/2  1/4 2     

A3  1/7  1/4 1      1/5  1/6  1/2 

A4  1/4 2     5     1      1/2 4     

A5  1/2 4     6     2     1     5     

A6  1/6  1/2 2      1/4  1/5 1     

 

Table 42 Normalized values of relative weights 

C9 A1 A2 A3 A4 A5 A6 
Row 

average 

Column 

sum 
Product 

A1 0,443 0,392 0,280 0,503 0,486 0,324 0,405 2,260 0,914 

A2 0,089 0,078 0,160 0,063 0,061 0,108 0,093 12,750 1,187 

A3 0,063 0,020 0,040 0,025 0,040 0,027 0,036 25,000 0,898 

A4 0,111 0,157 0,200 0,126 0,121 0,216 0,155 7,950 1,234 

A5 0,221 0,314 0,240 0,252 0,243 0,270 0,257 4,117 1,056 

A6 0,074 0,039 0,080 0,031 0,049 0,054 0,055 18,500 1,008 
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Table 43 Consistency check 

Consistency ratio 4,80% 

λmax 6,297896 

Consistency index 0,059579 

Random consistency index 1,24 

CI / RI 0,048048 

 

Since consistency ratio amounts to less than 10% for every step, it signifies alternatives are 

graded consistently with respect to each criterion. 

Local ratings with respect to each criterion are obtained by multiplying the ratings of each 

alternative by the weights of the sub-criteria and aggregating the results, as shown in Table 44.  

Table 44 Average row values with weights 

 A1 A2 A3 A4 A5 A6 
Weights 

(Ci) 

1 0,065494 0,379357 0,043443 0,160434 0,248830 0,102441 0,01882 

2 0,102441 0,379357 0,248830 0,160434 0,065494 0,043443 0,02581 

3 0,024235 0,071104 0,248193 0,160081 0,248193 0,248193 0,10703 

4 0,251581 0,041054 0,061558 0,385818 0,157356 0,102632 0,21449 

5 0,142857 0,142857 0,285714 0,142857 0,142857 0,142857 0,15149 

6 0,294808 0,179873 0,294808 0,071149 0,112477 0,046884 0,03683 

7 0,063990 0,084495 0,315183 0,242698 0,120230 0,173404 0,32000 

8 0,125380 0,089964 0,060797 0,191022 0,266419 0,266419 0,07257 

9 0,404671 0,093113 0,035917 0,155161 0,256628 0,054510 0,05296 

 

The global ratings are shown in Table 45, and the final ranking is shown in Table 46, after the 

local ratings have been multiplied by the weights of the criterion and aggregated. 

Table 45 Global criteria ranking 

 A1 A2 A3 A4 A5 A6 

1 0,00123 0,00714 0,00082 0,00302 0,00468 0,00193 

2 0,00264 0,00979 0,00642 0,00414 0,00169 0,00112 

3 0,00259 0,00761 0,02656 0,01713 0,02656 0,02656 

4 0,05396 0,00881 0,01320 0,08275 0,03375 0,02201 
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5 0,02164 0,02164 0,04328 0,02164 0,02164 0,02164 

6 0,01086 0,00662 0,01086 0,00262 0,00414 0,00173 

7 0,02048 0,02704 0,10086 0,07766 0,03847 0,05549 

8 0,00910 0,00653 0,00441 0,01386 0,01933 0,01933 

9 0,02143 0,00493 0,00190 0,00822 0,01359 0,00289 

SUM 0,14394 0,10011 0,20832 0,23105 0,16387 0,15270 

 

Table 46 Alternatives final ranking 

A4 A3 A5 A6 A1 A2 

0,231053442 0,208321639 0,163870275 0,152704783 0,143937327 0,100112533 
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6 RESULTS AND DISCUSSION 

The ranking by S and R norms is shown in Table 47 and was calculated using the preceding 

formulas (3) and (4). A4 is ranked first and A3 is ranked second for the L1/S norm (representing 

total L1 norm distance to the ideal alternative), but for the L∞/R norm (representing maximal 

component distance to the ideal alternative), A4 and A6 have the same value and thus, the same 

ranking. 

Table 47 QS, QR and Q values in VIKOR method 

 A1 A2 A3 A4 A5 A6 

S 0,74769 0,83791 0,30839 0,30357 0,48451 0,45355 

R 0,32000 0,24000 0,17159 0,15149 0,16000 0,15149 

QS 0,83116 1,00000 0,00902 0,00000 0,33862 0,28068 

QR 1,00000 0,52524 0,11928 0,00000 0,05048 0,00000 

Q (υ=0,25) 0,95779 0,64393 0,09172 0,00000 0,12251 0,07017 

Q (υ =0,5) 0,97889 0,58458 0,10550 0,00000 0,08650 0,03509 

Q (υ=0,75) 0,96307 0,62909 0,09516 0,00000 0,11351 0,06140 

 

In order to test the stabile position of the first ranked alternative (based on the requirements 

stated in (8)), Q values are also generated for the values of “strategy coefficient” υ = 0.25 and 

υ = 0.75. Table 48 provides a ranking of all six scenarios based on these variables. 

Table 48 Alternatives final ranking in VIKOR method 

Ranking υ = 0,5 υ = 0,25 υ = 0,75 

1 A4 A4 A4 

2 A6 A6 A6 

3 A5 A3 A3 

4 A3 A5 A5 

5 A2 A2 A2 

6 A1 A1 A1 

 

When the requirements outlined in (8) are applied, it becomes clear that the stability of position 

ranked first is not proved since for υ = 0.5 it is not correct that (Aj) - Q(Ai) ≥ DQ, where DQ = 
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min (0.25, 
1

5
) = 

1

5
 = 0.2 and Q(A6) - Q(A4) = 0.035. Moreover, neither assessing Q(A5) - Q(A4) 

nor Q(A3) - Q(A4) satisfies requirement (8). The first four ranked options, A4, A6, A5, and 

A3, should be taken into consideration after taking the first ranked requirement stability check 

defined with (8) into account.  

Since final ranking by VIKOR method takes more than one alternative into consideration, 

results obtained by AHP method will support the decision on final choice of optimal solution. 

Table 49 displays results obtained by AHP method. The results indicate that A4 is the best 

ranked alternative, followed by A3 and A5. This leads to conclusion that alternative A4 can be 

chosen as an optimal solution for the given equipment selection problem. 

Table 49 Alternatives final ranking AHP 

A4 A3 A5 A6 A1 A2 

0,231053442 0,208321639 0,163870275 0,152704783 0,143937327 0,100112533 

 

Finally, when considering all the established criteria, applied methods indicate that optimal 

alternative is Wanner’s D25.38 granulator. By entering a purchasing process, previously linear 

economy model would navigate towards new, circular economy model that would, among 

environmental benefits, bring added value to the company. The potential new product process 

flow is displayed in Figure 10. 

 

Figure 10  New production process flow 
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7 CONCLUSION 

A circular economy and making use of by-products in industry is the way forward. Re-using 

the recovering by-products of the industrial processes brings many advantages: the impact of 

industry on the environment is reduced, depleting natural resources are saved, new and 

sustainable business is created and together it contributes to a better and more sustainable 

society. 

This thesis contributes to implementation of circular economy model within a company in 

Bosnia and Herzegovina. The production process is upgraded with a granulator that enables 

recycling of piping systems labelled as scrap. Market available granulators are assessed by 

commonly established criteria, using a multicriteria decision aid. 

The proposed approach uses the VIKOR and AHP decision-making methodologies. The 

proposed approach differs significantly from the existing literature on equipment selection with 

the structure presented. AHP is used to weight the criteria that will be taken into consideration 

when choosing the equipment, while VIKOR, with the support by AHP, is used to rank the 

alternatives. Ranking by VIKOR method revealed there is more than one alternative to consider, 

while AHP method ranking prevail alternative A4 as the optimal solution for the equipment 

selection problem in question. In case results obtained by VIKOR and AHP methods differ, it 

is recommended to apply one more MCDM method to decide for final solution. 

The obtained results show that the combination of AHP for determining criteria weights, and 

AHP and VIKOR as MCDM methods, may be successfully implemented for the eventual 

granulator selection processes. This is a significant contribution to the field of equipment 

selection, and it might even be recommended as a phase in the general procurement procedure 

after an earlier detailed assessment of the particular requirements. 

Similar applications have shown both VIKOR and AHP to be quite effective independently, 

and they have several advantages over other approaches like ANP, ELECTRE, and others. 

However, it is important to examine the applicability and effectiveness of other multicriteria 

decision making techniques in this field, which is a recommendation for further research. 
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Appendix 1. Alternatives overview 

Alternative 1 
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Alternative 2 

 



 

48 

 

  



 

49 

 

Alternative 3 
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Alternative 4 
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Alternative 5 
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Alternative 6 
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