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Abstract

Hydrogen has been received more and more attentions because of its advantage in terms
of low environmental impact and high energy density. However, the sustainability
priorities of different hydrogen production pathways have not been determined. To assist
the sustainability-oriented selection of hydrogen production pathways, a prioritization
framework needs to be built. However, the data collected from different sources consisting
of hybrid information, such as crisp numbers, interval numbers, and fuzzy numbers,
increases the difficulty of sustainability-oriented decision-making. Therefore, this study
aims to develop a sustainability prioritization framework for hydrogen production
pathways under hybrid information. The Z-number Best Worst Method (ZBWM) is
applied to quantify the weight of each criterion from the views of decision-makers in the
forms of Z-number. The ELECTRE method has been extended to prioritize the
alternatives under the context of hybrid information. An illustrative case including five
hydrogen production processes is used to illustrate the proposed prioritization framework
from environmental, social, economic, and technical aspects, and the results show that
biomass hydrogen technology is the most sustainable choice. In order to validate the
feasibility of the proposed model, other three multi-criteria decision making methods were
also used to determine the sustainability rankings of these five hydrogen production

pathways, and the comparisons reveal that this method is feasible.

Keywords: Sustainability assessment; hydrogen production; multi-criteria decision

making; best-worst method



1. Introduction

Hydrogen is a superior energy carrier with a higher energy conversion rate, higher energy
density, and lower environmental impacts comparing with other energy sources or fossil
fuels [1,2]. A rapid increase in the demand for hydrogen accelerates the development of
hydrogen production technologies and their applications in the industry. Among all
hydrogen production pathways, the steam methane reforming technology and coal
gasification are two classic, cheap, and well-developed technologies that having been
studied for years [3,4]. Some other hydrogen production technologies such as biomass
gasification [5,6] and electrolysis [7] also attracted attentions because of their
environmental sustainability performances. Although the environmental impact of
hydrogen energy is less than other energy sources, the positive and negative impacts of
hydrogen production processes vary significantly between each other. For example, the
steam methane reforming technology is a well-developed technology with existing
infrastructure, but its main disadvantage is high equipment investment and low conversion
efficiency [8,9]. The coal gasification technology is economic and easily-accessed, but
this technology depends on fossil fuel and generates the by-products such as COa, SOx,
and NOx, etc. [10,11]. The biomass gasification uses CO»-neutral, abundant and cheap
feedstock, but the purity of the product is difficult to control due to seasonal availability
and feedstock impurity [12,13]. Therefore, the selection of hydrogen production
technologies based on their sustainability performances has become a critical problem to

be solved.

The selection of the sustainable production process is a typical multi-criteria decision-
making (MCDM) problem, which requires a scientific and comprehensive analysis
method to assist decision-makers to make informed decisions. Therefore, the MCDM
method, which can analyze multiple alternatives by considering multiple aspects, can be
adopted and developed for hydrogen production selection. In the previous studies, MCDM
methods have been widely applied in the sustainability assessment and sustainability-
oriented decision-making problems [14—16]. For example, Sanaei et al. [17] conducted a

sustainability assessment by using the MCDM method. Jeong and Gonzalez-Gomez [ 18—
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20] have proposed sustainability-oriented decision-making models to optimize locations
and construction of renewable energy facilities. These methods were also extended to
investigate the hydrogen productions. For instance, Chung et al. [21] analyzed the
hydrogen production selection problem in Korea based on the analytical hierarchy process
(AHP) method. Ren et al. [22] used the decision making trial and evaluation laboratory
(DEMATEL) method to enhance sustainability in hydrogen production, and they [23]
combined extension theory and AHP method to prioritize the hydrogen production
technologies. Ramazankhani et al. [24] analyzed the hydrogen production problem in Iran
using the technique for order preference by similarity to an ideal solution (TOPSIS) and
VIKOR methods. The studies employed different MCDM methods for prioritizing
different hydrogen production pathways based on different situations. However, the data
(information) in hydrogen production process may consist of not only the crisp numbers
but also the interval numbers, fuzzy numbers, and linguistic terms. For instance, the cell

temperature for polymer membrane (PEM) electrolyzers should be controlled within 50-

80 °C [25], and it could be expressed as an interval number; and some qualitative criteria,

such as the maturity and social acceptance, are usually expressed by using linguistic terms
[26,27]. There are also some other studies considering not only the crisp numbers, but also
other types of data. For instance, Heo et al. [28] used the fuzzy AHP method to provide a
choice for selecting hydrogen production methods. Manzardo ef al. [29] used the group
grey relational analysis (GRA) method for comparison. Ren ef al. [30] developed the
fuzzy group goal programming method for sustainability assessment of biomass-based
technologies for hydrogen production. Ren ef al. [31] extended DEMATEL to interval
DEMATEL for ranking hydrogen production pathways under uncertainties. Sustainability
analysis of different hydrogen production options using hesitant fuzzy AHP was studied
by Acar et al. [32]. An interval-valued intuitionistic fuzzy multi-attribute decision-making

method was raised by Oztaysi [33] for hydrogen production technologies evaluation.

The methods mentioned above solved several decision-making problems in hydrogen
production under uncertainty, but they are incapable to prioritize hydrogen production

pathways based on the conditions of hybrid information which consists of crisp numbers,
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interval numbers, fuzzy numbers and linguistic terms. In the real case of hydrogen
pathway selection, the data collected from different sources for decision making contains
hybrid information. For example, the social acceptance of hydrogen production pathways
is analyzed by using linguistic terms, while the economic performances of the hydrogen
production pathways are evaluated by using interval numbers or fuzzy numbers. Therefore,
it is necessary to propose as MCDM method to handle the decision-making matrix with
hybrid information. Several MCDM methods to deal with hybrid information have been
proposed. Among them, new MCDM methods were raised to handle hybrid information
by extending traditional MCDM methods. For example, TOPSIS [34—41], VIKOR [42,43],
and GRA [44,45] were extended to new MCDM methods to deal with the decision-making
matrix hybrid information. In addition, some integrated methods were developed to solve
decision-making problems. For instance, DEA method combining with the Dempster-
Shafer theory [46—48] or Fuzzy Synthetic Assessment [49—51] were studied. However,
these existing MCDM methods that can handle hybrid information did not consider the
vagueness of the subjectivity existing in stakeholders’ judgments. The decision makers
express their preferences with ambiguity due to their hesitation, knowledge limitation, and

linguistic expression.

Therefore, there are still two knowledge gaps in the MCDM method for hydrogen

production technologies prioritization:

(1) It lacks a MCDM method that can deal with the decision-making matrix with hybrid

information in the selection process of hydrogen production pathways.

(2) It lacks the method which can quantify the weights of criteria properly based on

stakeholder’s preference with vagueness.

To fill this gap, the objective of this study is to develop a systematic prioritization
framework for hydrogen production pathways from a sustainability perspective, solving
selection problems with hybrid information, and vagueness in the determination of the
weights of criteria. In this work, the newly proposed MCDM method will be innovated in

the following points:



(1) To solve decision-making problems with hybrid information, this framework proposed

an extended method based on ELECTRE; and

(2) To deal with ambiguity existing in judgement of experts, Z-Number Best Worst

Method (ZBWM) [52] is adopted to accurately quantify the decision maker's opinion.

Beside this section, the following parts of this study will be illustrated as below. The
prioritization framework for hydrogen production methods is explained in section 2. An
illustrated case study applied the proposed model in section 3. The results of case study er
studied and the proposed model is evaluated in section 4. Finally, section 5 concludes this

study.

2 Methodology

In this section, the prioritization framework of hydrogen production pathways is
developed to rank sustainable performances of multiple hydrogen production pathways.
As shown in Fig.1, this framework consists of three main stages: (i) establishing the
criteria system; (i1) determining the weights of the criteria; and (iii) ranking. In the first
step, the criteria are selected to describe the sustainability of the hydrogen production
pathways. In the second step, ZBWM [52], is used to deal with the vagueness existing in
the judgments of the decision makers. In the third step, the data with respect to criteria
and the weights of criteria are aggregated to generate ranks for all alternatives. To handle
the decision-making matrix with hybrid information, the ELECTRE method [53] has been
improved to hybrid-information based ELECTRE (H-ELECTRE) for handling the

decision-making matrix with hybrid information.
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Fig. 1. Hydrogen production pathways prioritization framework

2.1 Criteria weights determination method — ZBWM

The best-worst method (BWM) method [54] is an efficient method to determine the
weights of criteria, and it is less time-consuming than other traditional methods such as

AHP [55,56]. To precisely express the priority of decision makers, Z-number is introduced

and used to extend BWM as ZBWM [57].

Z-number can present linguistic expression in a more accurate way than numerical
expressions. Zadeh [58] states that a Z-number is an ordered pair of fuzzy numbers which
are a fuzzy subset of the domain of the variable and a fuzzy subset of the unit interval. For
example, if the production cost of a chemical product is approximately 2 dollars per

kilogram usually, the Z-number of this example can be expressed as (approximately $2,

usually). The mathematic expression of Z-number can be shown as Z = (A, B), where



A s the fuzzy subset of the domain of variable (I,,m,,u,) and B is the fuzzy subset
of the unit interval (l;,mg,Ug). The |, and I, refer to the lower boundary of the

variables, u, and Uy refer to the upper boundary of the variables, and the m, and m,

are the most possible values of each variable. The Z-number Z =(A B) can be
transformed into a triangular fuzzy number X=(I,m,u) [59]. And the Z-number can

better represent the vagueness in human’s judgments. Therefore, the ZBWM is used to
determine the weights of criteria in the sustainability prioritization framework. In this
section, the steps of ZBWM developed by Aboutorab ef al. [52] based on the work of

Rezaei [54] are presented in the following three steps [52,54]:

Step 1. Determining the best and worst criteria

Before assigning the linguistic terms to the criteria in pairwise comparisons, the best and
the worst criterion should be identified by the users. The best criterion ( C; ) and the worst
criterion (C, ) refer to the most important (e.g., most preferred and best ) and the least
important (e.g., least preferred and worst) criterion, respectively.

Step 2. Establishing comparison vectors

Then, the best-to-others (BO) vector by comparing the best criterion over other criteria

and the other-to-worst (OW) vector by comparing all the other criteria over the worst

criterion can be determined. Assume that there are 7 criteria, BO vector X, is shown as
Eq.(1).

)ZB :()~(Bl’)~(521""i8n) (1)

where X represents the fuzzy preference of the best criterion ( Cy ) over the j-th criterion

(J=12,..,n), the value of Xy is determined based on linguistic terms and the

corresponding transformation as shown in Table 1. Among them, the comparison of the
best criterion over itself can be shown as Xz =(1,1,1).
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The OW vector )ZW is determined as Eq.(2).

X = R+ Kaw -+ R ) 2

where X, represents the fuzzy preference of the i-th criterion (i=1,2,...,n) over the
worst criterion (G, ),and the corresponding transformation as shown in Table 1. Among

them, the comparison of the worst criterion over itself can be shown as  X,,, =(1,11) .

Table 1. Transformation rules for Z-number linguistic variables to fuzzy numbers [52]

Linguistic terms ~ Membership function

(EL,VL) (1,11
(EI,L) (1,11
(E1,M) (1,11)
(ELLH) (1,10
(E1,VH) (1,1,1)
(WIVL) (0.21,0.32,0.47)
(WI,L) (0.37,0.55,0.82)
(W1,M) (0.47,0.71,0.82)
(WILH) (0.56,0.84,1.26)
(WI,VH) (0.63,0.95,1.43)
(FI,VL) (0.47,0.63,0.79)
(FI,L) (0.82,1.10,1.37)
(F1,M) (1.07,1.42,1.78)
(F1,H) (1.26,1.68,2.10)
(F1,VH) (1.43,1.90,2.38)




(VI,VL) (0.79,0.95,1.11)

(VI,L) (1.37,1.64,1.92)
(VI,M) (1.78,2.13,2.49)
(VIL,H) (2.10,2.52,2.94)
(VI,VH) (2.38,2.85,3.33)
(ALVL) (1.11,1.26,1.42)
(ALL) (1.92,2.19,2.47)
(ALM) (2.49,2.84,3.20)
(ALH) (2.94,3.36,3.78)
(AlLVH) (3.33,3.80,4.28)

Notes: EI: Equally Important; WI: Weakly Important; FI: Fairly Important; VI: Very Important;

Al: Absolutely Important; VL: Very Low; L: Low; M: Medium; H: High; VH: Very High.

Step 3. Calculating the criteria weights

The optimal fuzzy weight of the j-th criterion W, = (W}, w}",w}’) can be determined
after solving Eq.(3).

min & =(k",k",k")

(W, W', W )

e W)—(xgj,xgﬁ,xgj) <(k", k", k")
i
(W;_'W?A’W}J) L M u w ok
—————— — (Xoy» X X ) S (K K, K)
L M W Awo Ajw 3
subject to (W gy Wy ) 3)
Z'W:WJ.L+4><WJV| + W, ~
1 6
O<w; <w!' <w/
j=12,..,n
where (XEL;J' , Xg/jl , xgj ) refer to the pairwise comparison value of the best criterion over the
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Jj-th criterion; WB :(WEL“W'E\:I ,Wg) and V\~/W :(%’w ,V\d) refer to the fuzzy weights
of the best criterion and the worst criterion, respectively.

In order to have a consistency check, Eq.(4) can be used to determine the consistency
ratio.
k*

Consistency Ratio = _ 4)
Consistency Index

where consistency indices for all linguistic terms are shown in Table 2 [52].

Table 2. Consistency index (CI) for ZBWM [52]

Linguisticterms ~ (EI, VL)  (EI,L)  (EL,M)  (ELH) (E,VH) (WL, VL) (WI,L) (WILM) (Wl H)
Koy 1 1 1 1 1 0.47 0.82 1.07 1.26
cl 3 3 3 3 3 2.07 2.7 3.11 3.42
Linguistic terms ~ (WI, VH)  (FI,VL)  (F,L)  (FLM)  (FLH)  (FI,VH) (VL,VL) (VI,L) (VI, M)
Koy 1.43 0.79 1.37 1.78 2.10 2.38 1.11 1.92 2.49
cl 3.68 2.64 36 4.22 471 5.11 3.17 4.44 5.27
Linguisticterms ~ (VI,H)  (VI,VH) (ALVL) (AlLL) (ALM) (ALH) (Al VH)
Koy 2.94 3.33 1.42 2.47 3.20 3.78 4.28
cl 5.92 6.45 3.68 5.24 6.27 7.07 7.74

According to Ref. [52, 54], the smaller the consistency ratio is, the more consistent the
judgments are. In this framework, when the consistency ratio is less than 0.1, the

consistency level is acceptable. Otherwise, the users need to revise the BO or/and OW

vectors.

2.2 Alternative ranking method —-ELECTRE under hybrid data types

The ELECTRE family are a series of classic MCDM methods used for ranking problems,
11



and sorting problems [60]. However, they cannot deal with the decision-making matrix
with hybrid information. In this study, the ELECTRE I [61] is extended to handle the
decision-making matrix with hybrid information, and the proposed method (H-ELECTRE

method) is specified as follows:

Assuming that there are » criteria to be assessed for the outranking of m alternatives, the
data of alternatives with respect to the criteria consists of hybrid data types including crisp
numbers, interval numbers, fuzzy numbers, and linguistic terms. The decision-making

matrix X is presented in Eq.(5).

a, &, - &,
a a ... a

x — .21 .22 ?n (5)
ay a, -

where element @; represented the data of the i-th alternative with respect to the j-th
criterion, as presented in Eq.(6).

X; JeN,i=12,..m

Loxl jeN,,i=12..m (6)

qQ; = [Xu’ ij
M U

[XijL’Xij X1 JeNgi=12,...m

where N represents the crisp number. X; represents the element a; if @; is a crisp
number. N, represents the interval number, Xi'j and Xi‘jj represent the lower and upper
bounds of the element a; in the matrix X if a; is an interval number. N3 represents
fuzzy numbers. Xi? , X“M and XiLjJ represent the lower bound, most possible number and

the upper bound of the element a; in the matrix Xif a; is a fuzzy number.

Step 1. Normalizing the decision-making matrix

The first step is to normalize the raw data @; (see Eq.(6)) in a decision-making matrix.

There are two criteria types, which are cost-type and benefit-type. The benefit-type criteria

represent a set of criteria which have the characteristic that the alternative will become

12



better or more superior with the increase of the data with respect to the criteria. On the
contrary, the cost-type criterion represents a set of criteria which have the characteristic
that the alternative will become better or more superior with the decrease of the criterion

value. The cost-type criterion can be normalized by using Eq.(7).

[ n%ij : n%” l.ieN,andi=12,..
\/;%ijz \/.21: %uz
Y =Ly vil= [ n%ﬁ : n%'l‘ l.jeN,andi=12,..,m (7)
8
[ /]{X"MJFXiT) /]{X;ergﬂ) l.ieN,andi=12,..,m

\/g %Xilj_ + Xi’}/l )? | \/.Zl: %Xi’}ﬂ + XiLjJ )?

where N represents the crisp number, N2 represents the interval number, N3 represents

fuzzy numbers. Y,

j represents the element of the i-th row and the j-th column of the

normalized decision making matrix Y. yi'j and yi‘; are the lower and the upper bounds

of the element Y~ij .

Then, the benefit-type criterion can be normalized by using Eq.(8).

[—=—.——=lieN,andi=12..,m
s
i=1 i=1
7 | u Xilj Xil; . .
Y, =Li. vil= [ ——=ljeN;andi=12,..m (8)
o o
i=1 i=1
X: + X X+ x> _ _
[——— ———1ljeN;andi=12,...m
ooy oy
i=1 i=1
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where N represents the crisp number, N> represents the interval number, N3 represents

fuzzy numbers. Y,

j Trepresents the element of the i-th row and the j-th column of the

normalized decision making matrix Y. yi'j and yi‘; are the lower and the upper bounds

of the element Y~ij .

The crisp numbers and the fuzzy numbers in the decision-making matrix can be
transformed into interval numbers. A crisp number can be treated as an interval number

with equal upper bound and lower bound by Eq.(9).
X (xij):[xij,xij] )

A fuzzy triangular number can be transformed into an interval number according to the

method proposed by Wang et al. [62].

X (DX D) =[x +a (3 =) )i +a (3 =% )] (10)

ij 1 Nj o Nij
where «a is a real number which is set as 0.5 in this case study.

Therefore, the normalized decision making matrix Y is presented as Eq.(11).

Vi ¥al [V Yl - [V Yan
Y = [y|21ayg1] [y|22!y32] [y|2n'y;n] (11)
[V Yo DYz Ymad =+ [V Y]
Step 2. Determining the weighted normalized decision-making matrix
After normalization, the normalized decision-making matrix should integrate the

preference of criteria and determine the weighted normalized matrix as shown in Eq.(12).

Z; =z, z1=[yjw, y;w'] i=12,...,m andj=12..,n (12)

77

where Z; represents the element of the i-th row and the j-th column of the weighted
normalized decision making matrix Z. Zi'j and ZiL; are the lower and the upper bounds

of the element 7 i - Then, the weighted normalized matrix Z can be presented in Eq.(13).
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(2,2 .

Step 3. Determining the concordance set
The concordance set S, for the a-th alternative over the b-th alternative can be
determined by Eq.(14).

Sab :{J |Zaj 2 ij} (14)

where Zaj and Z,,

; represent the weighted normalized elements of the a-th alternative

and the b-th alternative with respect to the j-th criterion.

To deal with the interval comparison issues in the calculation, a reliability-based

possibility degree of interval (RPDI) proposed by Jiang ef al. [63] was used in this study.

The RPDI for intervals A=[a',a"Jand B=[b',b"]can be determined by Eq.(15).

- B a.u _bl
Pr(AZB):a“—a'+b“—b' (15)

According to Jiang ef al. [63], the comparison of intervals can be determined by Eq.(16).

Ais indifferent to B (16)

5
0< Pr(Az I§) <0.5 B relatively outranks A

Pr(A > L5>) <0 B absolutely outranks A

Therefore, the concordance set S, as presented in Eq.(14) can also be determined by
Eq.(17).

Se ={ilPr(Z,>Z;)<0} (17)
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where Zaj and Z,,

; represent the weighted normalized elements of the a-th alternative

and the b-th alternative with respect to the j-th criterion.

Step 4. Determining the discordance set

Similarly, the discordance set P, for the a-th alternative over the b-th alternative can be

determined by Eq.(18).
P, ={ilPr(Z,>2,)>1 (18)

where Z_ and Z,

4 ; represent the weighted normalized elements of the a-th alternative

and the b-th alternative with respect to the j-th criterion.

Step 5. Determining the concordance matrix

The element Ca =[cC),,C;] in the concordance matrix C representing the

concordance index of the a-th alternative over the b-th alternative can be determined by

Eq.(19)

Cab =[c;b,c;b}={ dwi, Y, lej*} (19)

i*€Sap i*€Say

Thereafter, the concordance matrix C can be presented in Eq.(20).

- I:Cllzicluz:l I:Cllmfclum]_

C= [Céltcgl:l _ [C;m’.cgm:l (20)

[Crlnl’crlfu] [Cr'nz,c;z] B

Step 6. Determining the discordance matrix

Similarly, the element d, in the discordance matrix D representing the concordance

index of the a-th alternative over the b-th alternative can be determined by Eq.(21).

| u
MaX |2 — 2.

g, = L Q1)
max |z —z"
j=1.2,..nl @ Thi

16



Thereafter, the discordance matrix D can be presented in Eq.(22).

d, - d
dy, - - d

Im

" (22)

Step 7. Determining the effective concordance matrix

The threshold of concordance C can be firstly determined by Eq.(23).

| A% &
C:[C ¢ }: m(m-1) m(m-1) @)

Then, the element f,; of the k-th row and the /-th column of the effective concordance

matrix F can be determined by Eq.(24).

1 Pr(ckl zE)so

fy = k=12,..,mand1=12,...m (24)

0 PF(CH 26) >0

The effective concordance matrix F can be obtained, as presented in Eq.(25).

— f, - f
f, — - f

Im

a (25)

Step 8. Determining the effective discordance matrix

The threshold of discordance values d can be firstly determined by Eq.(26).

_ 220

3

The element ¢, in the cell of the k-th row and the /-th column of the effective

discordance matrix G can be determined by Eq.(27).
17



1 d,>d
9y = M7 k=12,...mandl=12..m (27)
0 d,<d

The effective discordance matrix G can be presented in Eq.(28).

(28)
O Om2 - -
Step 9. Determining the global effective matrix

The global effective matrix can be then determined by integrating the effective

concordance matrix and the effective discordance matrix. The element h,, in the cell of
the k-th row and the /-th column of the global effective matrix H can be determined by
Eq.(29)[61].

h,=f,0,, k=12,..mandl=12,..m (29)

The global effective matrix H can be determined by Eq.(30).

- h, - hy,

h21 - h2m (30)

Step 10. Determining the net flow and ranking the alternatives

To clearly illustrate the prioritization results, the net flow should be quantified. The net

flow of the i-th alternative can be determined by Eq.(31).

NF =0 —1,i=12,..,m G1)

where NF, represents the net flow of the i-th alternative. O, represents the number of

outputs of the i-th alternative, which is determined by the sum of elements in the i-th

column of global effective matrix H. |, represents the number of inputs of the i-th

alternative, which is determined by the sum of elements in the i-th row of global effective

18



matrix H. To be specific, the output flow and the input flow of the i-th alternative can be

determined by Eqs.(32)-(33) respectively.

0 = Z _hki (32)
l; = z _hil (33)

Then, all alternatives can be ranked by descending their net flows. If some alternatives are
indifferent for their net flow, those alternatives should be selected to conduct an extra

comparison by repeating step 1 to step 10 as shown in Egs.(7)-(33).

3 Case study

In this section, five hydrogen production pathways, including the steam methane
reforming (A1), the coal gasification (Az), the biomass gasification (As), the dark
fermentation (A4), and the wind electrolysis (As) (see Fig.2), are ranked by the proposed

model.

Steam methane reforming is a hydrogen production technology that produces hydrogen
by reacting steam at high temperature and pressure with methane in the presence of a
nickel catalyst. Since this technology has been studied for years and now exhibits
relatively excellent industrial performance, the steam methane reformer is well-developed
and is widely used in industry to make hydrogen. However, there is greenhouse gas
produced during this hydrogen production process which causes negative impacts on the
environment. In this case, researchers are working on more sustainable hydrogen

production technologies.

Coal gasification produces hydrogen from coal, water, and air under special conditions
and treatments [64]. This technology is cheap, and the supply of raw materials is easily
accessed. However, the outputs of this process include not only hydrogen, but also carbon
monoxide and carbon dioxide [64,65]. Those byproducts bring negative environmental

influence, which is the main concern of adopting this technology.
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Biomass gasification is a process of converting solid biomass fuel into a gaseous
combustible gas through a sequence of thermo-chemical reactions [13]. The biomass
gasification uses CO;-neutral, abundant and cheap feedstock, but it forms tar, and it is

difficult to control the purity due to seasonal availability and feedstock impurity [66].

Dark fermentation is the fermentative conversion of organic substrate to biohydrogen,
which is a complex process manifested by diverse groups of bacteria, involving a series
of biochemical reactions in three steps which are similar to anaerobic conversion [67].
Although this technology is relatively new and feasible, the production process is difficult

to control and production cost is relatively high [68].

The wind-based water electrolysis produces hydrogen by electrolyzing water while
adapting wind as an energy source [69]. Wind-based water electrolysis is a viable
approach to producing greener hydrogen, holding promise to better utilize domestic
renewable energy sources for the energy needs of the transportation sector. A wind-based
electrolysis system can reduce greenhouse gas emissions from the transportation sector
while integrating larger percentages of renewable energy into the electric grid. However,
the production price of this technology is relatively high, and this technology requires

some more mature technology supports [7].

Steam methane

reforming

Biomass
gasification

As

A | Coal gasification

9 As | Wind electrolysis

Fig. 2. Hydrogen production alternatives in the case study

The hydrogen production pathways are evaluated in environmental, economic, technical,
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and social aspects for their sustainability performances. In the environmental aspect, three
indicators including global warming potential, water consumption potential and fossil
resource scarcity were used for hydrogen production pathways selection. In the economic
aspect, the capital cost and the hydrogen production cost were adopted. In the social aspect,
social acceptance and human toxicity potential were considered. The data of alternatives

with regards to responding criteria is presented in Table 3.

Table 3. Decision matrix for hydrogen production pathway selection

Units SMR CG BG DF WE Ref

5 GWP kg CO2.q 12.13 24.2 2.67 [6.6,16.29] [2.21,5.1] [70]
c
% WCP m3 consumed ~ 5.77 13.1 4.94 [23.98,84.9] [8.82, 16.4] [70]
E FRS kg Oil.eq 4.45 4.914 0.655 [1.68,4.38] [0.62, 1.72] [70]
E CC M$ [180.7,226.4] [435.9,545.6] 149.3 593 504.8 [8,71]
S
E’ HC $/kg [2.08,2.27]  [1.34,1.63] [1.77,2.05] 2.57 [5.1, 10.49] [8]

SA - Low Low Medium High Very high [70]
-‘_g“ﬁ HTP-C kg 1,4-DCB., 0.008272 0.64 0.00433 [0.16,0.565] [0.356, 0.43] [70]
)

HTP-NC kg 1,4-DCB.q 21.36 277.6 19.69 [82.1,272.6] [102.26,157.25] [70]

Note: SMR: Steam methane reforming; CG: Coal gasification; BG: Biomass gasification; DF: Dark
fermentation; WE: Wind electrolysis; GWP: Global warming potential; WCP: Water consumption
potential; FRS: Fossil resource scarcity; CC: Capital cost; HC: Hydrogen cost; SA: Social acceptance;

HTP-C: Human toxicity potential-cancer; HTP-NC: Human toxicity potential-non-cancer.

After the criteria selection and the establishment of the decision-making matrix, the
weights of the criteria should be determined by the ZBWM method according to Eqs.(1)-
(3). Taking the comparisons among the three aspects as an example, the economic aspect
was recognized as the most important aspect among three aspects and the social aspect
was selected as the least important aspect, as shown in Tables 4 and Table 5.
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Table 4. The BO vector for aspect comparison

Environment Economic Social
Economic (VI, H) (El, VH) (Al, M)
(2.10,2.52,2.94) (1,1, (2.49,2.84,3.20)

Table 5. The OW vector for aspect comparison

Social

Environment (WI, L)  (0.37,0.55,0.82)
Economic (Al, M)  (2.49,2.84,3.20)

Social (El, VH) (1,1,1)

According to Eq.(3), the weights of the three aspects can be determined by solving the

programming model presented in Eq.(34).

mink”
k" xw’ <wy —2.10xw <k xw)
k" xw! <w)! —2.52xwM" <k xw,”
k" xwS <wh —2.94xw <K xwy
k" xwy <wy —2.49%x Wy <K xwy
k" xw)! <w)' —2.84xw)' <k xw)
k" xwh <wh —3.20xwy <k xwy
k" xwy <wh-0.37xwy <k xw

subject to k™ xwy! <w —0.55x Wy <k xwy'

—k"xwy <wl —0.82xwy <K xwy
—k xwE <wh —2.49xw <K xwy
k" xw) <wy)' —2.84xw) <k xwy
k" xwy <wy —3.20xwy <k xwy

WJ.L+4><WJ.M erﬁJ

= (34)
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The weights of the environmental aspect, economic aspect and the social aspect are
[0.182,0.199,0.232], [0.561,0.567,0.590], [0.205,0.226,0.260], respectively. Since the
data proceeded in this model is required to be in interval form, the aspect weights are
transformed into interval numbers by Eq.(10). Therefore, the weights of environmental
aspect, economic aspect and the social aspect are [0.191, 0.215], [0.564, 0.579], [0.216,

0.243], respectively.

Similarly, the local weights of the criteria in each aspect can be calculated by using
ZBWM. The BO vectors and OW vectors for determining the local weights of the criteria
in each of these three aspects are presented in the Supplementary Materials, and the

results are shown in Table 6.

Table 6. The global weights and the local weights of the criteria determined by ZBWM

for sustainability prioritization of hydrogen production technologies

Aspect Aspect weight Criteria Local weight ~ Global weight
Environment [0.191, 0.215] GWP [0.502,0.537] [0.096, 0.116]
WCP [0.279,0.318]  [0.053, 0.069]
FRS [0.166,0.178]  [0.032, 0.038]
Economic  [0.564, 0.579] cC [0.327,0.366] [0.184,0.212]
HC [0.556,0.721]  [0.313, 0.417]
Social [0.216, 0.243] SA [0.153,0.182]  [0.033, 0.044]
HTP-C [0.417,0.417] [0.09, 0.101]
HTP-NC [0.417,0.417]  [0.09, 0.101]

After determination of the global weights of criteria, the ranking of alternatives need to
be determined by H-ELECTRE model. The decision-making matrix presented in Table 3

need to be normalized by using Egs.(7)-(8). Taking the first element in the fourth row as
23



an example, the GWP is a cost-type criterion and this element is an interval number.

Therefore, the element Y,, in normalized decision making matrix can be determined by

Eq.(35).

L + 1 +...+ L ) \/( L + 1 +...+ 1 )
12.13% 242% 7 2.21° 12.13* 242* 7 5712

Y~41:[y4|11’ Yal=1
I

(35)

Similarly, other elements in the normalized decision-making matrix can be determined as

presented in the Supplementary Materials.
Then, the elements in the weighted normalized decision-making matrix Z can be
determined by Eq.(12). Taking the first element in the fourth row as an example, the

weight of the criterion GWP is [0.096,0.116] according to Table 6. The element Z,, in

the weighted normalized decision making matrix can be determined by Eq.(36).
Z, =[z,,251=[yi,W, ys,w']=[0.1x 0.096,0.347 x 0.116]=[0.01,0.04] (36)

Similarly, other elements in the weighted normalized decision-making matrix can be

determined as presented in the Supplementary Materials.

To determine the concordance and the discordance sets for the a-th alternative over the b-
th alternative, the RPDI for intervals can firstly be determined by Eq.(15). Taking the

RPDI for weighted normalized intervals of the first alternative (SMR) over the second

alternative (CG) regarding the first criterion (GWP) as an example, the Pr(Z~ > Z~21)

11 =

can be determined by Eq.(37).

-z _ 0.022 - 0.006
2}, —2,+125, -2, 0.022-0.013+0.011-0.006

Pr(Z,227,)= =1.142 (37)

The RPDIs between each pair of these five alternatives with respect to each criterion are
presented in the Supplementary Materials. Then, the concordance and discordance sets

can be determined by Eqgs.(17)-(18). For example, the concordance set and the discordance
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set for the first alternative (SMR) over the second alternative (CG) are presented in

Eqs.(38)-(39).

- (38)
P, ={GWP, WCP, CC, HTP-C, HTP-NC} (39)

Thereafter, the concordance index Can representing the of the a-th alternative over the

b-th alternative can be determined by Eq.(19). Taking the concordance index for the first

alternative (SMR) over the second alternative (CG) as an example, the concordance index
Ci12 can be determined by Eq.(40)

Cro =[C3,,C1,]=[0,0] (40)

The concordance matrix C is presented in the Supplementary Materials.

The discordance index dab of the a-th alternative over the b-th alternative can be

determined by Eq.(21). Taking the discordance index for the first alternative (SMR) over

the second alternative (CG) as an example, the concordance index d,, canbe determined

by Eq.(41).
| u
4 - MaX|21i ~ Z2js _ Max(|0.013-0.011},/0.031-0.018|...,]0.059 —0.005)) _ ;o
. _nlmgxs\zl'j ~2z¢,| max(]0.013-0.011/,/0.031-0.018]...,|0.059 - 0.005[)
j=1,2,...,
(41)

The discordance matrix D is presented in the Supplementary Materials.
Thereafter, the effective concordance matrix can be determined by Eqs.(23)-(24). The

threshold of concordance C can be firstly determined by Eq.(42).

o [a’ C_”} - 0+0.217...4+0.313 | 0+0.255...+ 0.417] —[0.267,0.325] (42)

ox4 5x4
Then, the element f,, in the k-th row and the /-th column of the effective concordance

matrix F can be determined by Eq.(24). Taking the second element in the first row as an
25



example, the RPDI of the concordance index over the threshold of concordance can be

determined by Eq.(43).
Pr(clz > C) = G=C . 070267 _ 455 (43)
c,—C,+C —-C 0-0+0.325-0.267

Therefore, the element f,=1. Similarly, the effective concordance matrix is presented

in Eq.(44).
101 1 1]
0 -010
f=/11 - 11 (44)
000 -1
0000 -]

Then, the effective discordance matrix can be determined by Eqs.(26)-(27). The threshold

of discordance values d can be firstly determined by Eq.(45).

- 0.186+0+...4+0.002 =0.098 (45)
5x4

Then, all the elements in effective discordance matrix can be determined. Taking the

second element in the first row as an example, the element in effective discordance matrix

0, =1 because the concordance index d,,=0.186>0.098. Therefore, the effective

discordance matrix is shown in Eq.(46).

- 1.0 1 1]

0 -00 1
g=|1 1 - 1 1 (46)
000 -0

0000 -]

Hence, the elements in the global effective matrix can be determined by Eq.(29). Taking
the second element in the first row as an example, the element can be determined by

Eq.(47).

h, = f,0,,=1x1=1 (47)
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Therefore, the elements in global effective matrix can be determined and presented in

Eq.(48).

- 101 1

0 -000
h={1 1 - 1 1 (48)
000 -0

0000 -]

According to the effective concordance matrix and the effective discordance matrix, the

results can be determined, as shown in Fig.3.

——> Discordance priority

— Concordance priority

Fig. 3. The priority graph based on the effective concordance matrix and effective

discordance matrix

After integrating the relationship flows, the priority is shown in Fig.4.

—> Global effective priority
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Fig. 4. The priority graph for the global effective matrix

According to Eqgs.(31)-(33), the numbers of outputs, inputs and the net flow of each

alternative can be determined (as presented in Table 7).

Table 7. Summary of the global effective matrix

Node No. of outputs (O)  No. of inputs (1) Net flow (NF) Ranking
A: (SMR) 3 1 2 2nd
Az (CG) 0 2 -2 3rd
As; (BG) 4 0 4 1st
A4 (DF) 0 2 -2 3rd
As (WE) 0 2 -2 3rd

According to Table 7, the biomass gasification is ranked as the best pathway, following
by the steam methane reforming. The coal gasification, the dark fermentation, and the
wind electrolysis are indifferent in terms of priority according to the results presented in
Table 7. Therefore, the developed ELECTRE method should be used to re-rank these three
alternatives that are indifferent. The data of the coal gasification, the dark fermentation,
and the wind electrolysis with respect to all criteria are selected to repeat the decision-

making process. The global effective matrix for the second round processing is shown in

Eq.(49).
- 00

h=10 - 0 (49)
10 -

According to Eq.(49), the ranking of those three alternatives is presented in Table 8.

Table 8. Summary of the global effective matrix
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Node No. of outputs (O)  No. of inputs (1) Net flow (NF) Ranking

A2 (CG) 0 1 1 3rd
A (DF) 0 0 0 2nd
As (WE) 1 0 1 1st

According to Table 7 and Table 8, the final prioritization result is presented in Table 9.

Table 9. Prioritization results of the hydrogen production selection

Alternative  Ai (SMR) A2 (CG) As (BG) A4 (DF) As (WE)

Ranking 2nd 5th 1st 4th 3rd

4 Discussion

In this section, the proposed MCDM model and the results of the hydrogen production
methods prioritization are discussed. The sensitivity analysis was conducted to check the
robustness of the proposed model. In addition, the results determined by the proposed
method has been validated by the result determined by combining BWM [54] and the
hybrid TOPSIS method [72].

4.1 Sensitivity analysis

Sensitivity analysis is designed to analyze the impacts of the weights of the criteria on the
sustainability rankings in this model. Also, the robustness of the model can also be

evaluated through sensitivity analysis.

In the sensitivity analysis, eight scenarios are evaluated. The weights of the criteria in each

scenario are presented in follows:

29



e Scenario 1: The weight of GWP is [0.3, 0.3], while the weights of other criteria
are [0.1, 0.1].

e Scenario 2: The weight of WCP is [0.3, 0.3], while the weights of other criteria
are [0.1, 0.1].

e Scenario 3: The weight of FRS is [0.3, 0.3], while the weights of other criteria are
[0.1, 0.1].

e Scenario 4: The weight of CC is [0.3, 0.3], while the weights of other criteria are
[0.1,0.1].

e Scenario 5: The weight of HC is [0.3, 0.3], while the weights of other criteria are
[0.1,0.1].

e Scenario 6: The weight of SA is [0.3, 0.3], while the weights of other criteria are
[0.1,0.1].

e Scenario 7: The weight of HTP-C is [0.3, 0.3], while the weights of other criteria
are [0.1, 0.1].

e Scenario 8: The weight of HTP-NC is [0.3, 0.3], while the weights of other criteria
are [0.1, 0.1].

The five hydrogen production pathways in the 8 scenarios are ranked respectively

according to Eqs.(7)-(30). The results of sensitivity analysis are presented in Fig.5.
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Fig. 5. The results of sensitivity analysis

By analyzing the sensitivity analysis results, it is apparent that the weights of the criteria
play significant roles in sustainability rankings of the alternatives. According to Fig. S,
biomass gasification is the best hydrogen production pathway and the steam methane
reforming ranks at the second among these five hydrogen production pathways. The
remainder of the alternatives including the coal gasification, the dark fermentation, and
the wind electrolysis have different ranking results when assigning different weights to

the criteria.

4.2 Validation

In order to confirm the feasibility and to discover the advantages of the proposed method,
validation is conducted by comparing the proposed framework with the crisp BWM [54]
and the hybrid TOPSIS [72] respectively. The BWM is first compared with the ZBWM
and the results are shown in Table 10. The pairwise comparison vectors used in the BWM
for determining the weights of the criteria are presented in Part III of Supplementary

Materials.

Table 10. The global weights and the local weights of the criteria determined by BWM
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for sustainability prioritization of hydrogen production technologies

Aspect Aspect weight Criteria Local weight Global weight
Environment 0.167 GWP 0.571 0.095
WCP 0.286 0.048
FRS 0.143 0.024
Economic 0.667 CC 0.5 0.333
HC 05 0.333
Social 0.167 SA 0.143 0.024
HTP-C 0.429 0.071
HTP-NC 0.429 0.071

According to Table 6 and Table 10, the ZBWM is more suitable in the decision-making
framework under hybrid information. Firstly, the results generated from the two models
are similar, which indicates that the ZBMW is feasible for problem-solving. Secondly,
ZBWM can provides a more precise result in capturing the vagueness of opinions of
decision maker, because the interval results determined by BWM showed less information
loss. Lastly, the slight differences between criteria can be presented in ZBWM. For
example, the criteria weights for two criteria in the economic aspect are the same in the
results determined by BWM, but they are slightly different in the result determined by
ZBWM. Therefore, ZBWM is suitable and efficient in capturing the hesitation and

vagueness in judgement of decision makers.

Thereafter, three combined methods for prioritizing the hydrogen production pathways
were used to evaluate the results of the H-ELECTRE method. The hybrid TOPSIS [72]
proposed by Gao and Zhu was used as the other option of alternative ranking method.
Because the hybrid TOPSIS method can handle crisp numbers and interval numbers but

it cannot deal with fuzzy numbers and linguistic terms, the data of fuzzy numbers and
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linguistic terms was processed in normalization process to interval numbers as well. The

following combined models are evaluated and compared.
Mi: ZBWM+ H-ELECTRE (The proposed method)
M:z: ZBWM+ Hybrid TOPSIS
Ms: BWM+ H-ELECTRE
Ma: BWM+ Hybrid TOPSIS

Because data types required in different methods are different, the weights of criteria
should be transformed into corresponding data types. The weight of the j-th criterion
generated by ZBWM will be transformed into crisp numbers by using Eq.(50) in M2, and
the weights of criteria determined by BWM should be transformed into interval numbers

by using Eq.(51) in Ma.

Wi HAw! +w
w; = 5 ,J=12,...,n (50)
[W},V\ij‘]:[wj,wj],j:1,2,...,n (51)

The comparative results between different combined models are presented in Table 11.
The calculation processes and the results are presented in Part IV of Supplementary

Materials.

Table 11. Comparative rankings determined by the proposed method and the validation

methods
M M; M3 M,
Az (BG) 1st 1st 1st 1st
A: (SMR) 2nd 4th 2nd 4th
As (WE) 3rd 3rd 5th 3rd
A; (CG) 5th 2nd 3rd 2nd
A4 (DF) 4th 5th 4th 5th
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According to Table 11, the ranking results determined by different ranking methods are
different. The H-ELECTRE ranks those options by considering concordance and
discordance, while the hybrid TOPSIS measures the distances from each alternative to the
ideal alternative. According to the results, it is obvious that the results determined by H-
ELECTRE are more sensitive to the criteria weights, which also indicates that ZBWM is
a suitable method to determine the weights of criteria, because the results remain less
information loss and it can capture the hesitation and vagueness in the preference of
decision makers. Compared with the hybrid TOPSIS method, the proposed method can
handle the fuzzy numbers and linguistic terms as well, which is superior to the evaluation
method. Furthermore, the biomass gasification (Asz) is the best option based on the

considered criteria in this study.

5 Conclusion

This study has developed a novel multi-criteria sustainability prioritization framework for
sustainability prioritization of hydrogen production pathways under the context of hybrid
information. Two challenges have been overcome in the decision-making process: (1)
quantifying the weights of the criteria properly and accurately based on the preferences of
stakeholders with hesitation and vagueness in their judgments; and (2) handling decision-
making matrix with hybrid information (multiple types of data). The ZBWM was applied
to determine the weights of the criteria accurately by using Z numbers to capture the
vagueness and ambiguity in human’s judgments. Then, an extended ELECTRE model
was developed for sustainability prioritization of hydrogen production pathways based in
the decision-making matrix with hybrid information. In order to illustrate the proposed
sustainability prioritization framework, a case study including five hydrogen production
pathways were studied. Sensitivity analysis was conducted for testing the influences of
the weights of the criteria on the sustainability rankings and checking the robustness of

the proposed model. The results determined by the proposed method has been validated

34



by comparing with that determined by BWM and hybrid TOPTSIS method. The H-
ELECTRE is validated to be feasible to handle the decision-making matrix with hybrid

information.

Although the proposed framework is feasible in dealing with hybrid information and
vagueness in judgement of decision makers, there is still a limitation-the
preferences/opinions of different decision makers were not allowed to be incorporated in
the decision-making process simultaneously. Therefore, the H-ELECTRE method will be
improved in the further to incorporate the preferences/opinions of different decision

makers in the decision-making process.

35



Acknowledgments

The work described in this paper was supported by the grant from the Research Committee
of The Hong Kong Polytechnic University under student account code RK22 and was also
supported by the Hong Kong Research Grants Council for Early Career Scheme (Grand
No. 25208118) and the Joint Supervision Scheme with the Chinese Mainland, Taiwan and
Macao Universities - Other Chinese Mainland, Taiwan and Macao Universities (Grant No.

SB2S).

36


https://www.sciencedirect.com/science/article/pii/S0959652620331279#gs5
https://www.sciencedirect.com/science/article/pii/S0959652620331279#gs2

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Bicer Y, Dincer 1. Comparative life cycle assessment of hydrogen, methanol and
electric vehicles from well to wheel. Int J Hydrogen Energy 2017.
doi:10.1016/j.ijhydene.2016.07.252.

Liu X, Reddi K, Elgowainy A, Lohse-Busch H, Wang M, Rustagi N. Comparison
of well-to-wheels energy use and emissions of a hydrogen fuel cell electric vehicle

relative to a conventional gasoline-powered internal combustion engine vehicle. Int

J Hydrogen Energy 2020. doi:10.1016/j.ijhydene.2019.10.192.

LiJ, Cheng W. Comparative life cycle energy consumption, carbon emissions and
economic costs of hydrogen production from coke oven gas and coal gasification.

Int J Hydrogen Energy 2020. doi:10.1016/j.ijhydene.2020.07.079.

Seyitoglu SS, Dincer I, Kilicarslan A. Energy and exergy analyses of hydrogen
production by coal gasification. Int J Hydrogen Energy 2017.
doi:10.1016/j.ijhydene.2016.08.228.

Shayan E, Zare V, Mirzaee 1. Hydrogen production from biomass gasification; a
theoretical comparison of using different gasification agents. Energy Convers

Manag 2018. doi:10.1016/j.enconman.2017.12.096.

Salam MA, Ahmed K, Akter N, Hossain T, Abdullah B. A review of hydrogen
production via biomass gasification and its prospect in Bangladesh. Int J] Hydrogen

Energy 2018. doi:10.1016/j.ijhydene.2018.06.043.

Chi J, Yu H. Water electrolysis based on renewable energy for hydrogen production.

Cuihua Xuebao/Chinese J Catal 2018. doi:10.1016/S1872-2067(17)62949-8.

Nikolaidis P, Poullikkas A. A comparative overview of hydrogen production

processes. Renew Sustain Energy Rev 2017. doi:10.1016/j.rser.2016.09.044.

Shahhosseini HR, Iranshahi D, Saeidi S, Pourazadi E, Klemes JJ. Multi-objective
optimisation of steam methane reforming considering stoichiometric ratio indicator

for methanol production. J Clean Prod 2018. doi:10.1016/j.jclepro.2017.12.201.
37



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Kaiho M, Kodera Y. Coal gasification. Coal Prod. Process. Technol., 2015.
doi:10.1201/b19352.

TERUI A. Gasification of Coal. J Soc Mech Eng 2017.
doi:10.1299/jsmemag.62.483 523.

Sikarwar VS, Zhao M, Clough P, Yao J, Zhong X, Memon MZ, et al. An overview
of advances in biomass gasification. Energy Environ Sci 2016.

do0i1:10.1039/c6ee00935b.

Sikarwar VS, Zhao M. Biomass Gasification. Encycl. Sustain. Technol., 2017.
doi:10.1016/B978-0-12-409548-9.10533-0.

Ren J, Liang H, Chan FTS. Urban sewage sludge, sustainability, and transition for
Eco-City: Multi-criteria sustainability assessment of technologies based on best-
worst  method.  Technol  Forecast Soc  Change  2017;116:29-39.
doi:10.1016/j.techfore.2016.10.070.

Liang H, Ren J, Lin R, Liu Y. Alternative-fuel based vehicles for sustainable
transportation: A fuzzy group decision supporting framework for sustainability
prioritization. Technol Forecast Soc Change 2019.

doi:10.1016/j.techfore.2018.12.016.

Tseng ML, Wu KJ, Ma L, Kuo TC, Sai F. A hierarchical framework for assessing
corporate sustainability performance using a hybrid fuzzy synthetic method-
DEMATEL. Technol Forecast Soc Change 2019.
doi:10.1016/j.techfore.2017.10.014.

Sanaei S, Chambost V, Stuart PR. Systematic assessment of triticale-based
biorefinery strategies: sustainability assessment using multi-criteria decision-

making (MCDM). Biofuels, Bioprod Biorefining 2018. doi:10.1002/bbb.1482.

Jeong JS, Ramirez-Gémez A. Optimizing the location of a biomass plant with a
fuzzy-DEcision-MAking Trial and Evaluation Laboratory (F-DEMATEL) and

multi-criteria spatial decision assessment for renewable energy management and

38



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

long-term sustainability. J Clean Prod 2018. doi:10.1016/j.jclepro.2017.12.072.

Jeong JS, Gonzalez-Goémez D. A web-based tool framing a collective method for
optimizing the location of a renewable energy facility and its possible application
to sustainable STEM education. J Clean Prod 2020.
doi:10.1016/j.jclepro.2019.119747.

Jeong JS, Ramirez-Gémez A. Development of a web graphic model with fuzzy-
decision-making Trial and Evaluation Laboratory/Multi-criteria-Spatial Decision
Support System (F-DEMATEL/MC-SDSS) for sustainable planning and
construction of rural housings. J Clean Prod 2018.

doi:10.1016/j.jclepro.2018.07.227.

Chung Y, Hong S, Kim J. Which of the technologies for producing hydrogen is the
most prospective in Korea?: Evaluating the competitive priority of those in near-,

mid-, and long-term. Energy Policy 2014. doi:10.1016/j.enpol.2013.10.020.

Ren J, Manzardo A, Toniolo S, Scipioni A. Sustainability of hydrogen supply chain.
Part I: Identification of critical criteria and cause-effect analysis for enhancing the
sustainability —using DEMATEL. Int J Hydrogen Energy 2013.
doi:10.1016/j.ijhydene.2013.08.126.

Ren J, Manzardo A, Toniolo S, Scipioni A. Sustainability of hydrogen supply chain.
Part II: Prioritizing and classifying the sustainability of hydrogen supply chains
based on the combination of extension theory and AHP. Int J Hydrogen Energy
2013. doi:10.1016/j.ijhydene.2013.08.078.

Ramazankhani ME, Mostafaeipour A, Hosseininasab H, Fakhrzad MB. Feasibility
of geothermal power assisted hydrogen production in Iran. Int J] Hydrogen Energy

2016. do1:10.1016/j.1jhydene.2016.08.150.

Bhandari R, Trudewind CA, Zapp P. Life cycle assessment of hydrogen production
via electrolysis - A review. J Clean Prod 2014. doi:10.1016/j.jclepro.2013.07.048.

Hosseini SE, Wahid MA. Hydrogen production from renewable and sustainable

39



[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

energy resources: Promising green energy carrier for clean development. Renew

Sustain Energy Rev 2016. doi:10.1016/j.rser.2015.12.112.

Dincer I, Acar C. Review and evaluation of hydrogen production methods for better

sustainability. Int J] Hydrogen Energy 2014. doi:10.1016/j.ijhydene.2014.12.035.

Heo E, Kim J, Cho S. Selecting hydrogen production methods using fuzzy analytic
hierarchy process with opportunities, costs, and risks. Int J Hydrogen Energy 2012.
doi:10.1016/j.ijjhydene.2012.09.055.

Manzardo A, Ren J, Mazzi A, Scipioni A. A grey-based group decision-making
methodology for the selection of hydrogen technologies in life cycle sustainability

perspective. Int J Hydrogen Energy 2012. doi:10.1016/j.ijhydene.2012.08.137.

Ren J, Fedele A, Mason M, Manzardo A, Scipioni A. Fuzzy Multi-actor Multi-
criteria Decision Making for sustainability assessment of biomass-based

technologies for hydrogen production. Int J Hydrogen Energy 2013.
doi:10.1016/j.ijhydene.2013.05.074.

Ren J, Toniolo S. Life cycle sustainability decision-support framework for ranking
of hydrogen production pathways under uncertainties: An interval multi-criteria
decision making approach. J Clean Prod 2018;175:222-36.
doi:10.1016/j.jclepro.2017.12.070.

Acar C, Beskese A, Temur GT. Sustainability analysis of different hydrogen
production options using hesitant fuzzy AHP. Int J Hydrogen Energy 2018.
doi:10.1016/j.ijhydene.2018.08.024.

Oztaysi B, Cevik Onar S, Kahraman C, Yavuz M. Multi-criteria alternative-fuel
technology selection using interval-valued intuitionistic fuzzy sets. Transp Res Part

D Transp Environ 2017. doi:10.1016/5.trd.2017.04.003.

Xia Y, Wu Q. A technique of order preference by similarity to ideal solution for

hybrid multiple attribute decision making problems. J Syst Eng 2004;19:630—4.

Yan S, Yang W, Xiao X. A New Method for Hybrid Multiple Attribute Decision

40



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Making (in Chinese). Math Pract Theory 2007;37:111-6.

Zeng S, Long J. TOPSIS method for hybrid multi-attribute decision making
problems without preference information (in Chinese). J Guilin Univ Electron

Technol 2007;27:789-94.

Gao Q, Zhu J. Application of Hybr id TOPSIS Method in Selection of Multi- Modal

Transpor tation Service Provider (in Chinese). Logist Sci Technol 2008;2:110-3.

Gai Y, Jie D, Li C. Application of Hybrid TOPSIS Method on Evaluation of
Transferring in Comprehensive Urban Transport Hub (in Chinese). Railw Transp

Econ 2010;1421:63-6.

Zhang P, Chen Q, Hua B. Hybrid multi-attribute decision making of comprehensive

evaluation of warship power system (in Chinese). Sh Sci Technol 2011;33:66-9.

Chen X, Wang W, Song G, Song D. Hybrid multiattribute decision making based
on fuzzy preference relation (in Chinese). Syst Eng Electron 2012;34:529-33.
doi:10.3969/j.issn.1001-506x.2012.03.18.

Zhang F, Xie Z, Cheng J, Lin J, Xu H. TOPSIS Method for Hybrid Multiple-
Attribute Decision Making Based on Generalized Mahalanobis Distance (in
Chinese). J Nav Aeronaut Astronaut 2013;28:674-8. doi:10.7682/j.issn.1673-
1522.2013.06.020.

Liang C, Wu J, Lu W, Ding Y. A new method on hybrid multiple attribute decision
making problem for choosing the supplier (in Chinese). Chinese J Manag

2006;14:71-6. doi:10.16381/j.cnki .issn1003 -207x.2006.06.014.

Suo W, Fan Z. E-VIKOR Method for Hybrid Multiple Attribute Decision
Making(in Chinese). Syst Eng 2010;4:79-83.

Wei G. Grey Relational Analysis Method for Hybrid Multiple Attribute Decision
Making (in Chinese). Math Pract Theory 2008;38:30-4.

Kang Y, Yang X. Hybrid Multiple Attribute Decision Making Problems Based on
Grey System Relational Analysis (in Chinese). J Hunan Inst Eng 2011;21:48-50.

41



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

doi:10.15987/j.cnki.hgbjbz.2011.01.004.

Zhang X, Wang Y. Hybrid-type multi-attribute decision making method based on
D-DEA cross efficiency (in Chinese). Decis Mak Ref 2018:52-5.
doi:10.13546/j.cnki.tjyjc.2018.23.011.

Zhang X, Wang Y. A hybrid multi-attribute decision-making method based on
interval belief structure (in Chinese). Kongzhi Yu Juece/Control Decis

2019;34:180-8. doi:10.13195/j.kzyjc.2017.1007.

Gong B, Zhang X, Guo D. Method for hybrid multiple attribute decision-making
based on Dempster-Shafer theory and cross efficiency of DEA (in Chinese).
Kongzhi Yu Juece/Control Decis 2016;31:943—-8. doi:10.13195/j.kzyjc.2015.0277.

Liang L, Wu J. An Improving Completely Ranking Approach for Interval DEA (in
Chinese). Syst Eng 2006;1:107-10.

Esmaeili M. An Enhanced Russell Measure in DEA with interval data. Appl Math
Comput 2012. doi:10.1016/j.amc.2012.07.060.

Gouveia MC, Dias LC, Antunes CH. Super-efficiency and stability intervals in
additive DEA. J Oper Res Soc 2013. doi:10.1057/jors.2012.19.

Aboutorab H, Saberi M, Asadabadi MR, Hussain O, Chang E. ZBWM: The Z-
number extension of Best Worst Method and its application for supplier

development. Expert Syst Appl 2018;107:115-25. doi:10.1016/j.eswa.2018.04.015.
Yoon KP, Hwang C-L. Multiple attribute decision making: An introduction. 1995.

Rezaei J. Best-worst multi-criteria decision-making method. Omega (United

Kingdom) 2015. doi:10.1016/j.omega.2014.11.009.

Lin R, Liu Y, Man Y, Ren J. Towards a sustainable distributed energy system in
China: Decision-making for strategies and policy implications. Energy Sustain Soc

2019. do1:10.1186/s13705-019-0237-9.

Rezaei J, Kothadiya O, Tavasszy L, Kroesen M. Quality assessment of airline

baggage handling systems using SERVQUAL and BWM. Tour Manag 2018.
42



[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

doi:10.1016/j.tourman.2017.11.009.

Aboutorab H, Saberi M, Asadabadi MR, Hussain O, Chang E. ZBWM: The Z-
number extension of Best Worst Method and its application for supplier

development. Expert Syst Appl 2018. doi:10.1016/j.eswa.2018.04.015.

Zadeh LA. A Note on Z-numbers. Inf Sci (Ny) 2011;181:2923-32.
doi:10.1016/5.ins.2011.02.022.

Kang B, Wei D, Li Y, Deng Y. Decision making using Z-numbers under uncertain

environment. J Comput Inf Syst 2012.

Govindan K, Jepsen MB. ELECTRE: A comprehensive literature review on
methodologies and applications. Eur J Oper Res 2016.
doi:10.1016/j.€jor.2015.07.019.

GOBIN PB. Jean Giraudoux, Electre. Piece En Deux Actes. Edited by James S.
Patty, With Biographical Note and Introduction by Merlin Thomas and Simon Lee.
Appleton-Century-Crofts, 1965Jean Giraudoux, ELECTRE. Piece en deux actes.
Edited by James §S. Patty, with biogr. Can Mod Lang Rev 1966.
doi:10.3138/cmlr.23.2.56.

Wang YM, Yang JB, Xu DL. A two-stage logarithmic goal programming method
for generating weights from interval comparison matrices. Fuzzy Sets Syst

2005;152:475-98. doi:10.1016/j.fs5.2004.10.020.

Jiang C, Han X, L1 D. A new interval comparison relation and application in interval

number programming for uncertain problems. Comput Mater Contin 2012.

Kaiho M, Kodera Y. Coal gasification. Coal Prod. Process. Technol., 2015.
doi:10.1201/b19352.

Bell D, Towler B. Coal Gasification and Its Applications. 2011.
doi:10.1016/C2009-0-20067-5.

Molino A, Chianese S, Musmarra D. Biomass gasification technology: The state of

the art overview. J Energy Chem 2016. doi:10.1016/j.jechem.2015.11.005.

43



[67]

[68]

[69]

[70]

[71]

[72]

Guo XM, Trably E, Latrille E, Carrre H, Steyer JP. Hydrogen production from
agricultural waste by dark fermentation: A review. Int J Hydrogen Energy 2010.

doi:10.1016/j.ijhydene.2010.03.008.

Ghimire A, Frunzo L, Pirozzi F, Trably E, Escudie R, Lens PNL, et al. A review on
dark fermentative biohydrogen production from organic biomass: Process

parameters and use of  by-products.  Appl Energy 2015.
doi:10.1016/j.apenergy.2015.01.045.

Sapountzi FM, Gracia JM, Weststrate CJ (Kee. J, Fredriksson HOA,
Niemantsverdriet JW (Hans. Electrocatalysts for the generation of hydrogen,

oxygen and synthesis gas. Prog Energy Combust Sci 2017.
doi:10.1016/j.pecs.2016.09.001.

Mehmeti A, Angelis-Dimakis A, Arampatzis G, McPhail S, Ulgiati S. Life Cycle
Assessment and Water Footprint of Hydrogen Production Methods: From
Conventional to Emerging Technologies. Environments 2018.

do1:10.3390/environments5020024.

Han W, Yan Y, Gu J, Shi Y, Tang J, Li Y. Techno-economic analysis of a novel
bioprocess combining solid state fermentation and dark fermentation for H2
production from food waste. Int J Hydrogen Energy 2016.
doi:10.1016/j.ijhydene.2016.09.047.

Gao Q, Zhu J. Application of Hybrid TOPSIS Method in Selection of Multi-Model

Transportaiton Service Provider (in Chinese). Logist Sci Technol 2008;2:110-3.

44





