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Abstract  

Nowadays, increasing manufacturing activities cause to critical environmental problems such as global warming and air pollution. These 

environmental problems have provided increase of environmental awareness in the production process and therefore the green 

manufacturing (GM) concept has emerged. In general, this concept refers to a production process, which has high efficiency and 

minimum environmental damage in terms of resources and products. GM has recently become important in almost every sector. 

Automotive industry has significant importance in terms of economy and employment when considered its sub-industry and other 

related sectors. Therefore, it is important to evaluate the adoption level of green manufacturing concept in this sector. Fuzzy multi 

criteria decision making (FMCDM) methods which handle uncertainty in decision making problems can be effectively used for green 

performance evaluation of companies. In this study, it is aimed to assess green performance of manufacturers which operate in 

automotive sector by using a MCDM model based on fuzzy analytic hierarchy process (FAHP) method. This model consists of 5 main 

criteria which are green design, green energy, green material, green logistics and green management, and 19 sub criteria located under 

these main criteria. As a result of the study, green energy and low waste criteria were determined as the most important main and sub 

criteria with weights of 0.268 and 0.1026 respectively. The proposed model can be used as an effective tool for companies operating in 

the automotive industry to measure and to follow their green performance and to select their suppliers. 

Keywords: Fuzzy MCDM, Green manufacturing, Fuzzy AHP, Automotive industry.

1. Introduction 

Increasing production activities in order to meet high 

demands generating from rapid population growth, lead to many 

environmental problems such as global warming and ozone layer 

depletion. These environmental problems that arise as a result of 

air, water and soil pollutions jeopardize environmental 

sustainability and threaten the future of our world (Anderson et 

al., 2016). In addition, it is necessary to use natural resources more 

efficiently due to rapid decrease of them with increasing 

population. 

Nowadays, environmental concerns affect almost all 

organizations at the administrative and operational level 

(Govindan et al., 2015). National and international legal 

regulations, governmental and non-governmental organizations 

and increasing awareness of environmental protection among 

people force companies to act with an environmental approach 

while conducting their activities (Buyukozkan and Cifci, 2012). 

As a result of these increasing pressures about the environment, 

greening have become one of the major trends in production in 

recent years. At this point, green manufacturing can be defined as 

having an environmental point of view at every stage of 

production process.  

One of the purposes of GM practices is to reduce the carbon 

footprint of companies. Developing policies for reducing carbon 

footprint which is related to CO2 equivalent (CO2e) gases emitted 

during all stages of production is quite important in terms of an 

environment oriented production. CO2e gases cause global 

warming which is one of the most crucial problems facing our 

world (Bhattacharya et al., 2015; Hussain et al., 2017). 

Environmental pollution, on the other hand, is an important 

problem which threats human life (Kamacı and Uysal, 2017). In 

this context, GM studies aim to decrease environmental pollution.  

Automotive industry is a big customer of different sectors 

such as iron and steel, light metals and chemical industries. It 

provides a large business volume with many suppliers and creates 

employment opportunities for many people (Dweiri et al., 2016). 

In addition, automotive sector is one of the largest sectors in the 

world and has a considerable impact on the environment. 

Therefore, assessment of green manufacturing adoption levels of 

manufacturers in this sector is important for the environment.  

In this study, we aimed to create a green performance 

evaluation model based on fuzzy AHP method for manufacturers 

in the automotive sector. Fuzzy set theory (FST) is used with AHP 

method so as to handle the qualitative and imprecise data 

concurrently.  The proposed model which has the flexibility to be 

applied for different manufacturers, presents an important tool for 

companies to measure their own green performance and enables 

to select their suppliers.  
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The rest of this paper is organized as follows. A literature 

review related to green manufacturing has been given in Section 

2. Fuzzy AHP method which used as a MCDM method has been 

explained in Section 3. The proposed green performance 

evaluation model has been presented in Section 4. Conclusions 

and future suggestions are in Section 5.  

2. Literature Review 

There are many MCDM studies with respect to green 

manufacturing applications in the literature. Some of these studies 

are briefly summarized as follows. Çifçi and Büyüközkan (2011), 

suggested a group MCDM framework utilizing fuzzy AHP 

method for green supplier selection (GSS) problem. Tseng (2011), 

aimed to determine the most suitable alternative through linguistic 

preferences under incomplete information by using green supply 

chain management (GSCM) criteria. The weights of criteria and 

alternatives are determined via fuzzy set theory. Büyüközkan 

(2012), proposed an integrated fuzzy MCDM methodology 

including fuzzy AHP and fuzzy Axiomatic Design (AD) methods 

in order to evaluate green performance of suppliers. Tseng and 

Chiu (2013), studied on supplier selection problem as an indicator 

of environmentally sensitive manufacturing. They ranked 

alternative suppliers by means of grey relational analysis (GRA) 

method. Mittal and Sangwan (2014), applied fuzzy TOPSIS 

method so as to prioritize green manufacturing (GM) drivers by 

evaluating in terms of social, environmental and economic 

aspects. Banaeian et al. (2015), aimed to determine criteria for 

GSS problem in food industry. AHP and Delphi methods are used 

for weighting criteria and collecting of sub-criteria by an expert 

team. They applied fuzzy GRA method in order to rank green 

suppliers. Bhattacharya et al. (2015), provided an overview 

related to GM supply chain design and decision support to help 

researchers studied in this field. Govindan et al. (2015), proposed 

a MCDM methodology integrating DEMATEL based ANP 

(DANP) and PROMETHEE methods for selecting the best green 

manufacturing practices. Govindan et al. (2015), aimed to 

prioritize the drivers of green manufacturing using fuzzy AHP 

method. They performed a sensitivity analysis by using different 

defuzzification methods. Ilgin et al. (2015), presented a literature 

review study including 190 MCDM papers related to 

environmentally sensitive manufacturing. They divided into them 

three major categories in order to inform researchers about this 

field. Ghorabaee et al. (2016), applied interval type-2 fuzzy 

Weighted Aggregated Sum Product Assessment (WASPAS) 

method for green supplier evaluation problem. They performed a 

sensitivity analysis by using different criteria weights and 

different parameters in order to reveal stability of the proposed 

method. Kumar et al. (2016), suggested a novel methodology 

named as Genetic/Immune Strategy for Data Envelopment 

Analysis (GIS/DEA) so as to solve GSS problem. Liao et al. 

(2016), applied a MCDM methodology combining fuzzy AHP, 

fuzzy additive ratio assessment (ARAS-F) and multi-segment 

goal programming (MSGP) for evaluating GSS problem. Yazdani 

et al. (2016), utilized a combined model including SWARA, QFD 

and WASPAS methods for GSS problem. They used SWARA 

method so as to give more weight to customer requirements and 

QFD for transforming customer requirements into supplier 

evaluation index. At the end of the study, they ranked alternative 

suppliers by using WASPAS method. Salem and Deif (2017), 

suggested Greenometer which is a toolbox in order to evaluate 

greenness level of manufacturing companies. They used data 

envelopment analysis as a decision making method in this study. 

3. Fuzzy AHP Method 

Analytic hierarchy process (AHP) and analytic network 

process (ANP) methods have been developed by Saaty as 

hierarchical and pairwise comparison based decision making 

methods (Saaty, 1977; Saaty, 2001; Saaty, 2008). 

AHP which presents a useful methodology for MCDM deals 

with problem in a hierarchical structure (Wang and Chin, 2011). 

Generally, 1-9 scale proposed by Saaty for establish pairwise 

comparison matrices are used in AHP method (Ugur and Baykan, 

2017). However, crisp values are insufficient to express human 

thinking and judgment which constitute input for problem. Thus, 

fuzzy AHP methodology has been developed with use of fuzzy 

numbers instead of crisp numbers (Kusumawardani and 

Agintiara, 2015).  

AHP and its extension fuzzy AHP methods are commonly 

utilized for different decision making problems such as 

manufacturing plant sustainability evaluation (Jayawickrama et 

al., 2017), mineral prospectivity mapping (Zhang et al., 2017), 

organ transplantation (Yuen, 2014), evaluation of in-flight service 

quality (Li et al., 2017) and shipping technology selection (Sahin 

and Yip, 2017). On the other hand, AHP and fuzzy AHP methods 

are applied with together another MCDM methods as shown in 

(Karatas, 2017; Otay et al., 2017; Karatas et al., 2018). 

One of the most popular fuzzy AHP methods is Chang’s 

approach named as extent analysis method (Heo et al., 2012). The 

triangular fuzzy conversion scale utilized in this method for 

pairwise comparison is given in Table 1. 

Table 1. Linguistic expressions and corresponding triangular 

fuzzy numbers (TFNs) (Esen et al.,2016; Erdem, 2016; Toklu, 

2017) 

Linguistic Expressions 
Fuzzy 

Scale 

Fuzzy Reciprocal 

Scale 

Equally Important (EI) (1,1,1) (1,1,1) 

Weakly Important (WI) (1,3,5) (1/5,1/3,1) 

Strongly Important (SI) (3,5,7) (1/7,1/5,1/3) 

Very Important (VI) (5,7,9) (1/9,1/7,1/5) 

Absolutely Important (AI) (7,9,9) (1/9,1/9,1/7) 

 

The extent analysis method is explained as follows (Esen et 

al.,2016; Erdem, 2016). 

𝐶 = {𝐶1, 𝐶2, … , 𝐶𝑛} is a criteria set and 𝐴 = {𝐴1, 𝐴2, … , 𝐴𝑚} 

is an alternative set, where n and m are the number of criteria and 

alternatives respectively. Extent analysis for each criteria 𝐶𝑖 is 

performed, respectively. Thus, 𝑚 extent analysis values for each 

alternative can be calculated as follows:  

𝑀𝐶𝑖

1 , 𝑀𝐶𝑖

2 , … , 𝑀𝐶𝑖

𝑚,       𝑖 = 1, 2, … , 𝑛                                (1) 

where all of 𝑀𝐶𝑖

𝑗
, (𝑗 =  1, 2, … , 𝑚) values are obtained as TFNs. 

Step 1: Fuzzy synthetic extent value for 𝑖th object is calculated as 

follows: 

𝑆𝑖 = ∑ 𝑀𝐶𝑖

𝑗
⨂ [∑ ∑ 𝑀𝐶𝑖

𝑗𝑚
𝑗=1

𝑛
𝑖=1 ]

−1
𝑚
𝑗=1                                        (2)                                                                         

∑ 𝑀𝐶𝑖

𝑗
= (∑ 𝑙𝑗 ,𝑚

𝑗=1 ∑ 𝑚𝑗, ∑ 𝑢𝑗 𝑚
𝑗=1

𝑚
𝑗=1 )𝑚

𝑗=1                                 (3)                                                                                                                    

∑ ∑ 𝑀𝐶𝑖

𝑗𝑚
𝑗=1

𝑛
𝑖=1 = (∑ 𝑙𝑖 ,

𝑛
𝑖=1 ∑ 𝑚𝑖, ∑ 𝑢𝑖  

𝑛
𝑖=1

𝑛
𝑖=1 )                         (4)                                                                                                                                                                                            

[∑ ∑ 𝑀𝐶𝑖

𝑗𝑚
𝑗=1

𝑛
𝑖=1 ]

−1

= (
1

∑ 𝑢𝑖
𝑛
𝑖=1

,
1

∑ 𝑚𝑖
𝑛
𝑖=1

,
1

∑ 𝑙𝑖
𝑛
𝑖=1

 )                         (5)                                                                                                             

where, ⨂ indicates fuzzy multiplication operator. 
 

Step 2: The degree of possibility of M2 = (l2, m2, u2) ≥ M1 = (l1, 

m1, u1) is defined as; 

V (M2 ≥ M1) =𝑠𝑢𝑝𝑠≥𝑡⌊𝑚𝑖𝑛 𝜇𝑀1
(𝑠), 𝜇𝑀2

(𝑡)⌋                         (6)  
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and can be equivalently expressed as follows: 

 

 

 

𝑉(𝑀2 ≥ 𝑀1) = ℎ𝑔𝑡(𝑀1 ∩ 𝑀2)= 

𝜇𝑀2
(𝑑) {

   1,                      𝑖𝑓 𝑚2 ≥ 𝑚1

0,                      𝑖𝑓 𝑙1 ≥ 𝑢2
𝑙1−𝑢2

(𝑚2−𝑢2)−(𝑚1−𝑙1)
         𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒             

                    (7)                      

where d is the ordinate of the highest intersection point D between 

𝜇𝑀1
and 𝜇𝑀2

 as seen in Figure 1. To compare M1 and M2, we need 

both the values of V(M2 ≥ M1) and V(M1 ≥ M2). 

 

Figure 1. The intersection between M1 and M2 (Esen et al., 

2016). 

Step 3: The degree possibility for a convex fuzzy number to be 

greater than k convex fuzzy numbers 𝑀𝑖  (𝑖 = 1, 2, . , 𝑘) can be 

defined as follows: 

𝑉(𝑀 ≥  𝑀1 , 𝑀2, … , 𝑀𝑘  ) =  𝑉 [ (𝑀 ≥  𝑀1) 𝑎𝑛𝑑 (𝑀 ≥
 𝑀2) 𝑎𝑛𝑑 …  𝑎𝑛𝑑 (𝑀 ≥  𝑀𝑘) ]                                      

 =  𝑚𝑖𝑛 𝑉(𝑀 ≥  𝑀𝑖),   𝑖 =  1, 2, … , 𝑘                                     (8)                                  

Assume that 

d’(Ai) = min V(Si ≥ Sk)                                                           (9) 

then the weight vector for k = 1, 2, …, n; k ≠ i is given by 

following equation; 

W’ = (d’(A1), d’(A2), …, d’(An))T                                             (10)  

Step 4: The normalized weight vectors are obtained as crisp 

number through normalization.  

W = (d(A1), d(A2), …, d(An))T                                             (11)                                                                                                                                                                                                                                                                                                                                                             

4. The Proposed Evaluation Model 

 In this section, a green performance evaluation model based 

on fuzzy AHP method is suggested in order to evaluate companies 

operating in automotive industry. It is aimed to provide an 

effective tool for these companies to evaluate green performance 

of them and their suppliers. In this context, the green performance 

evaluation criteria are determined by means of literature review 

and expert opinions (Chithambaranathan et al., 2015; 

Rostamzadeh et al., 2015; Govindan et al., 2015; Uygun and 

Dede, 2016; Salem and Deif, 2017; Luthra et al., 2017). These 

criteria are presented as a two stage hierarchical structure in 

Figure 2. 

 

C1: Green Design C2: Green Energy
C3: Green 

Material

C11: Designing 

products to 

minimize resource 

usage 

C12: Environment 

friendly process 

design

C13: Cooperation 

with customers for 

green design

C21: Use of 

renewable energy

C22: Greenhouse 

gas (GHG) 

emission intencity

C23: Energy 

efficiency

C31: Low waste

C32: Easily 

recycling 

C33: Reuse 

capability

C34: Using 

environment 

friendly packacing 

materials

C41: Reverse 

logistics

C42: Using green 

fuels in logistics

C43: Minimizing 

the routes

C44: Using eco-

efficient transport 

type

C45: Decreasing 

inventory levels

C51:Support of 

managers to GM

C52:Having GM 

certifications

C53: Green R&D

C54: Working 

with green 

suppliers

Green Performance Evaluation Criteria

C4: Green 

Logistics

C5: Green 

Management

 

Figure 2. The hierarchical structure for green performance evaluation model

In the scope of this study, 5 main criteria and 19 sub-criteria are 

determined in order to use in green performance evaluation 

model. Green design, green energy, green material, green logistics 

and green management are handled as main criteria. Green design 

includes three sub-criteria as designing products to minimize 

resource usage, environment friendly process design and 

cooperation with customers for green design. It is aimed to 

evaluate production process of companies in terms of 

environment friendly design by using these criteria. Green energy 

also includes three sub-criteria as usage of renewable energy, 
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GHG emission intensity and energy efficiency. These criteria 

emphasize the importance of using renewable energy in 

production process and assess alternatives according to their clean 

energy usage. Green material is a main criterion which includes 

four sub-criteria as low waste, easily recycling, reuse capability 

and using environment friendly packaging materials. These 

criteria aim to evaluate manufacturers in terms of using green 

materials in the production process. Besides, green logistics is an 

important main criterion for green performance evaluation. It 

includes five sub-criteria as reverse logistics, using green fuels in 

logistics, minimizing the routes, using eco-efficient transportation 

type and decrease inventory levels. These criteria aim to assess 

logistics activities of companies according to environmental 

awareness.  Finally, green management criterion includes support 

of managers to GM, having GM certifications, Green R&D and 

working with green suppliers criteria. It is aimed to assess 

companies at managerial level by using these criteria.  

 

Firstly, pairwise comparison matrices (PCMs) are formed for 

main and sub criteria in order to determine weights of evaluation 

criteria by using expert opinions. The matrices are filled by three 

experts who are from academia. These experts have studies 

related to fuzzy logic and they have information about automotive 

industry. The expert evaluations for main criteria are presented in 

Table 2. Expert evaluations are aggregated via geometric mean. 

The aggregated fuzzy decision matrix for main criteria is given in 

Table 3. 

Table 2. The expert evaluations for main criteria. 

  
C1 C2 C3 C4 C5 

Exp 1 Exp 2 Exp 3 Exp 1 Exp 2 Exp 3 Exp 1 Exp 2 Exp 3 Exp 1 Exp 2 Exp 3 Exp 1 Exp 2 Exp 3 

C1 EI EI EI WI 1/VI 1/SI EI 1/SI 1/WI SI 1/SI 1/WI EI 1/AI WI 

C2 1/WI VI SI EI EI EI 1/WI WI EI WI WI WI EI 1/WI SI 

C3 EI SI WI WI 1/WI EI EI EI EI WI EI WI EI 1/SI VI 

C4 1/SI SI WI 1/WI 1/WI 1/WI 1/WI EI 1/WI EI EI EI 1/SI 1/SI WI 

C5 EI AI 1/WI EI WI 1/SI EI SI 1/VI SI SI 1/WI EI EI EI 

 

 

 

 

 

Table 3. The aggregated fuzzy decision matrix for main criteria. 

  C1 C2 C3 C4 C5 

C1 1.00 1.00 1.00 0.25 0.44 0.69 0.31 0.41 0.69 0.44 0.69 1.33 0.48 0.69 0.89 

C2 1.44 2.27 3.98 1.00 1.00 1.00 0.58 1.00 1.71 1.00 3.00 5.00 0.84 1.19 1.91 

C3 1.44 2.47 3.27 0.58 1.00 1.71 1.00 1.00 1.00 1.00 2.08 2.92 0.89 1.12 1.44 

C4 0.75 1.44 2.27 0.20 0.33 1.00 0.34 0.48 1.00 1.00 1.00 1.00 0.27 0.49 0.82 

C5 1.12 1.44 2.08 0.52 0.84 1.19 0.69 0.89 1.12 1.22 2.03 3.66 1.00 1.00 1.00 

 

 Similarly, the aggregated fuzzy decision matrices are 

obtained for all of sub-criteria. Afterwards, the criteria weights for 

main and sub criteria are calculated by using these aggregated 

fuzzy decision matrices. The criteria weights obtained as a result 

of fuzzy AHP calculations are given as crisp numbers in Table 4. 

Besides, the graphical demonstration of main criteria weights is 

presented in Figure 3. 

 

Table 4. The weights of Evaluation Criteria 

Main 

Criteria 
Weights Sub-Criteria 

Local 

Weights 

Global 

Weights 

C1 0.111 

C11 0.517 0.0574 

C12 0.455 0.0505 

C13 0.028 0.0031 

C2 0.268 

C21 0.370 0.0992 

C22 0.370 0.0992 

C23 0.260 0.0697 

C3 0.252 
C31 0.407 0.1026 

C32 0.302 0.0761 

C33 0.168 0.0423 

C34 0.123 0.0310 

C4 0.149 

C41 0.223 0.0332 

C42 0.149 0.0222 

C43 0.219 0.0326 

C44 0.222 0.0331 

C45 0.187 0.0279 

C5 0.220 

C51 0.289 0.0636 

C52 0.128 0.0282 

C53 0.341 0.0750 

C54 0.242 0.0532 
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Figure 3. The graphical demonstration of main criteria 

weights 

According to results, the main criteria are ranked as green 

energy, green material, green management, green logistics and 

green design respectively. As it is seen in this rank, green energy 

criterion was selected as the most significant one among main 

criteria with the weight of 0.268. Use of renewable energy and 

greenhouse gas emission criteria were selected as the most 

important sub-criteria related to this criterion. Besides, green 

design criterion was selected as the least important one with the 

weight of 0.111. On the other hand, low waste criterion was 

selected as the most important sub-criterion with the weight of 

0.1026. 

5. Conclusions and Suggestions 

In parallel with the population growth, the increase in 

production activities leads to environmental pollution in every 

respect and therefore to irreversible environmental degradation. 

This degradation is accompanied by environmental disasters such 

as ozone depletion and global warming that threaten living things 

in dangerous extent. Increasing environmental awareness, 

especially with the emerging environmental problems in the last 

decade, forces every large-scale company to include 

environmentalist thinking at every stage of production process, 

and therefore to minimize the harm it gives the environment while 

performing its production activities. 

In this study, a green performance assessment model has been 

presented for companies operating in the automotive industry 

which is one of the leading sectors of many countries with its 

suppliers and high business volume. The model, which is 

constructed using the AHP method integrated with the fuzzy 

approach, consists of 5 main criteria including green design, green 

energy, green material, green logistics and green management and 

19 sub criteria. Green energy is the main criterion with the highest 

weight of 0.268 according to the model which is constructed by 

taking the evaluations of different experts. The proposed model 

provides an important tool for companies in the automotive 

industry to measure and follow their own green performance and 

to select their suppliers. It is possible to obtain a green 

performance score for companies and their suppliers by using this 

model. In the future studies, the scope of the model can be 

expanded by increasing the main and sub criteria. In addition to 

this, similar models can be created for green performance 

assessment for different sectors. 
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