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Abstract: Multi-criteria decision-making (MCDM) issues related to hydrogen energy usually involve
weight consideration of evaluation criteria, ambiguous evaluation information provided by experts,
and lacking or incomplete evaluation information. Conventionally, the MCDM calculation method
cannot effectively and simultaneously process evaluation information. To effectively address this
issue, this study proposed a novel general data envelopment analysis (DEA)-based approach for
MCDM issues of hydrogen energy under a fuzzy environment. The proposed general DEA-based
approach integrates the typical DEA method, analytic hierarchy process (AHP) method, hesitant
fuzzy linguistic term set (HFLTS), and the soft set to process the MCDM problems under a fuzzy
environment. For the numerical verification, this study used the case of hydrogen energy key
technologies ranking, as an important development reference for carbon reduction to further verify
the correctness and reasonableness of the proposed approach. The calculation results were also
compared with those from the typical DEA method, typical AHP/DEA method, and the fuzzy
AHP/DEA method. The numerical verification results show that the proposed method can effectively
process the MCDM problems under a fuzzy environment than listing different calculation methods.

Keywords: data envelopment analysis; analytic hierarchy process; soft set; hesitant fuzzy linguistic;
hydrogen energy technologies

1. Introduction

Different evaluation criteria may be of conflicting nature; thus, multi-criteria decision-
making (MCDM) is a complex and difficult process. The MCDM is an important technique
and a branch of operations research used for finding optimal outcomes in complex sce-
narios with various metrics and conflicting goals and criteria [1]. MCDM can help the
decision maker based on their preferences in situations of multiple conflicting criteria.
Therefore, many scholars continue to develop new methods to solve problems in different
application fields, such as supply chain management [2], civil engineering and infrastruc-
ture [3], transport and logistics [4], energy [5], high-dose-rate brachytherapy treatments [6],
naval aircraft selection [7], and so on. The computational logic of operations research
assists decision-makers in the subjective assessment of alternatives under multiple criteria
by designing mathematical models and computational tools [8,9]. With the evolution of
the times and the advancement of science and technology, MCDM involves a variety of
methodological studies. For example, the data envelopment analysis (DEA) approach is
one of the frequently used nonparametric MCDM evaluation approaches. It was initially
proposed by Charnes et al. [10] by measuring the similar relative efficiency performance
of decision-making units (DMUs) by simultaneously integrating multi-output and -input.
The DEA method can effectively measure the relative efficiency of DMUs and solve many
decision-making problems. Since its first use in 1979, this approach has received more
research attention increasingly and has been widely used in many fields. For the problem
handling of the hierarchical structure, the analytic hierarchy process (AHP) method that
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can effectively handle the weight consideration of evaluation criteria was first presented
by Saaty [11], who used the pairwise comparisons among criteria and alternatives to
deal with the qualitative and quantitative information in the decision-making procedure.
AHP method, modeled as a hierarchical structure, divides a large problem into small and
easy-to-resolve problems. Relevant development of the MCDM calculus method is still
in the growth stage, such as the preference ranking organization method for enrichment
evaluation (PROMETHEE) [12,13], the visekriterijumska optimizacija i kompromisno re-
senje, the technique for order preference by similarity to ideal solution (TOPSIS), and the
elimination and choice translating reality (ELECTRE), and so on. However, the MCDM
issues for obtaining hydrogen energy usually involve the evaluation of weight criteria.
The evaluation information provided by experts for ambiguous or incomplete information
situations cause difficulties in decision evaluation.

In a real-world situation, because uncertainty and fuzziness usually exist in human judg-
ment, a decision has to be made in situations when pertinent data are not precisely known.
Therefore, people or decision makers are more inclined to evaluate language through natu-
ral language expressions rather than using precise numerical values. Zadeh [14] introduced
the concept of a fuzzy set to deal with ambiguous situations. The advantage of a fuzzy set
is that it uses fuzzy numbers instead of crisp numbers to express the relative importance
of alternatives and criteria. Many research methods are integrated with the fuzzy set to
deal with practical issues for various fields, such as group decision-making [15], risk assess-
ment [16,17], supplier evaluation [18], location selection [19], and supplier selection [20-22],
and so on. To deal with the MCDM problem, many levels and factors need to be considered
and require the participation of relevant experts from different backgrounds and fields,
such as chemistry, engineering, energy, and environmental protection. Experts in differ-
ent fields may be unable to make correct judgments or provide advice under unfamiliar
situations, which simultaneously includes complete, incomplete, or hesitant information.
Rodriguez et al. [23] first proposed the hesitant fuzzy linguistic term set (HFLTS) to deal
with hesitant information for MCDM problems. The HFLTS combines the concept of the
fuzzy linguistic approach and the hesitant fuzzy set to represent the hesitant information
of the experts and uses different linguistic terms to estimate a linguistic variable instead of
using single terms. Since then, many studies in various fields have explored related issues
of HFLTS information. In the questionnaire survey and collection process, an incomplete
questionnaire is regarded as an invalid questionnaire; it may lead to the loss of some
valuable information provided by professional experts, resulting in biased solution results.
Molodtsov [24] proposed the soft set theory, which uses the concept of supplementary
information to deal with incomplete questionnaires, making invalid questionnaires into
usable ones. Under this method, all key information in the questionnaire can be considered,
and no valuable information is lost.

In recent years, many major developing countries have proposed to formulate carbon
reduction policies and technologies. Hydrogen only produces water after the reaction and
does not emit carbon dioxide, and the technology to manufacture low (zero) carbon has
gradually matured, therefore hydrogen is considered as an important energy storage carrier
that can take full advantage of renewable and sustainable energy sources [25]. Under the
global trend of green energy and environmental protection, hydrogen energy is regarded
as an important key to achieve the goal of net zero carbon emissions, which also becomes
a new project developed by major countries. However, a wide range of aspects needs
to be considered in the development of new energy and renewable energy technologies,
such as the country’s economic aspects, commercial potential, the internal research and
development (R&D) capabilities, development costs, etc. Moreover, hydrogen energy
research and development require a huge resource investment. When resource is limited, it
is critical to find a potential approach to make the best profits out of investing in hydrogen
energy technology (HET) development and long-term hydrogen economy development.

Obtaining hydrogen energy via MCDM usually involves the evaluation of weight
criteria. The evaluation information provided by experts is sometimes ambiguous or in-
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complete, which causes difficulties in decision evaluation. Therefore, the evaluation of HET
is considered a complex MCDM problem. Recently, Lee et al. [26] proposed a two-phase
MCDM method, which includes the DEA approach and fuzzy AHP method, to evaluate
the relative efficiency of HET. Although Lee et al.’s method can handle complicated HET
evaluation problems under a complete information environment, their method could not
consider hesitant and non-existent information and will thus lose some important informa-
tion during the solution process, incur subjective conditions, and bias of solution result. To
overcome these situations under a fuzzy environment, this study proposed a novel fuzzy
AHP/DEA method that integrates soft set and HFLTS. The proposed method can fully
consider available information, improve the performance of energy technology, increase
the output of hydrogen energy, effectively reduce the input of costs, and scientifically
implement the hydrogen energy economy.

This study is arranged in sections as follows. Section 2 presents some concepts and
fundamental definitions related to the DEA method, fuzzy AHP method, soft set, and
HFLTS. Section 3 proposes the novel, soft DEA-based approach for solving the efficiency of
HET. Section 4 presents the numerical examples of HET and discusses the comparison of
solutions obtained with other related methods. Finally, Section 5 presents the conclusion
and suggestions.

2. Preliminary Knowledge
2.1. The Data Envelopment Analysis (DEA) Method

The DEA method was initially proposed by Charnes [10] to evaluate the relative
efficiency of a group of DMUs, including single-input-single-output, single-input-multiple-
output, or multiple-input-and-output. Because the DEA method can effectively measure
the relative efficiency of DMUs as well as solve many decision-making problems, this
approach has received more research attention increasingly and has been widely used in
many fields. For example, Okur and Ercan [27] built a comprehensive efficiency evaluation
approach that combined the DEA method and the AHP method to measure efficiency in
the apparel retail industry. The named approach can determine the priority areas that need
focus and alert managers to adopt new strategic actions for increasing the performance of
apparel retailers. Peng et al. [28] combined the DEA and TOPSIS methods to establish a
green material index system; poorer-performing materials can be screened and excluded
for classifying suitable suppliers. Halkos and Argyropoulou [29] proposed a two-stage
DEA method, the first stage input variables include energy consumption, capital, and
labor, and the second stage input variables include sulfur dioxide and GDP, considering
respiratory deaths as the final output, estimated the highest overall efficiency in terms of
energy and air pollution damage to the health of the population of 23 countries over the
period of 1990-2017. The DEA method has been applied in many fields, such as tourism [30],
dredging productivity assessment [31], portfolio selection [32], chemical enterprises safety
assessment [33], and so on.

The Charnes-Cooper-Rhodes (CCR) model is the standard model of the DEA method
and is described below [10,34]:

Max Z :ijl UrYr0
Subject to : 2;1 UrYyj — 271:1 vxjj < Oforj=1,2,...,n
Z:"Zlvixiozl
U, v;>€>0,i=1,2,...,mr=1,2,...,8

where x;; and y,; are number of inputs i and output  for the jth observed DMU; m is the
number of inputs, and s is the number of outputs; v; and u, are the weight to be determined
by the jth input and output; 7 is the number of DMUs.
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2.2. The Fuzzy AHP Method

The fuzzy AHP method combines the concept of a fuzzy set and the AHP approach to
perform the MCDM evaluation. The AHP method was initially introduced by Saaty [11] to
handle complex decision-making problems with a hierarchical structure while considering
and processing both factual (objective or quantitative) as well as judgmental (subjective or
qualitative) information. It uses judgment comparison of the score of each criterion from
expert knowledge, determines the relative importance between criteria, and finds the best
alternative for efficiently handling the decision-making issues. Since then, the AHP method
has been widely applied in many fields; for instance, Huang et al. [35] combined the cloud
model with the AHP method and considered the quantitative and qualitative influencing
factors from the search, rescue, and medical treatment after an earthquake, to construct the
performance evaluation index system, which can effectively optimize the rescue process.
Cheemakurthy and Garme [36] combined the fuzzy AHP method and particle swarm
optimization to develop a structure for evaluating the ferries” operational requirements
and use it as a ferry to assess the basis of the approach. Related research using the AHP
method has been used in many fields, such as human resource management [37], tourism
factory contractor selection [38], code recommendation system [39], training simulation
systems [40], and so on. While typical AHP methods can solve problems systematically,
they cannot handle the fuzzy information provided by experts. Thus, to remove such
drawbacks of AHP, the fuzzy set is employed with the AHP method. Zadeh [14] proposed
fuzzy sets to handle fuzzy and uncertain information, using fuzzy logic to process the
uncertainty of decision-making factors. Among the existing techniques, the geometric
mean approach presented by Buckley [41] and the extent analysis approach presented by
Chang [42] are widely used by researchers. In this study, we applied the extent analysis
approach and the triangular fuzzy numbers (TFNs) to calculate the fuzzy weight. The
calculation and definition related to the TFNs are shown as follows:

Definition 1 [14]. Consider My = (I3, mq,uy) and My = (lp, mp, uy) are two TEN, the opera-
tional laws of addition, subtraction, and reciprocal as follows:

My @& My = (I1,m1,u1) & (I, mp, up) = (Ih + Io, my + myp, ug + uy) o
My & My = (Iy,my,u1) © (I, mg, up) = (Ih — ug, my —my, ug — o) ()
(llz my, ul)il = (1/M1,1/m1/l/11) 3)

Definition 2 [26,43]. Assume A = (a;)
M;jj = (lij, i, ui]-) be a TFN wvalue, the value of the fuzzy composition range with respect to the ith

, be a fuzzy pairwise comparison matrix, and let

object is defined as
-1

Si = 2;1:1 M;; ® [Zfil ;1:1 Mi]} ()
}1:1 Mz] = (2;121 lij/ Z;'l:l mi]‘, Z;:l uij)fori =1,2,...,m (5)
Y ;1:1 Mij = (Zlmzl 27:1 Lje Yoy 2;1:1 Mij, Y iy 2;:1 “if) 6)

m n -1 1 1 1
. .M = , , 7
{Z'Zl j=14 ] ( i1 Y i X Y i Yy Y lij) 7

Definition 3 [26,43]. The values of S; were compared, and the possibility degree was calculated as,
Sj = (I, mj,uj) > S; = (L, mj, u;).
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1, lf m] Z m;
. iFl >y,
V(Sj > S;) = height(S;NS}) = us,(d) = s iz @®)
—7+— 1 otherwise
(mj=1j) = (mi =)
where d is the ordinate of the highest point of intersection between u; and u;, and compare
S; and §; via the values of V(S; > S;) and V(S; > S;). The minimum possibility degree
w'(P;) of V(S; > Si), and the possibility degree of fuzzy number S; can be defined by:

V(8> 51,5253, ...,5)=VI[(S > S1)and(S > Sy) and ... (S > S)] ©)
— minV(S>S;), fori=1,2,3, ...,k

Definition 4 [26,43]. Assume that w'(P;) = minV(S; > Sy), fori=1,2,3, ..., n. The weight
W' is defined in Equation (9), where P;(i =1, 2, ..., n) are the n elements, and the weight vectors
W (non-fuzzy number) were normalized as follows:

W = (@' (P), @ (P), ..., (Py))" (10)

W = (w(Py),w(Py), ..., w(P,))" (11)

The fuzzy AHP method procedure is as follows.

Step 1: Make a pairwise comparison based on a fuzzy scale.

Let A = (aij)mxn be a fuzzy pairwise comparison judgments matrix, let M;; =
(li]-, mij, ul-]-) be a TEN, and the fuzzy scale (Table 1) is used to perform pairwise comparisons
between the assessment factors [44].

Table 1. The triangular fuzzy scale of pairwise comparison.

Triangular Fuzzy Scale Reciprocal Scale Definition of Preference Judgments
1,1,1) 1,1,1) Equal importance

(3/2,2,5/2) (2/5,1/2,2/3) Central point between the equal and weak importance

(5/2,3,7/2) (2/7,1/3,2/5) Weak importance

(7/2,4,9/2) (2/9,1/4,2/7) Central point between the weak and strong importance
(9/2,5,11/2) (2/11,1/5,2/9) Strong importance
(11/2,6,13/2) (2/13,1/6,2/11) Central point between the strong and very strong importance
(13/2,7,15/2) (2/15,1/7,2/13) Very strong importance
(15/2,8,17/2) (2/17,1/8,2/15) Central point between the very strong and more importance
17/2,9,19/2) (2/19,1/9,2/17) Absolutely more importance

Step 2: Defuzzify the TEN value.
To compare the respective TENSs, the center of area (COA) defuzzification method [45]
is applied. According to Equation (12) to defuzzify the TFN value, shown as DF;;.

uij — Lij) + (mi; — I
DF;j = l;j + [(wij — 1) 3( i~ lij)]

(12)

Step 3: Calculate the consistency ratio (CR)
To check the consistency of expert assessment opinions, the CR and consistency index
(CI) were calculated according to the aggregated value of TFN in step 2, as shown in
Equations (13)—(15).
Aw = Ayaew, and Z?:l w; =1 (13)
o Amax — 1

Cr= "= (14)
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CI
CR= = (15)

where A4y is the largest eigenvector of the fuzzy pairwise comparison matrix A, and n
is the size of the pairwise matrix. The random index (RI) value is based on the different
matrix sizes, as shown in Table 2 [11].

Table 2. RI value for different matrix sizes.

Size of Matrix (n)

2 3 4 5 6 7 8 9 10

RI

0.00

0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49

Step 4: Rank alternatives based on their optimal weight calculation
After multiplying the weight of each evaluation criterion obtained in step 3 by each
alternative, they are ranked from high to low according to the alternative weighted score result.

2.3. The Hesitant Fuzzy Linguistic Term Set (HFLTS)

Rodriguez et al. [23] developed a concept that uses a set of possible linguistic terms to
represent the hesitation of the experts to deal with hesitant information in group decision-
making issues. Since then, many studies in various fields have explored related issues
of HFLTS information. For example, Chang [46] proposed a method that integrated soft
set and HFLTS to select suitable liquid crystal display (LCD) module suppliers in the
supply chain. Guo et al. [12] proposed a two-stage approach to select the proper location of
floating photovoltaic power plants. They used relative entropy to compute the weight of
the decision-makers in the first phase and adopted an improved hesitant fuzzy linguistic
DEMATEL-PROMETHEE method to rank alternatives in the second phase. The research
result can contribute to site selection and sustainable development of floating photovoltaic
power plants. Wang et al. [47] presented a group decision-making approach to assessing
instructional performance in a hesitant fuzzy linguistic environment, applying proportional
HFLTS to express decision-maker preferences. The Chinese Foreign Cooperative Education
Project proved that the teaching performance evaluation is more scientific, objective, and
accurate, and the teaching quality is improved. The HFLTS has also been used to deal with
decision-making issues in many fields, such as judicial execution [48], occupational safety
risk assessment [49], new service development analysis [50], water pollution treatment
technology [51], enterprises decision [52], reliability engineering [53,54], and hotel selection
of travelers [55], and so on.

Some basic properties and operations of HFLTS are described below.

Definition 5 [56]. Let S = {sg, s1, ...,Su} be a linguistic term set (LTS). For example, if S =
{so = none, s1 = very low, sy = low,s3 = slightly low, sy = medium, s5 = slightly high,
s¢ = high, sy = very high, s = perfect}. A HFLTS (Hg), is an ordered finite subset of continu-
ous linguistic terms of S.

Definition 6 [23,53]. Let S = {sg, s1, ...,Sn} be an LTS. Hg is an arbitrary hesitant LTS of S.
The lower and upper bounds (Hg-, Hg+ ) of the hesitant LTS (Hg) are defined as follows:

Hg- = min(si) =Sj, 8 € Hgands; > S, Vi (16)

Hg+ = max(si) =Sj, 8 € Hs and s; < S, Vi (17)

Definition 7 [23,54]. The envelope of HFLTS (Hg), named as env(Hg), is the linguistic interval
between the lower and upper bounds (Hg-, Hg+):

env(Hs) = [Hs-, Hs+] (18)
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Definition 8 [46]. Assume [ is the left limit value of the interval and u is the right limit value of
the interval. Defuzzification of the hesitant fuzzy information (HFI) (X) by arithmetic mean are
defined as follows:

[+u

X = 5

(19)

2.4. The Soft Set

Molodtsov [24] introduced a novel mathematical method called the soft set method,
which can deal with the related problems of uncertain data and ambiguous data, fully
consider all key information in the questionnaire, not lose valuable information, and make
invalid questionnaires usable ones. The soft set-related studies include Bind and Isaac [57]
proposed a decision-making framework that used two single-valued neutrosophic soft
sets and introduced a weighted similarity measure; they applied this framework to the
clinical application of evaluating certain medical parameters, identified the best type of
radiotherapy treatment for tumors in moving organs (such as lungs or chest walls) and
demonstrated the feasibility of this decision-making framework. Chang [13] proposed a
selection technique for dealing with incomplete information, which combines the concept
of the PROMETHEE II method and the soft sets to select suitable contractors among non-
existent or missing data during the evaluation process. In addition to the above applications,
the soft set is also widely used in many fields, such as decision-making problems [58],
network communication [59], supply chain management [60], and so on. The soft set
method is defined as follows: let U refer to a universe of discourse, E be a set of parameters
related to the objects in U, the set P(U) be the power set of U and O C E, and M, N are
non-empty subsets of E.

Definition 9 [24,61]. Assume that a pair (F, M) is called a soft set U, where F is a mapping given
by F: M — P(U). A soft set over U is a series of parameterized subsets of universe U.

Definition 10 [24,62]. Let two soft sets (F, M) and (G, N) be on a common universal set U, and (F,
M) be the intersection of (G, N), represented by (H, O), if

O=MnNN
Ve € O, H(e) = F(e) or G(e) (as both are the same set)

Definition 11 [40,62]. Let two soft sets (F, M) and (G, N) be on a common universal set U, the
union of (F, M) and (G, N) is represented by (H, O), then the following conditions are satisfied:

(i)0O=MUN
(ii) Ve € O
Fle)ifee M—N (20)
H(e) = Gle)ifee N—M

Fle)UG(e)ifee MNN

3. Methodology
3.1. The Planning of the Research Method

As the world gradually pays attention to the trend of green energy and environmental
protection, many major developing countries have successively put forward long-term
plans for zero carbon emissions and proposed the development of carbon emission reduc-
tion policies and technologies. Under the global trend of green energy and environmental
protection, hydrogen energy is regarded as an important key to achieve the goal of net zero
carbon emissions; it is becoming a new project developed by major countries. However,
hydrogen energy research and development require a huge resource investment. Finding
the approach to make the best profit out of investing in HET development under limited re-
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sources is a critical issue in the long-term development of the hydrogen economy. However,
because the experts have different experiences and backgrounds, they may give ambiguous
information, partially hesitant information, or partially uncertain information about the
factors to be assessed. The traditional research methods for solving MCDM problems
cannot simultaneously deal with ambiguous information, hesitant information, or uncer-
tain information provided by experts at the same time. Usually, the above information is
eliminated, which often results in the loss of important information. In addition, the weight
consideration of the evaluation criteria affects the main results of the energy technology
evaluation. To solve the above issues, this paper proposed a general DEA-based method
that integrates the fuzzy AHP method, HFLTS, and soft set to solve the relative efficiency
issues of energy technology evaluation. The DEA method used the best practice produc-
tion frontier to evaluate the relative efficiency of a DMU by multiple inputs and outputs;
besides, the fuzzy AHP method can not only adopt a hierarchical structure, considering
both qualitative and quantitative information but also deal with ambiguous situations, then
use the TFN calculation to obtain the objectively reasonable weights of criteria. Besides,
both HFLTS and soft set can fully consider hesitant information and handle incomplete
information provided by experts, without losing any valuable information.

3.2. The Research Procedure

In this study, the general DEA-based approach addressed and evaluated the relative
efficiency of DMUs for the MCDM problem, consisting of seven steps, and the flow chart is
shown in Figure 1.

Step 1. Define the problem and construct the problem hierarchy.

This involves analysis of the decision-making environment, organizing a committee to
define the problem for the MCDM problem, conducting hierarchical analysis to facilitate
understanding of the evaluation criteria, and looking for an alternative to be used to achieve
the goal.

Step 2.I1dentifying evaluation criteria of MCDM problems.

This involves constructing and determining the evaluation criteria for the MCDM
problem, listing these criteria under a hierarchical structure, and conducting a questionnaire
with experts. It is helpful for subsequent analysis of the efficiency of the DMU for the
MCDM problem.

Step 3.Fill in incomplete information.

To overcome the condition that incomplete information must be deleted directly
during the traditional data collection approach, the soft set concept from Section 2.4 was
used to handle evaluation criteria scores containing incomplete or nonexistent information,
and other known information was averaged, and then the incomplete information is filled.

Step 4.Defuzzify the HFI.

Focusing on the part containing HFI provided by experts during the questionnaire
procedure, used the Equation (19) to defuzzify the HFL

Step 5. Determine the weight of the assessment criteria.

Equation (19) is used to defuzzify the TEN value convert into the exact value in
the comparison matrix of criteria; then the AHP method is applied to assess the relative
priorities of criteria through Equations (13)—(15) to calculate the CR value. Confirming that
the information provided by the experts meets the consistency standard (CR < 0.1), and the
weight value of criteria according to the weight calculation is determined.

Step 6.Evaluate the relative efficiency.

The weight value of each criterion obtained in step 5 is multiplied by the score value
of each DMU; then, the DEA-based approach is applied to measure the relative efficiency
of DMU in the MCDM problem through the output to input ratio.
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Step 7.Ranking of the relative efficiency of DMU.

According to the solution results in step 6, the efficiency of DMU is sorted from large
to small, and the relative efficiency of DMU is analyzed to provide the best suggestion for
decision makers.

Define the problem and construct
the problem hierarchy

v

Identifying evaluation criteria
of MCDM problems

v

Step 3 Fill in incomplete information

v

Defuzzify the hesitant fuzzy
information (HFI)

v

Determine the weight of the
assessment criteria

v

Step 6 Evaluate the relative efficiency

v

Ranking of the relative
efficiency of DMU

Step 1

Step 2

Step 4

Step 5

Step 7

Figure 1. The flow chart of the proposed general DEA-based approach.

4. Numerical Analysis
4.1. Overview

Green energy is the most critical issue for environmental protection, renewable energy,
and the effective use of limited energy. Hydrogen has the characteristic of producing only
water after the reaction and does not release carbon dioxide. It has also become an important
development technology for carbon reduction. The related issues of energy technology
include several assessment criteria and involve qualitative and quantitative information,
belonging to the complex group MCDM problems to evaluate energy performance, it is
necessary to invite experts from related fields such as academic, management, or industrial,
to discuss and ensure that the assessment results are correct and reasonable. However, for
developing the technology, many factors need to be considered; it can thus be regarded as
a complex group MCDM problem.

To verify the correctness and applicability of the method proposed in this paper,
this section gives an illustrative case of the HET [26]. The case of HET for a hydrogen
economy comprised of four criteria, including economic impact (EI), business potential
(BP), inner ability (IA), and technology derivatives (TD). Thirteen technologies included
natural gas hydrogen production technology (T1), thermochemical hydrogen production
technology (T2), water electrolysis hydrogen production technology (T3), solid chemical
storage technology (T4), high purity hydrogen separation technology (T5), portable fuel
cell technology (T6), fuel cell vehicle technology (T7), home/industry system technology
(T8), micro fuel cell technology (T9), fuel cell technology for laptops (T10), portable power
fuel cell technology (T11), power generation fuel cell technology (T12), and home/APU
fuel cell technology (T13). The consultant committee of HET development comprised five
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experts (Expert 1, Expert 2, Expert 3, Expert 4, and Expert 5) who provided scores of fuzzy
evaluations of the goal for a hydrogen economy, as shown in Table 3. The evaluation scores
of thirteen outputs (energy technology), the data of single input (development cost, DC),
and the currency exchange rate unit (mil. KRW) are presented in Table 4.

Table 3. Fuzzy evaluation scores of the criteria for a hydrogen economy.

Expert EI BP IA TD
Expert 1 1,1, 1 1,1,1) 1,1,1 (2/3,1,3/2)
Expert 2 1,1,1) (2/3,1,3/2) 1,1,1) (2/3,1,3/2)
EI Expert 3 1,11 (2/3,1,3/2) (2/3,1,3/2) (3/2,2,5/2)
Expert 4 1,1, 1 2/3,1,3/2) (3/2,2,5/2) (5/2,3,7/2)
Expert 5 1,1,1) (3/2,2,5/2) (3/2,2,5/2) (3/2,2,5/2)
Expert 1 1,11 (1,11 1,11 (2/3,1,3/2)
Expert 2 (2/3,1,3/2) 1,1,1) (2/3,1,3/2) (1,1,1)
BP Expert 3 (2/3,1,3/2) (1,11 (2/3,1,3/2) (3/2,2,5/2)
Expert 4 (2/3,1,3/2) (1,11 (W (3/2,2,5/2)
Expert 5 (2/5,1/2,2/3) 1,1,1) (5/2,3,7/2) (5/2,3,7/2)
Expert 1 1,1,1) (1,1,1) 1,11 (2/3,1,3/2)
Expert 2 1,11 (2/3,1,3/2) 1,11 (2/3,1,3/2)
1A Expert 3 (2/3,1,3/2) 2/3,1,3/2) 1,1,1 (3/2,2,5/2)
Expert 4 (2/5,1/2,2/3) 5% 1,1, 1) (5/2,3,7/2)
Expert 5 (2/5,1/2,2/3) (2/7,1/3,2/5) 1,11 (3/2-5/2,2-3,5/2-7/2)
Expert 1 (2/3,1,3/2) 2/3,1,3/2) (2/3,1,3/2) (1,1,1)
Expert 2 (2/3,1,3/2) (1,1,1) (2/3,1,3/2) (1,1, 1)
TD Expert 3 (2/5,1/2,2/3) (2/5,1/2,2/3) (2/5,1/2,2/3) (1,1,1)
Expert 4 2/7,1/3,2/5) (2/5,1/2,2/3) (2/7,1/3,2/5) (1,1,1)
Expert 5 (2/5,1/2,2/3) (2/7,1/3,2/5) (2/7-2/5,1/3-1/2,2/5-2/3) (1,1, 1)
* the information does not exist.
Table 4. Evaluation score of output and the development cost of input.
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13
Input 500 500 500 500 500 540 540 500 500 500 500 540 540
Expert 1 8 7 6 7 7 8 8 8 6 6 5 7 6
Expert 2 7 8 5 7 7 7 7 8 5 6 6 6 6
ElI Expert 3 8 7 5 7 7 7 6 7 6 6 5 6 7
Expert 4 9 8 6 7 8 8 9 8 6 7 6 8 7
Expert 5 9 8 5 8 8 9 9 9 7 7 7 8 7
Expert 1 7 4 5 5 4 8 8 7 6 7 7 7 7
Expert 2 6 5 4 4 5 9 9 8 7 8 6 6 6
BP Expert 3 6 4 4 4 3 6 6 5 5 6 6 5 7
Expert 4 8 5 5 * * 8 9 8 7 7 7 * *
Output Expert 5 8 5 5 6 3 7 7 7 6 7 8 8 7
Expert 1 9 7 6 7 7 9 9 8 8 8 8 5 4
Expert 2 7 6 5 7 7 8 8 7 7 7 7 5 3
1A Expert 3 7 5 4 5 5 7 7 6 6 6 6 4 3
Expert 4 9 7 6 7 6 9 9 7 7 8 9 6 5
Expert 5 8 7 6 8 8 8 9 8 7-8 7-8 8-9 6 5
Expert 1 8 7 7 7 7 8 9 8 7 7 7 4 4
Expert 2 6 7 5 6 6 7 7 7 6 6 5 3 3
TD Expert 3 7 6 6 6 7 7 7 7 7 6 6 3 3
Expert 4 9 8 6 8 6 8 8 9 6 8 8 5 5
Expert 5 7-8 67 8-9 8 8 9 9 8 7 8 8 5 5

* the information does not exist.
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4.2. Application of DEA Approach

In the typical DEA method [63], the weight of DMU is usually determined by the
subjective consciousness of experts. In this section, equal weights are adopted so that the
weights of EI, BP, IA, and TD are all 0.25. Then, multiplied by the average mean of output
evaluation score of Table 4, since the typical DEA method only can handle the exact data
during the solution procedure, the information provided by Experts 4 and 5, including
hesitant and non-existent information, is deleted, only the complete information from
Experts 1-3 can be used to calculate as an average value. The obtained data about 4 outputs
and 1 input as shown in Table 5, the calculation of DEA is continued, and the efficiency
score and ranking are also shown in Table 5.

Table 5. Relative efficiency score and rank of HET by the typical DEA method.

DMU Input Output Efficiency Rank
DC EI BP IA TD Score
T1 500 7.67 6.33 7.67 7.00 1.000 1
T2 500 7.33 4.33 6.00 6.67 0.916 8
T3 500 5.33 4.33 5.00 6.00 0.819 13
T4 500 7.00 4.33 6.33 6.33 0.877 10
T5 500 7.00 4.00 6.33 6.67 0.916 8
T6 540 7.33 7.67 8.00 7.33 1.000 1
T7 540 7.00 7.67 8.00 7.67 1.000 1
T8 500 7.67 6.67 7.00 7.33 1.000 1
T9 500 5.67 6.00 7.00 6.67 0.939 6
T10 500 6.00 7.00 7.00 6.33 0.986 5
T11 500 5.33 6.33 7.00 6.00 0.932 7
T12 540 6.33 6.00 4.67 3.33 0.825 12
T13 540 6.33 6.67 3.33 3.33 0.870 11

4.3. Application of Typical Analytic Hierarchy Process/Data Envelopment Analysis
(AHP/DEA) Method

The typical AHP method can systematically solve problems with a multi-level and
hierarchical structure that contain both qualitative and quantitative elements, making it an
effective tool for handling complex decisions. Extending the concept of the AHP method,
the typical AHP/DEA method [64] used the AHP method for the weight calculation
and utilized the DEA method to determine the efficiency of DMU. However, the typical
AHP/DEA method cannot deal with the hesitant and incomplete information issues.
During information processing (Tables 3 and 4), because Experts 4 and 5 provided partially
incomplete information and hesitant information, these decisions cannot be handled by
the typical AHP/DEA method. Thus, the information from Experts 4 and 5 should be
eliminated, and complete information provided by Experts 1-3 should be used to calculate
the criteria weight by the typical AHP/DEA method; the solution procedure was as follows:

According to the Table 3 and Equations (13)—(15) to calculate the CR values, the
solution process of the consistency test is shown below:

Amax —n 4058 — 4

Cl = P I = 0.019
ClI 0.019
CR—E_W_O.Oﬂ

After checking that the CR value < 0.1 in the consistency test, the judgments were
determined to be acceptable. Then, based on information provided by Experts 1-3 in
Table 3 to perform the weight calculation, the results indicated that EI, BP, and IA had the
most important weight value at 0.262, followed by the weights of TD at 0.224.

The typical DEA method has the limitation that it cannot deal with incomplete data.
In Table 4, only the complete information of Experts 1-3 was used for calculation. Then,
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the weight value obtained above was multiplied by the mean value from Experts 1-3 to
obtain data of four outputs and one input; as shown in Table 6, the calculation of DEA is
continued, then the efficiency of DMU and the efficiency score and rank were determined,
as shown in Table 6.

Table 6. Relative efficiency score and rank of HET by the typical AHP/DEA method.

Input

DMU Output Efficiency Rank
DC EI BP IA TD Score
T1 500 2.010 1.658 2.010 1.498 1.000 1
T2 500 1.920 1.134 1.572 1.427 0.955 6
T3 500 1.396 1.134 1.310 1.284 0.818 12
T4 500 1.834 1.134 1.658 1.355 0.912 9
T5 500 1.834 1.048 1.658 1.427 0.912 9
T6 540 1.920 2.010 2.096 1.569 1.000 1
17 540 1.834 2.010 2.096 1.641 1.000 1
T8 500 2.010 1.748 1.834 1.569 1.000 1
T9 500 1.486 1.572 1.834 1.427 0.938 7
T10 500 1.572 1.834 1.834 1.355 0.985 5
T11 500 1.396 1.658 1.834 1.284 0.932 8
T12 540 1.658 1.572 1.224 0.713 0.808 13
T13 540 1.658 1.748 0.872 0.713 0.870 11
4.4. Application of the Fuzzy Analytic Hierarchy Process/Data Envelopment Analysis Method
The advantages of the typical AHP/DEA approach are that it can acquire expert
knowledge by preference, analyze qualitative criteria to measure alternatives, and effec-
tively evaluate the relative efficiency of DMUs (alternatives). However, during the data
collection process, hesitant information may occur due to inconsistent attitudes or different
preferences among experts regarding measurement scales. A typical AHP method would
delete the partially hesitant information during the calculation procedure, causing some
important information to be ignored. To handle the HFI, Kumar et al. [43] proposed the
fuzzy AHP/DEA method to effectively solve the limits of the typical AHP/DEA method.
The fuzzy AHP method reflects the ambiguity of human thinking with interval values, and
TFENs are often used to estimate the ambiguity of parameters related to options. TFNs are
represented by boundaries rather than clear numbers to reflect the ambiguity of decision
makers when choosing alternatives or comparison of criteria. The definition of fuzzy
AHP/DEA and its solution process are described herein.
According to the fuzzy evaluation matrix of Table 3, Equations (4)—~(7) from Definition
2 were used to calculate the TFNs value of the four criteria S; = (I;, m;, u;), and the results
are shown in Table 7.
Table 7. The fuzzy pairwise comparison matrix of assessment criteria.
EI BP IA TD
EI (1.000, 1.000, 1.000) (0.778, 1.000, 1.333) (0.889, 1.000, 1.167) (0.944,1.333, 1.833)
BP (0.750, 1.000, 1.286) (1.000, 1.000, 1.000) (0.778, 1.000, 1.333) (1.056, 1.333, 1.667)
IA (0.857,1.000, 1.125) (0.750, 1.000, 1.286) (1.000, 1.000, 1.000) (0.944, 1.333, 1.833)
D (0.545, 0.750, 1.059) (0.600, 0.750, 0.947) (0.545, 0.750, 1.059) (1.000, 1.000, 1.000)

Table 7 and Equation (8) of Definition 3 were used to calculate the possibility degree.
Then, Equation (9) was used to calculate the minimum possibility degree, the result of the
calculation is shown in Table 8.
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Table 8. The values of V(Sj > Si).

V(§1>S;) Value V(5,>S;) Value
V(51> Sy) 1.000 V(Sy > S1) 1.000
V(S1 > S3) 1.000 V(Sy > S3) 1.000
V(S1 > S4) 1.000 V(Sy > Sy4) 1.000
V(S3 Z Sz) Value V(S4 Z Sl) Value
V(S3 > S1) 1.000 V(84> S51) 0.645
V(S3 > Sy) 1.000 V(54> S)) 0.648
V(S3 > Sy) 1.000 V(Sy > S3) 0.651

According to Table 8 and Definition 4, the weight vector was determined by using
Equations (10) and (11). After determining the weight of the four criteria, the calculation
results indicated that EI, BP, and IA had the most important weight value at 0.257, followed
by the weights of TD at 0.229.

W’ = (1.000, 1.000,1.000,0.645)"

W = (0.2743, 0.2743, 0.2743,0.1770)T

The DEA method cannot handle information, including partially hesitant and nonexis-
tent information. Therefore, referring to Section 4.3, average scores are provided by Experts
1-3 and the weight value calculated from the fuzzy AHP method is multiplied, and the
result is shown in Table 9. Then, the efficiency of DMU is calculated by the DEA method;
the DMU numerical results and ranking are shown in Table 9.

Table 9. Relative efficiency score and rank of HET by the fuzzy AHP/DEA method.

Input

Output

DMU Efficiency Rank
DC EI BP IA TD Score
T1 500 2.104 1.737 2.104 1.239 1.000 1
T2 500 2.011 1.188 1.646 1.180 0.956 6
T3 500 1.462 1.188 1.372 1.062 0.819 12
T4 500 1.920 1.188 1.737 1.120 0.913 9
T5 500 1.920 1.097 1.737 1.180 0.913 9
T6 540 2.011 2.104 2.195 1.297 1.000 1
T7 540 1.920 2.104 2.195 1.357 1.000 1
T8 500 2.104 1.830 1.920 1.297 1.000 1
T9 500 1.556 1.646 1.920 1.180 0.938 7
T10 500 1.646 1.920 1.920 1.120 0.986 5
T11 500 1.462 1.737 1.920 1.062 0.932 8
T12 540 1.737 1.646 1.281 0.589 0.808 13
T13 540 1.737 1.830 0.914 0.589 0.870 11

4.5. Application of the Proposed Method

In recent years, HET has become an important development technology for carbon
reduction. However, because several factors need to be considered for technology research
and development, this requires the input of relevant experts from different backgrounds
and various fields, such as chemistry, engineering, energy, environmental protection,
etc. Moreover, experts in different fields may not be able to make correct judgments or
provide advice under unfamiliar situations, which usually results in hesitant or nonexistent
information. Traditional data collection procedures remove any ambiguous or incomplete
information, which may cause the bias assessments. To overcome these issues, this paper
presents the extended AHP/DEA method combined with the soft set and HFLTS to deal
with the issue of HET, using the following steps:
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Step 1 and Step 2. Organize a committee to construct and determine the evaluation criteria
for HET

First, the organizing committee determines the criteria for achieving the goals of the
hydrogen economy and implements a questionnaire.

Step 3.Fill in incomplete information

As shown in Table 3, in the case when Expert 4 does not understand the criteria
relationship between EI and BP, Expert 4 may not be able to give a clear score. The
incomplete information will be deleted directly in the traditional data collection method
and lead to the loss of some important information. To overcome these conditions, this
study used the concept of a soft set from Section 2.4 to average the other known information
and fill in the incomplete information.

Step 4. Defuzzify the hesitant fuzzy information

As shown in Table 3, Expert 5 gave a hesitant score because of his different preferences
or inconsistent attitudes regarding the scale of the evaluation. Typically, solving such
an approach will remove some hesitant information provided by Expert 5 during the
calculation process, causing some important information to be ignored. To deal with the
HF], this study used Equation (19) to defuzzify the HFI, the calculation results as shown in
Table 10.

Step 5. Determine the weight of the evaluation criteria

According to Table 3, Equation (12) was used to defuzzy TFNs and convert them to
exact values. For example, if Expert 2 gives TFNs a score of (2/3, 1, 3/2) at BP for EI, then
after the defuzzification calculation by the COA approach, the value is 1.056.

DFij = li]' + [(wij = L) + (mij = 1)) /3 = 2/3 + [(3/2—2/3) + (1-2/3)] /3 = 1.056

A pairwise comparison matrix of a single value was converted through the process of
defuzzification. Based on Table 3, Equations (13)—(15) were to calculate A5y = 4.22, then
the calculation of the CI value was obtained. The calculation results showed that the CR
value was 0.081, which met the consistency standard (CR < 0.1), confirming the consistency
of the information provided by the experts.

Amax —1 422 —4

Cl = 1~ 4.1 = 0.073
ClI 0.073
CR—E—W—O.O&

The calculated results showed that EI had the most important weight value at 0.299,
followed by the weights of BP, IA, and TD at 0.288, 0.236, and 0.177, respectively.

Step 6 and Step 7. Evaluation and ranking of the relative efficiency of DMUs
The arithmetic mean of each DMU in Table 4 was used to multiply the weight of each
criterion in step 5, to obtain the weighted average of four outputs as shown in Table 10.

After the calculation of the DEA method, the relative efficiency score and rank of DMUs
are shown in Table 10.
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Table 10. Relative efficiency score and rank by the proposed DEA-based method.

DMU Arithmetic Mean Weighted Efficiency Rank
DC EI BP IA D EI BP IA D Score
T1 500 8.200 7.000 8.000 7.500 2.452 2.016 1.888 1.328 1.000 1
T2 500 7.600 4.600 6.400 6.900 2.272 1.325 1.510 1.221 0.927 7
T3 500 5.400 4.600 5.400 6.500 1.615 1.325 1.274 1.151 0.833 13
T4 500 7.200 4.750 6.800 7.000 2.153 1.368 1.605 1.239 0.909 8
T5 500 7.400 3.750 6.600 6.800 2.213 1.080 1.558 1.204 0.904 9
T6 540 7.800 7.600 8.200 7.800 2.332 2.189 1.935 1.381 0.979 4
T7 540 7.800 7.800 8.400 8.000 2.332 2.246 1.982 1.416 1.000 1
T8 500 8.000 7.000 7.200 7.800 2.392 2.016 1.699 1.381 1.000 1
T9 500 6.000 6.200 7.100 6.600 1.794 1.786 1.676 1.168 0.888 10
T10 500 6.400 7.000 7.300 7.000 1914 2.016 1.723 1.239 0.969 5
T11 500 5.800 6.800 7.700 6.800 1.734 1.958 1.817 1.204 0.967 6
T12 540 7.000 6.500 5.200 4.000 2.093 1.872 1.227 0.708 0.845 12
T13 540 6.600 6.750 4.000 4.000 1.973 1.944 0.944 0.708 0.866 11

4.6. Comparison and Discussion

This study summarizes the results of numerical analysis among various methods to

demonstrate the efficiency and correct the proposed novel DEA-based method, as shown
in Table 11. From Table 11, we find that the typical DEA method, AHP/DEA method, and
fuzzy AHP/DEA method ignored the information provided by Experts 4 and 5; hence, their
solution results and ranking are not much different. The proposed DEA-based method can
fully consider all of the information provided by experts; it can efficiently distinguish the
efficiency and ranking of various HET. The main differences between the four calculation
methods, as shown in Tables 11 and 12, are as follows.

@

@)

®)

4)

Consider the relative weight of the criteria. Since typical DEA methods assume
equal weights of criteria, it is difficult to distinguish the importance of each criterion
efficiently. On the other hand, the AHP/DEA method, fuzzy AHP/DEA method, and
the proposed novel DEA-based method used the AHP method to full consideration
the relative weight of HET criteria.

Consistency test of information provided by experts. The typical DEA method and the
fuzzy AHP/DEA method cannot handle the consistency test of information provided
by experts. The AHP/DEA method and the proposed novel DEA-based method can
handle consistency tests of information provided by experts.

Handling of incomplete information. The typical DEA method, the AHP/DEA
method, and the fuzzy AHP/DEA method cannot handle incomplete information
provided by experts. When processing questionnaire information, as long as there
is incomplete information in the questionnaire, it is usually regarded as invalid and
discarded. Since the information provided by Experts 4 and 5 includes hesitant or
nonexistent information, it is deleted during the solution process and will possibly
ignore important information provided by some experts, resulting in biased and
unobjective calculation results. The proposed novel, DEA-based method integrates
the typical DEA method, AHP method, HFLTS, and the soft set to process the MCDM
problems under a fuzzy environment. The proposed method can deal with hesitant
and nonexistent information and can help decision makers to consider all available
information fully to obtain a more reasonable and correct solution result.

The critical technologies ranking of HET. According to the typical DEA method [63],
the critical technologies ranking of the HET was T1 = T6 = T7 = T8 > T10 >
T9 >~ T11 > T2 = T5 > T4 > T13 > T12 >~ T3. Based on the typical AHP/DEA
method [64], the critical technologies ranking of the HET was T1 = T6 = T7 =
T8 = T10 >~ T2 > T9 > T11l >~ T4 = T5 > T13 = T3 > T12. According to
the fuzzy AHP/DEA method [43], the critical technologies ranking of the HET was
Tl =T6 = T7 = T8 = T10 = T2 = T9 >~ T11 = T4 = T5 = T13 >~ T3 > T12.
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Based on the proposed method, the critical technologies ranking of the HET was
T1 =T7 =T8 = T6 >~ T10 = T11 > T2 > T4 > T5 > T9 > T13 = T12 >~ T3.

Table 11. Comparison of solutions among various methods.

Efficiency Score Rank

DMU Typical DEA Typical AHP/DEA  Fuzzy AHP/DEA Proposed

Average  AHP  Fuzzy AHP — SAHP Method [63] Y Method [64] Method [43] Method
T1 1.000 1.000 1.000 1.000 1 1 1 1
T2 0.917 0.955 0.956 0.927 8 6 6 7
T3 0.818 0.818 0.819 0.833 13 12 12 13
T4 0.877 0.912 0.913 0.909 10 9 9 8
T5 0.916 0.912 0.913 0.904 9 9 9 9
T6 1.000 1.000 1.000 0.979 1 1 1 4
T7 1.000 1.000 1.000 1.000 1 1 1 1
T8 1.000 1.000 1.000 1.000 1 1 1 1
T9 0.939 0.938 0.938 0.888 6 7 7 10
T10 0.985 0.985 0.986 0.969 5 5 5 5
T11 0.932 0.932 0.932 0.967 7 8 8 6
T12 0.824 0.808 0.808 0.845 12 13 13 12
T13 0.870 0.870 0.870 0.866 11 11 11 11

Table 12. Differences in solution characteristics between the three calculation methods.

Method Selection

Solving Characteristic

. Ambiguous or Missing or Consideration of All .
Weight X . . Consistency
. . Hesitant Nonexistence Available
Consideration . . . Check
Information Information Information

Typical DEA method [63] No No No No No
Typical AHP/DEA method [64] Yes No No No Yes
Fuzzy AHP/DEA method [43] Yes Yes No No No
Proposed method Yes Yes Yes Yes Yes

5. Conclusions

Energy is the most basic need for people’s livelihood. Since hydrogen is the most
abundant element in the universe, it has high energy density and will not produce carbon
dioxide after combustion. Thus, hydrogen energy is clean and has multiple uses. At
present, hydrogen development in various countries takes power generation, industry, and
transportation vehicles as the three major application directions. However, due to cost
constraints, the immaturity of hydrogen production technology, and many factors that
need to be considered in technology development, the vision of the hydrogen economy has
not yet been realized. Thus, finding the most suitable R&D and production technology for
hydrogen under the existing approaches and insufficient resources can be regarded as a
complex MCDM problem.

The evaluation criteria for the MCDM problem usually need to consider the number
of attributes, which also includes the ambiguity, hesitation, and incomplete information
provided by experts due to personal and professional preferences. The conventional MCDM
calculation method cannot effectively simultaneously process the ambiguous, hesitant, or
incomplete information provided by experts (such as [26,43,63,64]). This study proposed
a novel general DEA-based approach for MCDM problems under a fuzzy environment.
It integrates the typical DEA method, AHP method, the soft set, and HFLTS to evaluate
the efficiency of HET. Empirical analysis proved that the proposed method could consider
the weight of evaluation criteria, can fully consider the available information, measure
the relative efficiency of HET in the hydrogen economy through the output to input ratio
under a hesitant and incomplete information environment, and rank the HET effectively.
According to the results of the proposed method, natural gas hydrogen technology, fuel cell
vehicle technology, and home/industrial system technology are the most efficient among
the 13 hydrogen energy technologies. The results can also provide energy policymakers
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with a reference for optimal alternatives or R&D for resource allocations. The advantages
of the proposed general DEA-based approach are summarized as follows. The proposed
general DEA-based approach:

(1) Considers the weight of evaluation criteria of MCDM problems.

(2) Processes ambiguous information provided by experts.

(38) Processes hesitant information provided by experts.

(4) Processes incomplete information provided by experts.

(5) Fully considers the available information provided by experts.

(6) Performs consistency tests to check whether the evaluation information is consistent.

(7) The fuzzy AHP/DEA method [43] is a special case of the proposed general DEA-
based approach.

Taking HET as an example, this study demonstrates the effectiveness and correctness
of the proposed method through numerical analysis. In the future, the proposed method
can be applied and extended to handle group MCDM issues in different fields, such as
performance evaluation, supplier selection, risk estimate and rank, and so on.
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The following abbreviations are used in this manuscript:
MCDM Multi-criteria decision-making

DEA Data envelopment analysis

AHP Analytic hierarchy process

HFLTS Hesitant fuzzy linguistic term set

DMUs Decision-making units

PROMETHEE Preference ranking organization method for enrichment evaluation
TOPSIS Technique for order preference by similarity to ideal solution
ELECTRE Elimination and choice translating reality
HET Hydrogen energy technology

CCR Charnes-Cooper-Rhodes

TFNs Triangular fuzzy numbers

COA Center of area

CR Consistency ratio

CI Consistency index

RI Random index

LCD Liquid crystal display

HFI Hesitant fuzzy information

EI Economic impact

BP Business potential

IA Inner ability

D Technology derivatives

DC Development cost

R&D Research and development
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