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Decision-making methods are widely used in renewable energy source (RES) investment. In practical applications, various conditions need to be considered during the decision-making process, such as uncertainty and reliability of information, dependence among criteria, and different risk preferences of the decision makers. However, there is currently a lack of effective consideration of all these conditions. In this article, a new decision-making method based on Z-DEMATEL and the maximal entropy OWA operator is proposed, where Z-number is used to characterize the uncertainty and reliability of the information, decision-making trial and evaluation laboratory (DEMATEL) technique, and the maximal entropy ordered weighted average (OWA) operator are used to deal with dependence and risk preference, respectively. The application example in RES investment and discussions show the effectiveness and the advantages of the proposed method.
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1 INTRODUCTION
Nowadays, worldwide nations are actively developing and employing renewable energy sources (RESs) based on their respective economic development objectives and resource conditions (Barbier, 1987). The development of RES can achieve sustainable development of energy use, promote economic growth, and alleviate environmental pressure (Ahmed et al., 2021; Kihombo et al., 2021). The investment of RES can protect the environment while maintaining economic efficiency (Mohsin et al., 2021; Dincer, 2000). Therefore, the investment of RES has received increasing attention in recent years (Peng et al., 2019).
RES generally refers to the five mainstream energy sources, namely, solar energy (Vagiona, 2021), wind energy (Meng et al., 2022a), biomass energy (Abdul et al., 2022), geothermal energy (Huang, 2022), and hydropower energy (Bohra and Anvari-Moghaddam, 2021). Constrained by the actual local situation, the characteristics of RES, and the limited amount of investment, etc., it is impossible to develop all five RESs at the same place and at the same time. Thus, it is necessary to construct an effective RES evaluation model to support decision making in RES investment.
RES investment is a complex multi-criteria (attributes) decision-making (MCDM) problem that combines multiple criteria and requires the participation of multiple experts (Lak Kamari et al., 2020). The criteria used in RES investment can be grouped into two categories: economic criteria and non-economic criteria. The economic criteria can be subdivided into earnings (He et al., 2019), asset (Chang et al., 2019), and equity (Zhou et al., 2019). Non-economic criteria include environmental impacts (Wang C.-H. et al., 2021), organizational capacity (Samour et al., 2022), and technological infrastructure (Strantzali and Aravossis, 2016).
In the practical decision making in RES investment, various situations need to be considered, such as uncertainty and reliability of information, dependencies among criteria, and different risk preferences of decision makers. The aforementioned situations are often unavoidable and can affect the decision result. If not considered and handled properly, they may lead to unreasonable decision results and significant losses.
The uncertainty of information in the RES investment decision process attributes to the subjectivity of domain experts and the complexity of the evaluation objects. The existing methods for dealing with uncertain information are fuzzy set theory (Bilgili et al., 2022; Van Thanh, 2022; Saraswat and Digalwar, 2021), grey theory (Wang C.-N. et al., 2021; Almutairi et al., 2022), Dempster–Shafer (D–S) evidence theory (Deng and Jiang, 2020; Xiong et al., 2021; Xiao, 2021), D-number theory (Deng and Jiang, 2019b,a), and Z-number theory (Rathore et al., 2021; Tian and Kang, 2020; Li et al., 2020; Jiang et al., 2020). Among them, Z-number can represent the uncertainty and the reliability of evaluating information simultaneously (Hu and Lin, 2022; Cheng et al., 2022; Tian et al., 2021; Meng et al., 2022b), which is superior in the modeling of uncertainties in RES investment. Thus, Z-number is utilized to model the uncertainty of the opinions of experts’ evaluations in this article.
The interdependence among criteria in the RES investment decision-making process is usually the case. For instance, there is a positive relationship between economic criteria earnings and equity. When the proportion of equity is high, profits increase proportionally. When the earnings increase, investors are encouraged to make more investments, which increases in equity. Such interdependence can lead to redundant consideration and calculation of certain criteria during the evaluation process, resulting in an unreasonable decision outcome (Gao et al., 2022; Wang, 2022).
To determine the relationships among criteria in the decision-making of RES investment, analytic hierarchy process (AHP) (Ulewicz et al., 2021; Karatop et al., 2021; Sedghiyan et al., 2021), stepwise weight assessment ratio analysis (SWARA) (Dinçer et al., 2022; Keleş et al., 2022; Rani et al. (2021), and decision-making trial and evaluation laboratory (DEMATEL) technique Li et al. al., 2022; Xie et al., 2021; Zhang and Deng, 2019) are frequently applied. Among these methods, AHP only takes into account the hierarchy structure of the criteria; SWARA only considers the hierarchical priorities of the experts. DEMATEL can construct coupling and dependence relationships among criteria based on graph theory (Liu et al., 2018; Wang, 2022). Hence, this article addresses the issue of interdependence among criteria using DEMATEL and further develops DEMATEL with Z-number to represent the uncertain information the experts entered.
In addition, the risk preferences of decision makers also play an important role in the RES investment decision process. Risk preferences of decision makers can be classified into three main categories: adventurism, moderatism, and conservatism. Of course, there are other risk preferences in between them. In order to quantify the risk preference of the decision maker, the OWA operator is proposed YAGER, (1993) in 1988, O’Hagan, (1988), Fuller and Majlender, (2000) proposed the maximal entropy OWA operator, which maps risk preferences (in the form of a real number between [0, 1] where 0 refers to conservatism and 1 refers to adventurism) to the weights of alternatives. The maximal entropy OWA operator provides a practical tool for using OWA in dealing with the risk preference of the decision maker (Li and Deng, 2018) and has not yet been introduced to RES investment. Therefore, this article investigates the impact of decision makers’ risk preferences on decision results of RES investment based on the maximal entropy OWA operator.
To address the aforementioned issues in RES investment, we propose a new decision-making method based on Z-DEMATEL and OWA: Z-number is used to characterize the uncertainty and reliability of the information (evaluations from experts); the DEMATEL technique is used to model the interdependence among criteria; the maximal entropy OWA operator is applied to represent the impact of the risk preferences of the decision makers. The proposed method in this article allows the decision system to take into account the uncertainty and reliability of the information, the interdependence among criteria and the risk preferences of the decision makers, which achieves more reasonable decision results and makes the decision system applicable to a wider range of practical situations.
The rest of the article is organized as follows. Section 2 introduces fuzzy sets, Z-number theory, DEMATEL, and the maximal entropy OWA operator. In Section 3, the framework and specific procedures of the proposed method, along with examples, are described. In Section 4, the proposed method is applied to a RES investment problem, and comparison results and further discussions are given to show the effectiveness and advantages of the proposed method. Section 5 concludes this article.
2 PRELIMINARIES
2.1 Fuzzy sets
Fuzzy set theory, proposed by Zadeh (1965), converts the linguistic variables into numerical values, where the definition of imprecision is a degree of membership. The concept of fuzzy sets is briefly introduced as follows.
Definition 1: fuzzy sets.
Let μA(x) be a membership function, and a fuzzy number is defined as a fuzzy set such that
[image: image]
Definition 2: triangular fuzzy number.
A triplet (a1, a2, a3), where a1 < a2 < a3 ∈ R, can assemble to be a triangular fuzzy number (TFN) A, where the membership can be determined as follows:
[image: image]
The membership of TFN is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Triangular fuzzy number A = (a1, a2, a3).
Due to the excellent ability to describe uncertain events, TFNs are widely used in decision making. Considering the amount of computation and computational complexity in practical applications, converting a TFN to a crisp number is necessary. Yao and Wu (2000) propose a defuzzification method based on the signed distance method to process TFN. The signed distance of triangular fuzzy numbers is defined as follows, while the signed distance of trapezoidal fuzzy numbers and other fuzzy numbers is found in Yao and Wu (2000).
Definition 3: the signed distance of triangular fuzzy number.
Let A be a family of fuzzy numbers on R. α-cut (0 ≤ α ≤ 1) of a fuzzy set A = (a1, a2, a3) is an α-level set [image: image], where the set of the element meets
[image: image]
Then
[image: image]
To be more precise:
[image: image]
Resulting in
[image: image]
The sign distance is defined as d(a, b) = a − b if a, b ∈ R. Let F be a family of fuzzy numbers of R. For [image: image], with α-cut (0 ≤ α ≤ 1), there is a closed interval [image: image] and [image: image]. Then, the signed distance of [image: image] is defined as
[image: image]
For [image: image], with α-cut (0 ≤ α ≤ 1), the signed distance of [image: image] is defined as
[image: image]
2.2 Z-number
Definition 4: Z-number.
The Z-number Z = (A, B) is proposed by Zadeh (2011) to model uncertain information X that is uncertain, imprecise, and/or incomplete. The ordered triple (X, A, B) is called the Z-valuation, where X is (A, B).
The Z-number Z = (A, B) is associated with the real-valued uncertain variable X, where the component A plays a restriction R(X) on X. When the restriction R(X) refers to a possible restriction, the component A represents the probability distribution of X and is expressed as:
[image: image]
where μA is the membership function of A and u is a generic value of X. In addition, the Z-valuation (X, A, B) may be viewed as a restriction on X defined by:
[image: image]
2.3 Decision-making trial and evaluation laboratory
Definition 5: decision-making trial and evaluation laboratory.
Decision-making trial and evaluation laboratory (DEMATEL) (Gabus and Fontela, 1972), is an efficient technique for extracting the strength of relationships and inter-dependencies between elements through graph theory and matrix (Si et al., 2018). The following are five brief procedures of DEMATEL.
Step 1: establish the element direct-influence matrix Y. The crisp direct-influencing matrix Y = [Yij] (i = 1, 2, … , n; j = 1, 2, … , n), where the element Yij presents the influence relationship of the element Ci into the element Cj.
Step 2: normalize the element direct-influence matrix X. The normalized direct-influencing matrix X = [Xij](i = 1, 2, … , n; j = 1, 2, … , n) is obtained as
[image: image]
where
[image: image]
Step 3: acquire the element total influence matrix T. The total influence matrix [image: image]; j = 1, 2, … , n) is derived as
[image: image]
Step 4: construct the influential relation. The sum of rows F = [Fi] (i = 1, 2, … , n) of the element total influence matrix T presents the influencing degree, which denotes the comprehensive impact of the element ci on other elements and the sum of columns E = [Ej] (j = 1, 2, … , n) of the element total influence matrix T presents the synthesized impact of the influence of other factors on the factor Ci. The process of derivation of the influential relation is obtained as follows:
[image: image]
[image: image]
Step 5: calculate the centrality and causality. The centrality M = [Mi] (i = 1, 2, … , n) reflects the importance of the element Ci in the whole system, and causality N = [Ni] (i = 1, 2, … , n) reflects the influence of the element Ci on other factors. If Ni > 0, it presents that the element Ci owns a greater influence on other elements. If Ni < 0, it indicates that the element Ci is greatly influenced by other elements. The solution of the centrality and causality is acquired as follows.
[image: image]
[image: image]
2.4 Ordered weighted average
Definition 6: ordered weighted average.
Ordered weighted average (OWA), introduced by YAGER (1993), is an aggregation function that combines assessment with ordered positions instead of directly associating weights. An OWA operator for a set of n-dimensional values can be expressed as follows:
[image: image]
[image: image]
where bi is the ith largest aggregated value in a1, a2, … , an and the relationship of b as b1 ≥ b2 ≥⋯ ≥ bn. OWA(a1, a2, … , an) determines the aggregated value of arguments a1, a2, … , an. The weight wi (i = 1, 2, … , n) is not related to any ai but to the ordinal position of bi.
YAGER (1993) introduces two important feature measures on the weight vector w = [wi] of the OWA operator. One of the two measures is the aggregated orness defined as follows.
[image: image]
where orness(w) = α is a situation parameter and satisfies orness(w) ∈ [0, 1].
The second important measurement introduced by YAGER (1993) is a measuring aggregated dispersion as follows.
[image: image]
Definition 7: maximal entropy OWA operator weights.
O’Hagan (1988) combines the principle of maximal entropy OWA operator weights to propose a specific OWA weight calculation method, which has maximal entropy under the condition of given orness. The method which satisfies the requirement as
[image: image]
[image: image]
Fuller and Majlender (2000) convert Yager’s OWA operator into a polynomial equation by utilizing the method of Lagrange multipliers, which meets the maximal entropy of Eq. 22 and the requirement of Eq. 23. The relevant weight vector can be obtained by the following equation.
For 1 ≤ j ≤ n, wj is obtained as follows:
[image: image]
where
[image: image]
and
[image: image]
where n is the number of criteria, w is the weight vector and α is the situation parameter. The optimal value of w1 satisfies Eq. 26. Once w1 is achieved, wn can be obtained by Eq. 25, and the other weights are generated by Eq. 24.
3 METHODOLOGY
The framework of the proposed method is shown in Figure 2. The steps are described as follows.
[image: Figure 2]FIGURE 2 | Framework of the proposed approach.
3.1 Determine evaluations for criteria and risk preference
The essential components of decision making are target, influencing factors, and decision makers. Moreover, when multiple decision makers are involved in the decision-making process, the risk preference of each decision maker can have a substantial effect on the evaluation. Thus, this section is primarily responsible for identifying the target, influencing factors, decision makers, linguistic variable terms suggested for evaluation, and risk preferences of the decision makers.
3.1.1 Identify target, criteria, alternatives, and decision makers
Let a set of n decision criteria be C = [Ci] (i = 1, 2, … , n), where Ci presents the ith criterion. The set of m possible alternatives is denoted as S = [St](t = 1, 2, … , m), where St presents the tth alternative. DM = [DMk](k = 1, 2, … , l) is the set of l decision makers with professional knowledge, where DMk presents the kth decision maker. Moreover, the hierarchy of alternatives and criteria is constructed by the decision makers after identifying the criteria and alternatives.
3.1.2 Suggest linguistic variables for evaluation for each criterion
Suggesting the appropriate linguistic variables for the evaluation of alternatives under certain criteria is of utmost importance. Table 1 shows one possible suggestion of the linguistic variables for the evaluation from “Worst” to “Best.” Table 2 shows the linguistic variables for the reliability of evaluation from “Very low” to “Very high.” The linguistic variables can be expressed in terms of TFNs as shown in the last column in Tables 1, 2, whose membership function can be determined by using historical data or experts’ opinions.
TABLE 1 | Linguistic variable for the evaluation of alternatives (component A of Z-number).
[image: Table 1]TABLE 2 | Linguistic variable for the reliability of evaluation (component B of Z-number).
[image: Table 2]The linguistic variables for the evaluations of the alternatives under a criterion constitute the component A of Z-numbers. For example, linguistic variable “B” in Table 1 means the evaluation of an alternative under a certain criterion is “best” and its corresponding TFN is (0.8, 1, 1). Figure 3 shows the membership functions of TFNs in Table 1 for visualization.
[image: Figure 3]FIGURE 3 | Membership functions of TFNs of linguistic variables in Table 1.
The linguistic variables for the reliability of evaluations constitute the component B of Z-numbers. For instance, the linguistic variable “VH” means the reliability of the evaluation is “very high.” Figure 4 shows the membership functions of TFNs in Table 2 for visualization.
[image: Figure 4]FIGURE 4 | Membership functions of TFNs of linguistic variables in Table 2.
3.1.3 Determine evaluation for each criterion and risk preference of each decision maker
The decision makers judge different alternatives under specific criteria, according to the suggested linguistic variables. Suppose that the evaluation ZE = [ZEk](k = 1, 2, … , l) of the alternatives is given by l decision makers, where ZEk presents the evaluation of alternatives obtained from the kth decision maker and is expanded explicitly as follows:
[image: image]
where [image: image] presents the evaluation of the alternative St under the criterion Ci given by the kth decision maker. Each [image: image] is described in the form of a Z-number Z(A, B), where the component A is represented by a TFN from Table 1 and is denoted as A = (a1, a2, a3), the component B is represented by a TFN from Table 2 and is denoted as B = (b1, b2, b3). Therefore, the element [image: image] is denoted as [image: image].
Ultimately, multiple decision makers offer their risk preferences, according to the object of the evaluation. The set of risk preferences of l decision makers is denoted as α = [αk] (k = 1, 2, … , l), where αk presents the kth decision maker’s risk preference. The range of αk is 0 ≤ αk ≤ 1. If the decision maker’s risk preference is extraordinary optimism, he/she only considers the evaluation with the highest score, then α = 1; If the decision maker’s risk preference is ultra-conservatism, he/she only considers the evaluation with the lowest score, then α = 0; if the decision maker’s risk preference is egalitarianism, the decision maker considers the average of the evaluations under different criteria, then α = 0.5.
3.2 Process Z-numbers
The evaluations of the alternatives under different criteria are described by Z-numbers, which can take both the uncertainty and reliability into consideration. In this section, the processing of the Z-numbers is explained.
3.2.1 Defuzzify component of Z-number of each evaluation
Let [image: image] be the set of the defuzzified Z-number, where [image: image] presents the defuzzified Z-number of the evaluation of the alternative St under the criterion Ci by the kth decision maker. Each element of Z′E is assembled with crisp numbers A′ and B′, written as [image: image]. Suppose that the component A of the Z-number (the evaluation) is denoted as a TFN A = (a1, a2, a3) and the component B of the Z-number (the reliability) is denoted as B = (b1, b2, b3). The defuzzification of the Z-number can be derived by Eq. 8 as follows:
[image: image]
3.2.2 Integrate Z-number of each evaluation into a crisp number
Let [image: image] be the set of the integrated Z-number, where [image: image] presents the integrated Z-number of the evaluation of the alternative St under the criterion Ci by the kth decision maker. Each element of Z″E is represented as a crisp number Z″, written as [image: image].
The integrated Z-number is obtained by considering the effect of the component B (the reliability of evaluation) on the component A (the evaluation). The reliable part B′ is assigned to the defuzzified evaluation (component A′) directly, and the unreliable part (1 − B′) is assigned to the average of all possible linguistic variables for evaluation A′, denoted as γ(A′). Hence, a novel formula for integration of defuzzified Z-number Z′ is proposed as follows.
[image: image]
where γ presents the average value of the full set of the linguistic variables of evaluation. Supposed that r linguistic variables of the evaluation are denoted as TFNs [image: image], where xp presents the pth linguistic variable. The defuzzified evaluation [image: image] of the linguistic variable is obtained as [image: image] by Eq. 8, then the average value γ is deduced by
[image: image]
Example 1: the linguistic variable shown in Table 1 can be defuzzified to the crisp number and gathered in the vector as [image: image]. Then the average value γ of the evaluation of alternatives can be computed as γ = (0.05 + 0.2 + 0.5 + 0.8 + 0.95)/5 = 0.5.
Example 2: supposed that the Z-number of the evaluation of one alternative under one criterion is represented as (B, VH) with linguistic variables [image: image], 1) in Tables 1, 2, the defuzzified Z-number of the evaluation is easily acquired as Z′ = (0.95, 0.875) by Eq. 28. The average value γ in Table 1 is acquired as 0.5 by using Eq. 30 as shown in Example 1. Therefore, the integrated Z-number of the evaluation is presented as Z″ = 0.95 × 0.875 + 0.5 × (1–0.875) = 0.89375 by utilizing Eq. 29.
3.3 Determine relative importance weights of criteria with Z-decision-making trial and evaluation laboratory
Owing to the excellent property of DEMATEL in describing the interdependence among criteria, this section aims to obtain the relative importance weights of criteria through DEMATEL and perform the critical assessment of each alternative under the criteria.
3.3.1 Establish criteria pairwise influence evaluation by converting Z-number
Supposed that a set of the pairwise influence of criteria proposed by l decision makers is ZI = [ZIk](k = 1, 2, … , l), where ZIk presents the pairwise influence of the criteria obtained by kth decision maker, and the specific expansion is expressed as follows.
[image: image]
where [image: image] presents the pairwise influence of the criterion Ci to the criterion Cj suggested by kth decision maker. Z-number Z = (A, B) is utilized for the description of each element of the pair influence evaluation ZI, where the component A is represented by a TFN as A = (a1, a2, a3), the component B is represented by a TFN as B = (b1, b2, b3). Therefore, each element of the pair influence evaluation ZI is denoted as [image: image].
Table 3 exhibits the restriction (component A of Z-number) on the linguistic variable of the pairwise influence degree. For example, the linguistic variable “MI” in Table 3 means the degree of pairwise influence between two criteria is “medium influence” and Figure 5 shows the membership functions of TFNs in Table 3 for visualization. It has been noted that the linguistic variable for the reliability (component B of Z-number) of the evaluation is the same as in Table 2.
TABLE 3 | Linguistic variable for the pairwise influence degree of criteria (component A of Z-number).
[image: Table 3][image: Figure 5]FIGURE 5 | Membership functions of TFNs of linguistic variables in Table 3.
The evaluation of pair influence degree [image: image] between criteria Ci and Cj is generated in the form of Z-number by different decision makers based on their professional prior knowledge and experience. The processing of the Z-numbers is the same as that in Section 3.2.
3.3.2 Acquire criteria total influence evaluation
After defuzzifying the evaluation of pair influence degree [image: image] by Eq. 28, the defuzzified pairwise influence degree [image: image]; j = 1, 2, … , n; k = 1, 2, … , l) have been obtained. Let X = [Xk](k = 1, 2, … , l) be the normalized criteria pairwise influence matrix for l decision makers, where each element [image: image]; j = 1, 2, … , n; k = 1, 2, … , l) is the result of normalizing [image: image] by Eqs. 11 and 12. By accumulating the matrix Xk, the criteria total influence matrix T = [Tk](k = 1, 2, … , l) is obtained by using Eq. 13.
3.3.3 Calculate relative importance weight of each criterion
Supposed that a set of the relative importance weight of each criterion IW = [IWk](k = 1, 2, … , l) presents the relative importance weight matrix for l decision makers, where [image: image] presents the criterion’s relative importance weight vector for the kth decision maker and [image: image] presents the ith criterion’s importance weight for the kth decision maker. [image: image] and [image: image] be the set of the influential relation and are obtained by Eqs. 14 and 15. The centrality [image: image] of criteria reflects the influence relationship of criteria for l decision maker, where [image: image] presents the influence degree of the criterion Ci to other criteria for the kth decision maker and is obtained by Eqs. 16 and 17 for each decision maker. Therefore, the relative importance weight [image: image] of each criterion for each decision maker is generated as follows.
[image: image]
3.3.4 Perform critical assessment of each alternative
Let a set of critical assessment of the alternatives for the kth decision maker [image: image], where [image: image] presents the critical assessment of the alternative St by the kth decision maker and is generated by
[image: image]
3.4 Determine weights of the criteria under different risk preferences with maximal entropy ordered weighted average operator
The maximal entropy OWA operator successfully solves the one-to-many mapping problem. Once the risk preference α ∈ [0, 1] and the number of criteria n are given, the weight vector of different risk preferences (i.e., risk preference vector) is automatically generated. Thus, the maximal entropy OWA operator is utilized to generate the risk preference weight and assess the evaluations of the alternatives.
3.4.1 Establish risk preference of each decision maker
Let w = [wk](k = 1, 2, … , l) be a set of risk preference matrix for l decision makers, where [image: image] presents the risk preference vector for kth decision maker. The risk preference vector wk for each decision maker is acquired by utilizing Eqs. 24–26 after determining the attitude toward risk α = [αk] of each decision maker.
3.4.2 Generate weights of criteria under different risk preferences
Supposed that λ = [λ(k)](k = 1, 2, … , l) be a set of the ranking matrix of the integrated Z-number Z″E of the evaluation of alternatives under criteria obtained from l decision makers, where the ranking matrix λ(k) of the integrated Z-number Z″Ek of the evaluation is presented as follows.
[image: image]
where the element λit(k) (i = 1, 2, … , n; t = 1, 2, … , m; k = 1, 2, … , l) presents the ranking of the integrated Z-number Z″Ek of the evaluation of the alternative St under the criterion Ci.
Example 3: suppose that kth decision maker suggests the integrated evaluation Z″Ek of three alternatives St(t = 1, 2, 3) under four criterion Ci(i = 1, 2, 3, 4) as follows.
[image: image]
The ranking matrix of the kth decision maker is calculated according to the integrated Z-number Z″Ek of the evaluation as follows.
[image: image]
Let a set of the reorder risk preference weight for l decision makers be RW = [RWk](k = 1, 2, … , l), where [image: image] presents the risk preference weight matrix after reordering the risk preference matrix w and is acquired as follows.
[image: image]
where [image: image] is the simplified representation from [image: image], and λit(k) is the element in the ranking matrix in Eq. 34.
Example 4: supposed that the risk preference of the kth decision maker is 0.4 and the integrated evaluation is exhibited in Eq. 35. According to the value of risk preference αk = 0.4, the risk preference vector [image: image] is obtained by utilizing Eqs. 24–26. The ranking matrix is already acquired as shown in Eq. 36 in Example 3. Therefore, the risk preference weight after reordering is obtained as follows.
[image: image]
where the first column of RWk is calculated by
[image: image]
3.4.3 Perform risk preference assessment of each alternative
Suppose that RA = [RAk](k = 1, 2, … , l) presents the risk preference assessment of alternatives for l decision makers, where [image: image] means the risk preference assessment of each alternative St for kth decision maker, and the value of [image: image] is combined with the integrated Z-number Z″E of the evaluation and the risk preference weight RW as
[image: image]
Example 5: suppose that the kth decision maker participates in the decision making and the risk preference is α = 0.4, and the defuzzified evaluation by the kth decision maker is shown as in Eq. 35. The risk preference weight is acquired by Eq. 38 as shown in Example 4. Hence, the risk preference assessments of three alternatives under four criteria are RA = [0.2199, 0.5199, 0.3565].
3.5 Generate comprehensive evaluations of alternatives
Finally, the critical assessment of alternatives and the risk preference assessment are combined to get the final comprehensive assessment, and the optimal alternative option is chosen by ranking the assessment results.
3.5.1 Generate comprehensive evaluations of alternatives for each decision maker
The final assessment of alternatives of each decision maker is performed by considering the relative importance of criteria (the critical assessment) and the attitude toward risk of each decision maker (the risk preference assessment). The critical assessment [image: image] and the risk preference assessment [image: image] of the alternative St are obtained by the aforementioned procedure. Suppose that a set of m comprehensive assessment for l decision makers be [image: image], where [image: image] presents the assessment of alternatives St as follows.
[image: image]
where η presents the adjustment factor and the range of η is 0 ≤ η ≤ 1. The selection of η is supposed to be determined by the decision-making group, according to specific situations. If [image: image], it indicates that equal consideration is given for the importance of criteria and risk preference of the decision maker. If η = 1, it indicates that only the importance of criteria (derived by DEMATEL) is considered. If η = 0, it indicates that only the risk preferences of decision makers (modeled by the maximal entropy OWA operator) is considered.
3.5.2 Integrate a comprehensive evaluation of each alternative for multiple decision makers
Assume that each decision maker contributes equally to the evaluation, the final comprehensive assessment FCOMA = [FCOMAt](t = 1, 2, … , m) of the alternatives is obtained as follows.
[image: image]
So far, the procedure of the proposed method for MCDM has been accomplished. Based on the final comprehensive assessment FCOMA, the ranking of alternatives can also be determined. According to the ranking order, the optimal alternative can be easily chosen.
4 APPLICATION OF THE PROPOSED METHOD TO RENEWABLE ENERGY SOURCE INVESTMENT
4.1 Background
RES investment is a complex problem of MCDM, targeting five mainstream new energy projects: biomass, hydropower, geothermal, wind, and solar power. To select the most worthy RES for investment, many factors have been established and sorted out, which are divided into economic and non-economic criteria Wang et al. (2019). Economic criteria consist of earnings, asset, and equity. Non-economic criteria consist of environmental effect, organizational capacity, and technological infrastructure.
4.2 Implementation based on the proposed method
To deal with the RES investment problem, three experienced and professional decision makers provide their judgments of alternatives under different criteria. The following are the specific processes.
4.2.1 Determine evaluations for criteria and risk preference
The criteria C = [Ci](i = 1, 2, … , 6) of the target is deconstructed as economic criteria Q1 and non-economic criteria Q2, where earning C1, asset C2, and equity C3 are the sub-criteria of economic criteria Q1. Similarly, environmental effect C4, organizational capacity C5, and technological infrastructure C6 are the sub-criteria of non-economic criteria Q2. The set of alternatives is S = [St](t = 1, 2, … , 5), where S1 presents the biomass energy, S2 means the hydropower energy, S3 presents the geothermal energy, S4 means the wind energy, and S5 presents the solar energy.
Let a set of three decision makers be DM = [DMk](k = 1, 2, 3). Three professional decision makers provide the evaluation of five alternatives under six criteria. The expression of evaluation is determined in Table 4, with linguistic variables of Z-number shown in Tables 1, 2. At the same time, three decision makers offer their risk preferences as α = [0.3, 0.5, 0.8]. Furthermore, the hierarchy structure of alternatives and criteria in the RES investment problem can be found in Figure 6.
TABLE 4 | Z-number of the evaluation of the alternatives under criteria for three decision makers.
[image: Table 4][image: Figure 6]FIGURE 6 | Hierarchy structure of the alternatives and criteria.
4.2.2 Process Z-numbers
The evaluation of each alternative in Table 4 is composed of the linguistic variables of Z-number. In processing Z-number, each component A and component B of the Z-number is defuzzified to construct the defuzzified Z-number evaluation by Eq. 28. Then, the defuzzified Z-number is combined with constraint and reliability to generate the integrated Z-number by Eqs. 29 and 30. Finally, the integrated Z-number of evaluation of the alternatives under criteria for three decision makers is gathered in Table 5.
TABLE 5 | Integrated Z-number of evaluation of the alternatives under criteria for three decision makers.
[image: Table 5]4.2.3 Determine relative importance weights of criteria with Z-decision-making trial and evaluation laboratory
To achieve the relative importance among criteria, three decision makers provide their judgments on the pair influence between criteria Q1 and Q2. Table 6 shows the Z-number composed of linguistic variables in Table 2 and Table 3. The evaluation of pairwise influence degree of the sub-criteria of Q1 is generated in Table 7, and the pair influence degree of the sub-criteria of Q2 is generated in Table 8.
TABLE 6 | Pair influence degree between criteria Q1 and Q2 of the evaluation for three decision makers.
[image: Table 6]TABLE 7 | Pair influence degree of the sub-criteria of Q1 for three decision makers.
[image: Table 7]TABLE 8 | Pair influence degree of the sub-criteria of Q2 for three decision makers.
[image: Table 8]By the procedure of Z-DEMATEL in Section 3, the centrality M and causality N are achieved from the evaluation of criterion Q1 and Q2 in Table 6. Similarly, the centrality M and causality N of criteria Ci(i = 1, 2⋯, 6) in Tables 7, 8 are calculated by the same procedure and shown in Figure 7.
[image: Figure 7]FIGURE 7 | Centrality and causality of criteria based on Z-DEMATEL.
According to Figure 7, the variation between each causality N is insignificant. Thus, the significant weight IW of each criterion is mainly considered by the centrality M and generated by Eq. 32. Table 9 shows the results of the calculation of those significant weights. According to the results, the relative importance weight of the criteria generated by combining the two-layer criteria is listed in Table 9.
TABLE 9 | Important weight of the criteria.
[image: Table 9]The critical assessments of alternatives are constituted with the relative importance of the weight vectors in Table 9 and the integrated evaluation of the alternatives under six criteria in Table 5. Table 10 exhibits the result of the critical assessments of alternatives by Eq. 33. According to the critical assessment, the ranking is S4 > S2 > S5 > S3 > S1 for DM1, S5 > S4 > S2 > S3 > S1 for DM2, and S5 > S4 > S2 > S3 > S1 for DM3. The ideal alternative may be S4 (wind energy) or S5 (solar energy) with no clear consensus, and the worst choice is S1 (biomass energy) with consensus.
TABLE 10 | Critical assessment of five alternatives for three decision makers.
[image: Table 10]4.2.4 Determine weights of the criteria under different risk preferences with maximal entropy ordered weighted average operator
The risk preference vector set is obtained after identifying the risk preferences for three decision makers as α = [0.3, 0.5, 0.8]. Based on the maximal entropy OWA operator, the weight vectors can be obtained as [0.0544, 0.0788, 0.1142, 0.1654, 0.2398, 0.3475], [0.1667, 0.1667, 0.1667, 0.1667, 0.1667, 0.1667], and [0.4781, 0.2548, 0.1357, 0.0723, 0.0385, 0.0205] for the cases that α = 0.3, 0.5, 0.8, respectively, by utilizing Eqs. 24–26. After reordering these weight vectors by Eq. 37, the risk preference weight of each alternative under each criterion is obtained (see Table 11).
TABLE 11 | Reordered ranking risk preference weights of criteria.
[image: Table 11]The risk preference assessment of each alternative is the production of the risk preference weight in Table 11 and the integrated evaluation of alternatives under different criteria in Table 5, which is shown in Table 12. According to the risk preference assessment, the ranking is S4 > S2 > S5 > S3 > S1 for DM1, S5 > S4 > S2 > S3 > S1 for DM2, and S2 > S3 > S5 > S4 > S1 for DM3. There is still no consensus on the ideal alternative, and the worst choice is still S1 (biomass energy) with consensus.
TABLE 12 | Risk preference assessment of five alternatives for three decision makers.
[image: Table 12]4.2.5 Generate comprehensive evaluations of alternatives
In this article, the critical assessment and risk preference assessment are considered equally important to the decision result. That is to say, the setting of the adjustment factor η = 0.5, the combined assessment result of five alternatives for three decision makers is derived in Table 13 with utilizing Eq. 41.
TABLE 13 | Combined assessment of five alternatives for three decision makers.
[image: Table 13]The final comprehensive assessments of alternatives for three decision makers are obtained and listed in Table 13 by Eq. 42. According to Table 13, it is obvious that the ranking of alternatives is S2 > S5 > S4 > S3 > S1. Since the results of the alternatives S2 (hydropower energy) and S5 (solar energy) are so close, two RESs (i.e., hydropower energy and solar energy) are recommended as the optimal alternatives.
4.3 Results and discussions
4.3.1 Effectiveness analysis
In the decision making of the RES investment, when the component B of the Z-number is completely consistent and expresses the total reliability of the evaluation (component A), that is, B = 1, a Z-number is converted into a classical fuzzy number. Wang et al. (2019) used the approach of fuzzy DEMATEL (FDEMATEL) with fuzzy-TOPSIS (FTOPSIS) or fuzzy-VIKOR (FVIKOR) to deal with the same RES investment problem. To verify the effectiveness of the proposed method, this article adopts the data of the evaluation from Wang et al. (2019), in which the component A of the evaluation of alternatives in Tables 6–8 remain unchanged. The adjustment factor η is adjusted to 1 (i.e., only the critical assessment is considered, the risk preference of decision maker is not considered) to obtain the side-by-side comparison of the proposed method and other methods shown in Table 14.
TABLE 14 | Comparison of the ranking of alternatives with different approaches.
[image: Table 14]With the comparison of the ranking of the assessment with different approaches in Table 14, the conclusion is summarized that the ranking of Z-DEMATEL which can be seen as a special case of the proposed method (B′ = 1, η = 1) is the same as the ranking of the FDEMATEL and FTOPSIS and is different from that of the FDEMATEL and FVIKOR methods. The alternatives S4 and S5 are in reverse order but the difference of assessment results between S4 and S5 are very small. If the requirements are relaxed that two energy projects of the RES investment are selected, both wind energy S4 and solar energy S5 can be recommended as the optimal options. In sum, the proposed method is effective and satisfies downward compatibility, especially for the description of uncertainty with fuzzy set theory by assuming the component B to be 1.
4.3.2 The impact of the component B on the final result
The information (especially the knowledge from experts) to be processed is often uncertain and partially reliable due to the complexity of the real world. Thus, the Z-number is introduced to deal with the information in this article. The component A of a Z-number is the restriction of the evaluation, which may be uncertain. The component B of a Z-number represents the reliability of the first component A. The component B (reliability) should be well handled to gain a more reasonable decision result. In the proposed method, by carrying out the integration of Z-number (see Section 3.2.2), the influence of the component B (reliability) is taken into account.
To show the impact of the component B on the final result of the RES investment, this article adopts the data from Wang et al. (2019), where the component A (the evaluation of alternative) in Table 4, and the pair influence degree of criteria in Tables 6–8 remain unchanged, the risk preference and the adjustment factor are the same as that in Section 4.2. The only difference is that the defuzzified components B′ changes from 0 to 1 stepwise by 0.1. The final assessment results are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Assessment results of alternatives with different component B.
As can be seen from Figure 8, when the entire component B′ of the Z-numbers is 0, the final comprehensive assessment results are all the same as 0.2 after normalization. The reason is that the average of all possible linguistic variables for evaluation A′ is adopted in this case since no reliability (confidence) is given to the evaluation (more details can be found in Section 3.2.2). As the reliability (component B) increases, the reliable part of the evaluation is constantly strengthened, and the influence of the restriction of the evaluation (component A) on the final assessment result is also enhanced, which leads to more differentiated final comprehensive assessment results.
Above the impact of component B on the final assessment result is investigated by changing the component B from 0 to 1 stepwise by 0.1. However, all the evaluations are given the same reliability (component B) for each step, which may be unrealistic in practical use. Thus, an example is designed to further investigate the impact of component B on the result under the situation when some of the component B is changed. Six cases of different defuzzified component B′ as shown in Table 15 are considered. In each case, the defuzzified component B′ of the evaluation of one alternative is uniformly set to 0.1, and others are set to 1. Other conditions remain unchanged. The result of the assessment under six different cases can be found in Table 16 and Figure 9.
TABLE 15 | Six cases of different defuzzified component B′.
[image: Table 15]TABLE 16 | Assessment results under six cases of defuzzified component B′.
[image: Table 16][image: Figure 9]FIGURE 9 | Histogram of the assessment results under six cases of different defuzzified component B′.
As can be seen in Table 16 and Figure 9, the result and the ranking in Case 6, which is a control group, are the same as that in Table 14 and Figure 8. In the case where the component B′ is set to 0.1, the integrated Z-number of the corresponding alternative tends to be more moderate (weaken the evaluation in component A), while the integrated Z-numbers of the other alternatives (B′ = 1) strengthen the evaluation in component A. This impact may lead to different assessment results and the ranking.
Through the aforementioned analysis, we found that the reliability (component B) could have a significant impact on the final assessment result. By changing the value of the component B, the decision results and even the ranking can be completely different. Furthermore, when the values of reliability (component B) become smaller, the results become more moderate and the distinguishability of the results is decreased.
4.3.3 The impact of the adjustment factor on the final result
The adjustment factor η plays a role in regulating the important proportion of critical assessment and risk preference assessment. To investigate the impact of the adjustment factor η on the final result, an example is designed where the evaluation of the alternatives in Table 4 and the pair influence degree of criteria in Tables 6–8 remain unchanged. The set of the risk preference is α = [1, 1, 1]. With the change of the adjustment factor η from 0 to 1 stepwise by 0.1, the final assessment results change as shown in Figure 10.
[image: Figure 10]FIGURE 10 | Assessment results of alternatives with different adjustment factor η.
According to Figure 10, when η = 0, the weight of the criteria is only affected by risk preference of the decision maker. With the value of η increasing, the weight of the criteria is affected by both the risk preference of the decision maker and the interdependence among the criteria, and the effect of the latter becomes larger. This trend could lead to a change in the ranking of alternatives. For example, the ranking of S2 and S4 is reversed when the value of η is changed around 0.4.
Therefore, the adjustment factor η as an important parameter leads to a significant change in the decision result. In practical applications, decision makers can set this parameter according to a specific situation. When the interdependence among criteria is strong and should be mainly considered, the value of η could be set closer to 1. On the contrary, if the decision problem is highly dependent on the risk preference of the decision maker, the value of η should be set closer to 0.
5 CONCLUSION
In this article, we propose a new decision-making method for complex decision problems such as RES investment, which can integrate uncertainty of information, interdependence among criteria, and decision makers’ risk preferences to obtain more reasonable decision results. The uncertainty and reliability of information is handled using Z-number, the interdependence among criteria is modeled using DEMATEL, and the risk preferences of the decision makers are considered using the maximal entropy OWA operator. The application in RES investment shows that the proposed method can deal with simple situations and arrive at the same result as other methods. Several examples are given to show the flexibility of the proposed method in dealing with different situations.
The use of Z-numbers allows the decision system to take into account the uncertainty and reliability of the information. The component B of Z-number, as the reliability of the evaluation (component A), also has a significant impact on the final assessment result. When the component B equals 1, Z-number theory is downward compatible with other uncertainty theories such as fuzzy theory. In addition, when the reliability (component B) of Z-number is smaller, the assessment result ends to be more moderate.
The proposed adjustment factor η allows the decision system to determine the importance proportion of the interdependence among criteria and the decision makers risk preferences. When the effects of interdependence and risk preference are considered equally, then η is set to 0.5. The larger the adjustment factor η, the more dependence among criteria are considered in the decision process, vice versa. The value of η can be determined by experienced specialists in the field according to the actual situation.
The proposed method provides a solution to various situations that may be encountered in the MCDM problem. The new method is applicable to fields other than RES investment, including supplier selection and risk analysis. Currently, the influencing factors to be considered in the MCDM problem are not yet unified, and the evaluation lacks statistical evidence. In addition, the defuzzification method adopted in this article is simple, and may cause information loss in the defuzzification stage. These issues need to be explored in future studies.
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