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Hydropower is one of the most efficient renewable energy sources for the sustaina-

bility of the environment if the plant location is well decided. The plant location should 

satisfy different criteria emerged by a wide range of criteria, consisting of law, environ-

ment, and the expectations of the investors and residents. Some of these criteria can be 

conflicting. Some of them may also be in a relationship with each other. Moreover, they 

may be evaluated in a system that contains uncertainty consisting of a lack of information, 

impreciseness in the data, and human hesitancy. These aspects can be a powerful effect on 

the location selection of the hydropower plants and are considered in mathematical formu-

lations. So, the problem can be considered as a multi-criteria decision-making (MCDM) 

problem under uncertainty. In this study, by considering the types of uncertainties, impre-

ciseness of the available data, and hesitancy of the experts, an integrated MCDM method-

ology consisting of DEMATEL, cognitive mapping, and TOPSIS methods has been ex-

tended based on hesitant fuzzy z-numbers. Then the proposed methodology has been ap-

plied for the evaluation of potential locations for hydropower plants in Turkey. For this 

aim, a hierarchical structure consisting of twenty-nine criteria and four alternative loca-

tions has been determined for the assessment by combining literature analysis and expert 

knowledge. In the first stage, the criteria “Availability of Water”, “Annual flow”, “Tech-
nology”, “Capacity”, and “Annual energy production” have been demonstrated as the most 

influential criteria for location selection. Then, based on the z-number fuzzy TOPSIS 

method, the most appropriate alternative for the construction location has been determined 

in Turkey. The findings have been checked in terms of validation and flexibility of the 

given decisions by applying sensitivity and comparative analyses. 

Keywords: Location Selection, hydropower plant, hesitant fuzzy sets, Cognitive Mapping, 

DEMATEL, TOPSIS, z-number  

1. INTRODUCTION 

Hydropower is one of the best renewable energy source alternatives on both large and 

small scale because of its many advantages, such as high response capability and demand 

fluctuations. For this reason, the literature widely focuses on micro, small and large hydro-

power plant projects. However, most analyses that only consist of technical and economic 

aspects are conducted to determine the highest rate of electricity production [1]. The cor-

rect location is utterly critical to improving the performance of hydropower plants. It 

should be designed an MCDM problem to analyze for alternative locations deeply. There 

are many essential criteria for the success of hydropower plants, and they have been cate-

gorized as qualitative and quantitative in terms of measurable data. While considering 

these criteria, there can be uncertainty during the evaluations due to the lack of information, 

imprecision, and human hesitancy. It is not easy to overcome these types of uncertainties 
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simultaneously in a model that uses crisp numbers. To be able to reflect such uncertainties 

while modeling the problem, the ordinary fuzzy set theory (FST) was developed by Zadeh 

[2]. However, FST does not consider the situations in which the decision-maker has diffi-

culty making a single choice. Torra [3] proposed hesitant fuzzy sets (HFS) to deal with 

this issue. HFS allows assigning more than one membership degree for an element in a set. 

Instead of numeric membership degrees of an element, Rodriguez et al. [4] proposed the 

hesitant fuzzy linguistic terms (HFLTS) to enrich linguistic expressions that are more suit-

able for people's thinking and deciding structures. In this way, experts could use more 

flexible expressions when comparing alternatives or evaluating processes. Another limita-

tion of FST is the reliability of the information, which is a problem that arises from the 

hesitancy of the human being. To formulate this type of uncertainty in the mathematical 

operations, z-numbers have been proposed as a new fuzzy concept by Zadeh [5].  

This paper aims to decide the most appropriate plant location alternative by evaluating 

the critical criteria for the success of the hydropower plants by considering the constructed 

MCDM context. Based on that, a methodology involving HFLTS has been extended with 

z-numbers to make more flexible assessments [6]. The proposed methodology consists of 

three calculation phases, DEMATEL, cognitive mapping, and TOPSIS, to evaluate the hy-

dropower plant location alternatives. Before the calculations, the problem environment is 

designed based on the literature review and expert knowledge. Then, for the first phase of 

the calculations, an extended DEMATEL method based on hesitant fuzzy z-numbers has 

been applied to determine the dependencies between the determined critical criteria for the 

success of hydropower plants. Then, the fuzzy cognitive map based on z-number has been 

used to determine the most influential criteria for the success of a hydropower plant since 

it allows grading about the level of causality so that linguistic terms can represent the 

weights of the interconnections [7]. Finally, the most appropriate location alternative has 

been determined by using the z-number fuzzy TOPSIS method. The obtained results of the 

methodology have also been analyzed in terms of validation and flexibility. Through that, 

sensitivity and comparative analyses have been conducted for discussions. Through that, 

the contribution of the paper to the literature can be listed as follows: (i) A comprehensive 

decision-making structure consisting of not only technological and economic characteris-

tics, but also social and environmental aspects have been constructed for the decision-

making process to better handle the problem with a wide range of perspectives. (ii) Since 

the decision-making process involves expert knowledge and evaluations for the solution, 

it is crucial to consider their hesitancy while evaluating the problem. By conducting z-

number concept, reflecting this characteristic to the mathematical operations is enabled for 

effective results. Therefore, the decision-making procedure involves the impreciseness of 

the data and the hesitancy of the decision-makers simultaneously. (iii) By involving de-

pendencies of the evaluation criteria, the proposed methodology offers flexibility to repre-

sent both influences of the criteria among themselves and their magnitudes of the relations 

for the problem solution. Based on that, a comprehensive evaluation procedure deals with 

the selection of the most appropriate hydropower plant. 

The rest of this paper has been organized as follows: A literature analysis to determine 

the critical factors of hydropower plants have been presented in Section 2. The proposed 

fuzzy-based methodology and its basic concepts are briefly summarized in Section 3. An 

application consisting of problem definition, obtained results, sensitivity analysis, and 

comparative analysis for hydropower plant location selection is detailed in Section 4. The 
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paper ends with the obtained results and future research suggestions explained in Section 

5. 

2. A STRUCTURAL ANALYSIS FOR LOCATION SELECTION 

Selection of the best facility location has vital importance on the success of the in-

vestments. Improper site selection may fail because of increased installation and operating 

costs, decreased productivity, and conflicts with residents and the local government. This 

decision should be made by considering multiple actors having different expectations, such 

as investors, workers, residents. It is hard to evaluate the actors' expectations simultane-

ously since there may be conflicts between the actors. Based on that, criteria related to 

policy aspects, social conditions, and environmental factors directly relate to human judg-

ments and include uncertainties. Additionally, it is not easy to evaluate the criteria based 

on vagueness. One of the most popular techniques is FST that can successfully model un-

certainties, and it has been widely employed in the literature to model such variations for 

the facility location problem. The facility location problem has also been studied in the 

literature for hydropower plants. However, there are limited studies in the literature on 

fuzzy modeling of the hydropower plant location problem. Saracoglu [14] adopted DE-

MATEL with fuzzy linguistic variables, Abdullah & Aslam [15] modeled the location 

problem based on an intuitionistic cubic fuzzy set, Shimray et al. [16] presented a model 

using a neural network and fuzzy approaches, Chien et al. [17] solved the problem using 

fuzzy AHP and TOPSIS. Although the nature of the hydropower plant location problem 

necessitates considering human-related fuzziness factors, none of the mentioned studies 

consider more complex fuzziness caused by human-related factors such as the imprecision 

due to lack of information and unreliable decisions based on the experts’ or decision mak-
ers’ hesitancy. Through that, in this study, integrated multi-criteria decision-making 

(MCDM) methodology is suggested and extended with hesitant fuzzy-z numbers to deal 

with mentioned uncertainties based on human-related factors. 

For this aim, a hierarchical structure based on main and sub-main criteria with alter-

natives has been constructed. The main and sub-criteria for location selection for hydro-

power plants have been categorized based on a literature review. The alternative locations 

have been determined based on the annual report of the DSI in Turkey and labeled as 

“Alternative #” [25]. Based on the literature analysis and experts’ ideas, the decided crite-

rion set is presented in Fig. 1. 

 
Fig. 1. The Related Criteria for Location Selection of Hydropower Plant  
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3. A FUZZY-BASED METHODOLOGY FOR THE EVALUATION 

In this paper, an integrated MCDM methodology consisting of fuzzy z-DEMATEL, 

fuzzy z-Cognitive mapping, and fuzzy z-TOPSIS techniques is employed to evaluate po-

tential locations for hydropower plants for Turkey. In the following sub-sections, the pre-

liminaries for the applied techniques together with their steps are presented. 

3.1 Hesitant Fuzzy Z Number Based DEMATEL 

Decision-Making Trial and Evaluation Laboratory (DEMATEL) is an efficient ap-

proach used to address the internal dependencies of complex systems. It enables the repre-

sentation of the relationship of criteria as cause and effects and transforms them into a 

visual structural model [18] [19]. Moreover, by establishing interrelationships between the 

criteria, it creates a pattern to causal relationships through the cause-effect relationship 

diagram [20] [21]. Since the evaluation criteria of the hydropower plant selection problem 

have dependencies among themselves, which results in conflicting effects to the selection 

process, it is important to involve this feature in the solution process for a better result. 

Since the hesitant fuzzy z number-based DEMATEL has the ability to determine these 

dependencies, it is used in our methodology. To address the uncertainty appropriately, in 

this study, the hesitant z-concept is conducted for the calculations. The constructed lin-

guistic scale for the membership functions is given in Fig. 2. For the assignment of the 

hesitancy of the experts while determining the membership functions, constructed linguis-

tic scale for the reliability functions is presented in Fig. 3.

 
Fig. 2. Constructed linguistic scale for the 

membership functions (DEMATEL) 

 
Fig. 3. Constructed linguistic scale for the 

reliability functions 

The steps of the approach are presented in Algorithm 1. 
Algorithm 1: Hesitant fuzzy z-DEMATEL 

Input: Evaluation of the experts’ consensus (𝑥𝑖𝑗) 
Output: Relationship matrix of the criteria. 

Begin  

Step 1: Assign the linguistic terms for the preciseness 
(Based on Figure 2) 

Step 2: Assign the linguistic terms for reliability 
(Based on Figure 3) 

Step 3: Aggregate the membership functions by using 
the OWA operator 

Step 4: Utilize the reliability function (𝛼) with the 
aggregated membership function to obtain fused 
fuzzy numbers (�̃�) by using the following equation: 𝛼 = ∫ 𝑥𝜇�̃�(𝑥)𝑑𝑥∫ 𝜇�̃�(𝑥)𝑑𝑥   �̃�(𝑥𝑖𝑗) = �̃�𝛼 

where 𝑥𝑖𝑗 = (𝑙𝑖𝑗𝑛 , 𝑚𝑙𝑖𝑗𝑛 , 𝑟𝑖𝑗𝑛). 
Step 5: Convert fused fuzzy numbers to crisp values 

by using the following equations: 𝑥𝑟𝑖𝑗𝑛 = (𝑟𝑖𝑗𝑛 − 𝑚𝑖𝑛𝑙𝑖𝑗𝑛 )/𝛥𝑚𝑖𝑛𝑚𝑎𝑥 𝑥𝑚𝑖𝑗𝑛 = (𝑚𝑙𝑖𝑗𝑛 + 𝑚𝑟𝑖𝑗𝑛 2⁄ − 𝑚𝑖𝑛𝑙𝑖𝑗𝑛 )/𝛥𝑚𝑖𝑛𝑚𝑎𝑥 𝑥𝑙𝑖𝑗𝑛 = (𝑙𝑖𝑗𝑛 − 𝑚𝑖𝑛𝑙𝑖𝑗𝑛 )/𝛥𝑚𝑖𝑛𝑚𝑎𝑥 where 𝛥𝑚𝑖𝑛𝑚𝑎𝑥 =𝑚𝑎𝑥𝑟𝑖𝑗𝑛 − 𝑚𝑖𝑛𝑙𝑖𝑗𝑛 . 𝑥𝑟𝑠𝑖𝑗𝑛 = 𝑥𝑟𝑖𝑗𝑛/(1 + 𝑥𝑟𝑖𝑗𝑛 − 𝑥𝑚𝑖𝑗𝑛 ) 𝑥𝑙𝑠𝑖𝑗𝑛 = 𝑥𝑚𝑖𝑗𝑛 /(1 + 𝑥𝑚𝑖𝑗𝑛 − 𝑥𝑙𝑖𝑗𝑛 ) 𝑥𝑖𝑗𝑛 = [𝑥𝑙𝑠𝑖𝑗𝑛 (1 − 𝑥𝑙𝑠𝑖𝑗𝑛 ) + 𝑥𝑟𝑠𝑖𝑗𝑛 × 𝑥𝑟𝑠𝑖𝑗𝑛 ]/[1 − 𝑥𝑙𝑠𝑖𝑗𝑛 + 𝑥𝑟𝑠𝑖𝑗𝑛 ] 
Step 6: Construct the direct relationship matrix(𝑋). 
Step 7: Normalize the fuzzy direct influence matrix to 
obtain a normalized fuzzy direct influence matrix(𝐴). 𝑘 = 𝑚𝑖𝑛 {1 𝑚𝑎𝑥𝑖  (∑  𝑛𝑗=1 𝑎𝑖𝑗)⁄ , 1 𝑚𝑎𝑥𝑗  (∑  𝑛𝑖=1 𝑎𝑖𝑗)⁄ }  𝑎𝑛𝑑 𝐴 = 𝑘 × 𝑋.  

Step 8: Generate the fuzzy total influence matrix(𝑇). 𝑇 = 𝐴𝑙 × (𝐼 − 𝐴)−1 where I identity matrix 
and T total influence matrix. 

Step 9: Calculate min, max, and arithmetic averages 
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of the values of the total relation matrix. 

Step 10: Determine the threshold value by multiply-
ing the min by 0.2, the max by 0.3, and the average 
by 0.5. 

Step 11: Compare each value in the fuzzy total rela-
tion matrix with the threshold; if the value is greater 

than the threshold, there is a relationship. Otherwise, 
no relationship is concluded. 

End 

3.2 Hesitant Fuzzy Z number based Cognitive Mapping 

Tolman introduces cognitive maps for investigating the behavioral symptoms of the 

rats for a certain path to reach the food and the connection of this learning process with the 

human behaviors [22]. For more complex problems, Kosko introduced conventional fuzzy 

cognitive maps (FCMs) to increase data reflection and the ability to represent the uncer-

tainty of the cognitive maps [23]. Based on the mentioned advantages, we applied cogni-

tive maps with their z-number theory with hesitant fuzzy sets to determine the most influ-

ential criteria for the location selection of a hydropower plant with respect to constructed 

context. The constructed scale for the membership functions is given in Fig. 4. The terms 

for membership functions can also be in negative forms since a criterion may affect the 

other adversely. Moreover, Fig. 3 is used for the reliability functions to express the hesi-

tancy of the experts. The process of the hesitant fuzzy z-cognitive map is given in Algo-

rithm 2. 

Algorithm 2: Hesitant fuzzy Z-cognitive map 

Input:  number of criteria (𝑖 = 1, … , 𝑛), number of 
iterations (𝑡 = 1, … , 𝑘) , magnitude of the 
relation (𝑤𝑗𝑖𝜇) , reliability of the decision (𝑤𝑗𝑖𝑟). 

Output: weights of the criteria. 
Begin  
Step 1: Assign the linguistic terms for the preciseness 
(Based on Figure 4) 
Step 2: Assign the linguistic terms for reliability 
(Based on Figure 3) 
Step 3: Assign the direction of the effects (+)/(−) 
to construct a direction matrix 
Step 4: Aggregate the membership functions by using 

the OWA operator 
Step 5: Determine the initial vector (𝐼𝑘) 
Step 6: Iterate the following convergence functions 
until each of the compared models is converged. (For 
the convergence, the sigmoid function is conducted.) 𝑠𝑖(𝑡+1) = 𝑓 (𝑠𝑖(𝑡) + ∑  𝑛𝑗=1𝑗≠𝑖 (𝑠𝑗(𝑡) ⋅ 𝑤𝑗𝑖(𝜇)(𝑡) ⋅ 𝑤𝑗𝑖(𝑟)(𝑡))) 

Step 7: Aggregate the results of the decision-makers 
Step 8: Prioritize the criteria 
End 

3.3. Fuzzy Z Number Based TOPSIS Method 

The fuzzy Z number-based TOPSIS method is conducted to prioritize the hydropower 

plant locations according to the constructed decision matrix. Since TOPSIS is a distance-

based ranking method using evaluations of the alternatives with respect to criteria, it is 

suitable to apply it for a hydropower plant location problem. The pseudo-code of the Z-

numbers fuzzy TOPSIS (z-TOPSIS) method is given in Algorithm 3. The constructed scale 

for the assessments is given in Fig. 5. 

 
Fig. 4. Constructed linguistic scale for the 

membership functions (Cognitive Map) 

 
Fig. 5. Constructed linguistic scale for the 

membership functions (TOPSIS)
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Algorithm 3: Fuzzy Z-TOPSIS [24] 
Input: 𝑛: number of criteria, 𝑚: number of alterna-
tives, 𝑘: number of experts, 𝑤𝑛: weight of the crite-
ria 
Output: Ranking of the alternatives 
Begin 

For 𝑖 = 1: 𝑘 do 
Step 1: Input linguistic decision matrices ⇒ (Based on Fig. 3 and Fig. 5) 
Step 2: Convert linguistic terms into corre-

sponding z-numbers (𝐶 = (�̃�𝑘𝑖𝑗)𝑛×𝑚) ⇒ (Based on 
Fig. 3 and Fig. 5) where �̃�𝑘𝑖𝑗 =〈[𝜇𝑖𝑗𝑙𝑘 , 𝜇𝑖𝑗𝑚𝑘 , 𝜇𝑖𝑗𝑟𝑘] , [𝑟𝑖𝑗𝑙𝑘 , 𝑟𝑖𝑗𝑚𝑘 , 𝑟𝑖𝑗𝑟𝑘]〉 

Step 3: Fuse the membership and reliability 
functions using the following function ∫ (𝜇𝑖𝑗(𝑥)) × (𝑟𝑖𝑗)𝑑𝑥 

End for 
Step 4: Aggregate fused decision matrices to 

obtain collective z-number decision matrix 𝐶 =(�̃�𝑖𝑗)𝑛×𝑚 and �̃�𝑖𝑗 = ⟨∑ 𝜇𝑖𝑗𝑙 (𝑥)𝑘 , 𝜇𝑖𝑗𝑚(𝑥)𝑘 , 𝜇𝑖𝑗𝑟 (𝑥)𝑘 ⟩  

Step 4: Compute weighted collective z-number 
decision matrix (𝑅∗ = (�̃�𝑖𝑗∗ )𝑛×𝑚) �̃�∗𝑖𝑗 = ∑ 𝑤𝑖�̃�𝑖𝑗 ,𝑛𝑖=1    𝑗 = 1,2, … , 𝑚 

where �̃�∗𝑖𝑗 = 〈𝜇𝑖𝑗𝑙∗ , 𝜇𝑖𝑗𝑚∗ , 𝜇𝑖𝑗𝑟∗〉. 
Step 5: Determine z-number positive ideal solu-

tions (𝑂+)   𝑂+ = (�̃�1+, �̃�2+, … , �̃�𝑚+) where �̃�𝑖+ =⟨𝜇𝑖𝑗𝑙+ , 𝜇𝑖𝑗𝑚+ , 𝜇𝑖𝑗𝑟+⟩ and 𝜇𝑖𝑗𝑙+ = 𝜇𝑖𝑗𝑚+ =𝜇𝑖𝑗𝑟+ = 1. 

Step 6: Determine z-number negative ideal so-
lutions (𝑂−) 𝑂− = (�̃�1−, �̃�2−, … , �̃�𝑚−) where �̃�𝑖− =⟨𝜇𝑖𝑗𝑙− , 𝜇𝑖𝑗𝑚− , 𝜇𝑖𝑗𝑟−⟩ and 𝜇𝑖𝑗𝑙− = 𝜇𝑖𝑗𝑚− =𝜇𝑖𝑗𝑟− = 0. 

Step 7: Compute Euclidean distance of each 
alternative to 𝑂+ (𝑆𝑗+) 

For  𝑗 = 1: 𝑚 do 𝑆𝑗+ = 13 ∑ [(𝜇𝑖𝑗𝑙+ − 𝜇𝑖𝑙∗)2 + (𝜇𝑖𝑗𝑚+ − 𝜇𝑖𝑚∗)2𝑛𝑖=1 + (𝜇𝑖𝑗𝑟+ − 𝜇𝑖𝑟∗)2] 
End for 
Step 8: Compute Euclidean distance of each 

alternative to 𝑂−(𝑆𝑗−) 
For  𝑗 = 1: 𝑚 do 𝑆𝑗− = 13 ∑ [(𝜇𝑖𝑗𝑙− − 𝜇𝑖𝑙∗)2 + (𝜇𝑖𝑗𝑚− − 𝜇𝑖𝑚∗)2𝑛𝑖=1 + (𝜇𝑖𝑗𝑟− − 𝜇𝑖𝑟∗)2] 
End for 

Step 9: Calculate the relative closeness (𝜁(𝑟𝑗))
 For  𝑗 = 1: 𝑚 do 𝜁(𝑟𝑗) = 𝐷(𝑟𝑗∗,𝑂−)𝐷𝑚𝑎𝑥(𝑟𝑗∗,𝑂−) − 𝐷(𝑟𝑗∗,𝑂+)𝐷𝑚𝑖𝑛(𝑟𝑗∗,𝑂+)  

End for 
Step 10: Rank the alternatives with respect to 𝜁(𝑟𝑗) 

End 

3.4 The Proposed Methodology  

In this paper, the mentioned methods are utilized for an integrated decision-making 

methodology to analyze the critical criteria for the success of a hydropower plant and then 

applied for pre-determined alternative locations for the selection. Since the constructed 

linguistic scales have been used for the evaluations with respect to experts’ knowledge, the 
fuzzy sets theory is applied to extend proposed techniques to represent the linguistic terms 

in the mathematical operations during the solution process. For the first phase of the meth-

odology, a list of the criteria for the success of a hydropower plant has been determined 

based on a literature review. In the second phase, an extended DEMATEL method based 

on hesitant fuzzy z-numbers has been conducted to determine the dependencies between 

the criteria. Based on the outcomes of the extended DEMATEL method, the cognitive map 

structure is constructed. Through the constructed structure, experts assigned linguistic 

terms to the arcs between the criteria to demonstrate the level of their relations. Based on 

the obtained cognitive map, a weight matrix has been constructed. Finally, the iterations 

are run until the weight matrix is converged. The final weights of the criteria are calculated 

to prioritize them. For the prioritization of the alternatives, a decision matrix is constructed 

based on the consensus of experts. The decision matrix and weight of the criteria are used 

as inputs of the fuzz Z-number TOPSIS method. Through the calculations, the score and 

rank of the alternatives are obtained. The flowchart of the applied methodology is given in 

Fig. 6 as follows:  
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Fig. 6. Flowchart of the proposed methodology 

4. AN APPLICATION 

In this section, a new integrated fuzzy-based decision-making methodology is applied 

to select the hydropower plant location by considering impreciseness in the data and the 

hesitancy of the experts. Through that, a decision-making structure is created by consider-

ing both literature review and expert knowledge. The evaluation of the experts is realized 

as a consensus-based assessment process and involved in mathematical calculations.  

4.1. Problem Definition 

Hydropower plants are important clean energy sources for Turkey since they are en-

vironmentally friendly, revitalize the economic and social structure in rural areas, carry 

low potential risks and respond to sudden demand changes. For this reason, hydroelectric 

energy investments are continued with the cooperation of the State-Private sector to im-

prove the hydroelectric potential. Moreover, governmental incentives and direct invest-

ments are increasingly realized through Turkey, where the private sector is insufficient. 

In Turkey, annual electricity consumption per capita is at the level of 3,300 kWh/year. 

To fulfill this demand, Turkey’s investment in energy generation is continuously increas-
ing year by year. For one of the energy generation sources, hydropower energy plants, the 

directorate-general for state hydraulic works is the only authorized institution to develop 

the hydroelectric potential and make it available to Turkey's national economy. The theo-

retical hydroelectric potential in Turkey is calculated as 433 billion kWh/year, and the 

technically usable potential is calculated as 216 billion kWh/year. Of the 216 billion 

kWh/year portion of Turkey's technically assessable hydropower energy potential, the 

technical, economic, environmental, and socially feasible portion is 180 billion kWh/year. 

The part of the total feasible potential that is operational is 108 billion kWh/year by the 

end of 2020 [25]. The investments and constructions are increasing day by day to meet the 

addressing aim of the Turkish government. 

Therefore, in this study, four possible hydropower energy source locations are evalu-

ated for prioritization by considering a wide range of criteria. The criteria are given in Fig. 

1, which consists of both technical and social features. The evaluation of the decision-

making process for the problem solution is carried out with an expert consensus, which 

consists of four experts with the following features: two of the experts are the mechanical 
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engineers from the dams in Istanbul named Buyukcekmece and Elmali-2. The other two 

are the environmental engineers in ISKI (Istanbul Water and Sewerage Administration). 

For the evaluation procedure, two assessment parameters are obtained from the expert con-

sensus for each of the evaluations. The first one is the measurement of the evaluation, 

which is obtained by using membership function scales in linguistic forms. The second 

parameter is the reliability of the measurement of the evaluation, which is also called hes-

itancy, and it is collected by using the constructed reliability scale in linguistic forms. 

4.2. The Obtained Results  

For the determination of the critical criteria for the success of the hydropower plants, 

a comprehensive study is conducted. A consensus is constructed, which consists of four 

experts from the field of renewable energy sources. For the first phase of the study, con-

ceivable critical criteria are determined by reviewing the literature. Then, to determine the 

presence of the influence between the criteria, the hesitant fuzzy z-DEMATEL method is 

conducted. For an illustration, the Effect of the subcriterion,“F12-Annual energy produc-

tion”, on the subcriterion, “F11- Capacity”, is given as follows: The consensus assigned 

“Between Low Influence” and “Very High Influence” membership functions with “Low 
Determinacy” for the evaluation. Then, the OWA operator, an effective technique for ag-
gregating linguistic terms, is conducted to obtain aggregated membership functions. The 

aggregated value is in trapezoidal fuzzy form and equals (0, 0.889, 1.111, 3). By the way, 

the corresponding triangular fuzzy number (TFN) for the reliability function, Low Deter-

minacy, is equal to (0.4, 0.5, 0.6). This procedure is applied for each of the evaluations in 

the hesitant fuzzy z-DEMATEL technique. Then, for the same example, as a next step, the 

membership and reliability functions are fused as given in Step 4 of Algorithm 1 to obtain 

the following value: (0, 0.623, 0.786, 2.121). Then, Step 5 of the Algorithm 1 is processed 

to construct a direct relationship matrix. For the illustrative values, the corresponded eval-

uation is equal to 0.309. After that, the normalization formula is applied, which is given in 

Step 7 of Algorithm 1. For the normalization step, 𝑘 value is calculated as 0.0594. After 

the matrix calculations, the threshold value is obtained as 0.0716. Through Algorithm 1, 

241 relations are determined. As the next phase, the hesitant fuzzy z-cognitive map is con-

ducted to determine the magnitude of the relations, which yields the importance of the 

evaluation criteria. For the determination of the weight vector, the same consensus evalu-

ated the relations. 

For the illustration, for evaluating the influence magnitude, the subcriterion “F21-

Technology” to the subcriterion “F11-Capacity” is considered. The evaluation consists of 

“Positively Absolutely High Influence Magnitude” membership function and “Very High 

Determinacy” reliability function. Since the evaluation consists of only one membership 

function, the OWA operator does not need to be applied. Then, (0.75, 0.9, 1) triangular 

fuzzy number for membership function and (0.8, 0.9, 1) TFN of reliability function are 

assigned as the corresponding values of the linguistic terms. After that, Step 6 of Algorithm 

2 is conducted for the conversion. After eight iterations, the weight matrix is converged. 

As a result, the subcriteria “F56- Availability of Water”, “F14-Annual Flow”, “F21-Tech-

nology”, “F11-Capacity”, “F12-Annual Energy Production” are determined as the most 

influential criteria among the other based on the constructed context, respectively [26]. As 

the next phase, the fuzzy z-TOPSIS method is applied to determine the most appropriate 

location among the four alternatives for the construction. Based on the calculations, the 
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results are obtained, as shown in Table 1. Based on the calculations, A1 is determined as 

the most appropriate location for constructing the hydropower plant. 
Table 1. Results of the application and Compared Technique 

  

i) The application (ii) The compared technique 

A1 A2 A3 A4 A1 A2 A3 A4 

Distance to PIS 
19.45 19.52 19.45 19.48 19.04 18.98 18.91 19.03 

Distance to NIS 
8.887 8.869 8.803 8.866 8.841 8.813 8.714 8.799 

Coefficient 0 -0.006 -0.009 -0.004 -0.007 -0.007 -0.014 -0.011 

Rank 1 3 4 2 1 2 4 3 

4.3. A Comparative Analysis 

A comparative analysis is carried out to show the advantage of the proposed method-

ology based on 2-dimensional uncertainty representation. For that, the ordinary fuzzy 

TOPSIS method is used. For the decision matrix, the same matrix related to the member-

ship function is used. The hesitancy evaluations, represented as the reliability function, are 

neglected since the ordinary fuzzy concept considers that all evaluations are carried out 

with no hesitancy. Therefore, this sub-section aims to show the effectiveness of hesitancy 

of the experts for the calculations. Based on the steps of the ordinary fuzzy TOPSIS method, 

the revised results are obtained, as in Table 1(ii).  

As seen in Table 1(ii), the most and worst appropriate alternatives remain the same, 

A1 and A4, but other ranks are changed. When the decision matrix of the application is 

analyzed, it is seen that the total reliability of A2 is worse than A4. If the reliability func-

tions are weighted with respect to criteria weights, the values are obtained for alternatives 

as follows: (0.45, 0.55, 0.65), (0.43, 0.53, 0.63), (0.42, 0.52, 0.62), and (0.48, 0.58, 0.68), 

respectively for A1, A2, A3, and A4. 

Based on this results, it is seen that the total reliability of A2’s evaluations is worse 
than A4’s evaluations. Since the membership functions of the A2’s evaluations are better 
than A4 (as seen in results given in Table 1(ii)), the effect of hesitancy greatly impacts the 

results. 

When humans' nature and evaluations are considered, the importance of the hesitancy 

for subjective evaluations can be demonstrated based on these two results. Through that, 

it is important for the systems where hesitancy exists to reflect them in the mathematical 

operations. Therefore, fuzzy z-number is an efficient way of reflecting them and is a con-

cept that generates meaningful results. 

4.4. Sensitivity Analysis 

To show the flexibility of the given decisions, a sensitivity analysis procedure is con-

ducted. To be able to do that, five cases with a total of 10 scenarios are simulated, and the 

results are analyzed. For this aim, weights of the subcriteria “F56- Availability of Water”, 

“F14-Annual flow”, “F21-Technology, F11-Capacity”, “F12-Annual energy production” 

are changed, and new results are observed. Based on the calculations, the results are ob-

tained, as shown in Fig. 7. The initial section is the results of the application, and other 

variations represent the ranks of the alternatives based on the weights of the mentioned 

criteria, which are 0.1 and 0.9, respectively. 
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As seen in Fig. 7, “F56- Availability of Water” criterion is the most influential one 

for Alternative 3 (A3) since the weight of the F56 increases, the rank of A2 increases, and 

eventually, A2 becomes the most appropriate alternative. Similarly, when the weight of 

the subcriterion “F14-Annual flow” increases, A3 has become the most appropriate one. 

On the contrary, the rank of A4 is decreased. Therefore, it can be said that the annual flow 

of the A4 is lower than A3, which has a direct effect on their ranks when the local weight 

of the “F14-Annual flow” is increased. 

Fig. 7. Scenarios and alternative ranks based on the updated local weights 

As in Figure 7, for the “F21-Technology” subcriterion, when its weight gradually 
increases from 0.1 to 0.9, A2 becomes the most appropriate alternative, which means A2 

is the most useful location in terms of usage of technological equipment. As in the sub-

criterion “F11-Capacity”, the same alternative as in the application result, A3, is affected 

positively at most, which has the most capacity in terms of electricity generation. 

5. CONCLUSIONS 

The importance of clean energy sources is increasing day by day for a sustainable 

environment and a better quality of life in terms of environmental effects. Hydropower 

plants are preferable alternatives due to their sustainability, low production cost, high re-

sponse capability to the fluctuations in demand, and environment-friendly design. How-

ever, the selection of the right plant location is essential to achieve these advantages. The 

plant location should also satisfy different criteria emerged by law and the expectations of 

multiple actors. In this study, the hydropower plant location alternatives have been com-

pared, and the best one has been decided to depend on the most influential criteria on the 

success of the hydropower plants. An application is carried out to evaluate the location 

alternatives with respect to the critical criteria for the success by using an integrated deci-

sion-making methodology consisting of DEMATEL, cognitive mapping, and TOPSIS 

techniques based on hesitant fuzzy z-numbers. For the first stage of the methodology, a list 

of criteria for the success of a hydropower plant has been determined based on literature 

review and experts’ evaluation. In the second stage, an extended DEMATEL method based 
on hesitant fuzzy z-numbers has been designed to determine the dependencies between the 

criteria. Based on the outcomes of the extended DEMATEL method, the cognitive map 

structure has been constructed. As a result, the subcriteria “F56- Availability of Water”, 
“F14-Annual flow”, “F21-Technology”, “F11-Capacity”, and “F12-Annual energy pro-

duction” have been determined as the most influential subcriteria among the other based 

on the constructed context. Finally, an extended TOPSIS method has been conducted for 

the prioritization of the hydropower energy plant locations. Moreover, based on the 
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comparative and sensitivity analyses, it has been found that the proposed approach deter-

mines success factors in a practical, precise, and appropriate way in a broad assessment 

perspective.  

The proposed methodology can be extended based on literature reviews, expert 

knowledge, and international quality standards as of future studies. Moreover, a multi-

expert procedure can be applied to create a dataset with a wide range of evaluations. 
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