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ABSTRACT

Since there are multiple influencing factors and lack of evaluation standards for the construction of hydrogen
production and hydrogenation station in China, this paper establishes the suitability evaluation index system of
hydrogen production and hydrogenation station from four aspects of technology, economy, environment and safety.
Combined with actual conditions, this paper uses Analytic Hierarch Process (AHP) and Fuzzy Comprehensive eval-
uation to evaluate water electrolysis hydrogen and hydrogenation production station and natural gas reformation
hydrogen production and hydrogenation station. The results show that hydrogen producing by water electrolysis
is more efficient than natural gas reformation in hydrogen production and hydrogenation station, and it should be
choose firstly. Furthermore, natural gas reformation hydrogen producing is inferior in technology, environment
and safety, but it is superior to water electrolysis hydrogen producing in economy. In the future, we can strengthen
development of the hydrogen production from renewable energy sources, so as to enhance the economic benefit of
that by water electrolysis. In addition, we can also adopt two ways of hydrogen production in hydrogen production
and hydrogenation station to achieve favorable integrative benefits.
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1 Introduction

Hydrogen energy, as a clean and efficient secondary energy source, is also the main direction
of future clean energy development, and will certainly drive a major change in the field of energy
technology in China [1]. China has a vast energy consumption market, while has a sound hydrogen
production foundation. Since 2013, the scale of hydrogen production in China has been increasing
year by year. In 2019, China hydrogen output surpassed 22 million tons, becoming the world’s largest
hydrogen producer [2]. It is predicted that demand of hydrogen in China will reach 5% of final energy
structure by 2030, and to 10% in 2050. Meanwhile, the forecasting production value will achieve 12
trillion yuan in the industrial chain [3].

In the development of the hydrogen energy industry, the construction of hydrogen energy
infrastructure, represented by the construction of hydrogenation stations, is at the downstream of
the industrial chain. With which both upstream hydrogen production and midstream hydrogen
transportation are closely related to it. As an important construction method of hydrogenation station,
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on-site hydrogen production and hydrogenation station can produce hydrogen, and the hydrogen
can be directly used for vehicle filling after purification, compression and storage. The process can
effectively reduce the energy consumption and cost of hydrogen in the midstream of the storage and
transportation process, improve the safety of hydrogen filling, reduce the time cost, and connect the
entire hydrogen industry chain closely. Since 2020, 118 hydrogen fueling stations have been constructed
excluding the demolished, and 167 new stations are being and will be installed in China [4]. Nowadays,
the stations which have entered service are mostly used in off-site hydrogen supply. In 2018, Datong
officially launched the construction of China’s first hydrogen production and hydrogenation station [5].
At present, on-site hydrogen production stations mainly include Beijing Yongfeng Hydrogen Station,
Dalian Tongji-Xinyuan Hydrogen Station and Nanzhuang Hydrogen Production and Hydrogenation
etc. [6]. A complete network system of hydrogen production and hydrogenation station has not been
formed in China. There are still deficiencies, such as low localization rate of key materials and core
components, high construction cost, high production cost, and imperfect technical standards and
testing systems [7]. The awareness of the technology, economy, environment protection and safety
of hydrogen production and hydrogenation stations should be strengthened urgently. Therefore, the
construction of hydrogen production and hydrogenation station systems has important practical
significance.

In recent years, there are many research about the evaluation system of hydrogen production or
hydrogenation stations. In 2007, Niu [8] designed an evaluation index system for hydrogen production
technology system. Through the analytic hierarchy process, fuzzy comprehensive evaluation method
(FCE) and Delphi direct weight construction method, Niu Jiao evaluated the hydrogen production
system from natural gas reforming, coal gasification and water electrolysis from the four dimensions
of technology, economy, society and environment. In 2009, Pilavachi et al. [9] used AHP to evaluate
seven common hydrogen production processes from five aspects. In 2012, Gim et al. [10] analyzed
the scale economy of water electrolysis hydrogen production and methane steam reforming hydrogen
production, to determine the optimum energy structure and total construction cost of hydrogen
refueling stations in South Korea. In 2014, Thengane et al. [11] used AHP and Fuzzy Analytical
Hierarchy Process to analyze the cost-benefit of eight different hydrogen production technologies.
In 2016, Wang [12] put forward a risk assessment model suitable for the environment security of
hydrogen refueling stations, based on characteristic of the stations. In 2018, Lucrezia Ravasio took
the small-scale on-site hydrogen production station in Narvik, northern Norway, as an example to
introduce the techniques of hydrogen production by steam reforming and water electrolysis. Then
they calculated the overall thermal efficiency of the hydrogen station [13]. In 2019, Xu [14] established
an evaluation system model suitable for hydrogen production technology from the three aspects of
society, economy and safety. AHP and FCE were used to evaluate the hydrogen production station of
natural gas reforming, electrolytic water and coke oven gas, respectively. Yang et al. [15] constructed a
method for calculating the income of hydrogen production by used two indicators, net present value
and internal return rate, to represent the economics of hydrogen use.

Therefore, it can be seen that the evaluation of hydrogen production or hydrogen refueling stations
at home and abroad is often limited to a single process, and there is a lack of comprehensive evaluation
of the integrated operation mode of hydrogen production and hydrogenation stations. This paper
proposes 15 indicators to establish the evaluation system for hydrogen production and hydrogenation
stations from four aspects of technology, economy, environment and safety. In addition, based on
the current development situation in China, evaluation of on-site hydrogen production by water
electrolysis and by natural gas reforming is carried out by AHP-FCE, in order to develop some
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understandings about the construction of China’s hydrogen filling stations. This is crucial for finding
a suitable way to develop hydrogen production and hydrogenation station in China.

This article consists of four parts. The first part is the introduction, which mainly introduces the
development of China’s hydrogen production and hydrogenation stations, and current situation about
the relevant research in China and abroad. The second part offers the method on establishment of
suitability index system and the evaluation model of on-site hydrogen refueling stations. The third
part is about the findings and discussion, including the calculation of determining index weight by
AHP, and then analyzing the results based on FCE. In the last part it is a summary of this paper.

2 Research Methods
2.1 Establishment of Evaluation Index System
2.1.1 Construction Principles

In the process of establishing the suitability evaluation system of hydrogen production and
hydrogenation station, the most important thing is to select the appropriate evaluation indicators.
First of all, the selection of evaluation indicators should be targeted, that is, the indicators should be
listed according to the characteristics and actual situation of the station to ensure its practicability.
Secondly, the selection of evaluation indicators should follow the principle of comprehensiveness.
There are many factors affecting the hydrogen production and hydrogenation station, but the more
indicators are not the better. If the correlation between indicators is too high, it will reduce the degree of
differentiation and affect the judgment. At the same time, the selection of evaluation indicators should
follow the principle of operability. In the actual calculation, some indicator data are difficult to obtain,
or qualitative indicators are difficult to quantify, so we should try to select the indicators which are easy
to obtain data [16]. Finally, the selection of evaluation indicators should also be comparable, so as to
facilitate comparative analysis between different hydrogen production modes in different stations [17].
To sum up, the selection of suitability evaluation system of hydrogen production and hydrogenation
station should be in accordance with the above-mentioned regulations. At the same time, in the process
of establishing the adaptability evaluation system, various factors are comprehensively considered
and constantly adjusted to determine the suitability evaluation system of hydrogen production and
hydrogenation station.

2.1.2 Selection of Evaluation Index

For the evaluation criteria of the suitability of hydrogen production and hydrogenation station,
this paper selects the evaluation indicators from four aspects of technology, economy, environment
and safety, and constructs the suitability evaluation index system of hydrogen production and
hydrogenation station in the station, as shown in Table 1.

Table 1: Evaluation index system for the suitability of hydrogen production and hydrogenation station

Goal Primary indicators Secondary indicators Index evaluation criteria

Suitability evaluation of in
station hydrogen production
and hydrogenation station A

Technical indicators A1 Ambient temperature of
hydrogen production A11

Ambient temperature
required by hydrogen
production system (unit: °C)

(Continued)
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Table 1 (continued)
Goal Primary indicators Secondary indicators Index evaluation criteria

Working pressure of
hydrogen production A12

Working pressure of
hydrogen production system
(unit: MPa)

Hydrogen purity A13 Purity of hydrogen produced
(unit: %)

Availability of hydrogen
production energy A14

The adaptability of hydrogen
production technology to
energy and the ability to use
and promote the technology
are expressed in per capita
energy consumption [8] (unit:
kg standard coal)

Economic indicators A2 Construction cost of
hydrogen station A21

Including investment cost of
construction project,
purchase cost of hydrogen
production equipment and
installation cost of hydrogen
production equipment (unit:
10000 RMB)

Operation cost of hydrogen
production station A22

Including the cost for labor
and management, the cost
required during the operation
of the hydrogenation station,
the annual power
consumption cost,
depreciation of equipment
and civil engineering, repair
cost and financial cost (unit:
10000 RMB)

Hydrogen production unit
cost A23

Cost of manufacturing
1 Nm3 hydrogen (unit:
RMB/Nm3)

Environment indicators A3 Renewability of energy A31 Renewability of energy =
growth rate of total energy
production/growth rate of
total energy consumption.
The greater the ratio, the
stronger the renewable energy
[8]

Energy efficiency A32 Energy efficiency of different
hydrogen production
methods (unit: %)

Greenhouse gas emissions
from hydrogen production
A33

Greenhouse gas emissions per
kWh (unit: kgCO2e/(kWh))
include carbon dioxide,
methane, nitrous oxide,
hydrofluorocarbons,
perfluorocarbons and sulfur
hexafluoride [18]

(Continued)
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Table 1 (continued)
Goal Primary indicators Secondary indicators Index evaluation criteria

Mechanical noise pollution in
hydrogenation process A34

Noise pollution of
hydrogenation machinery
(unit: dB)

Safety indicators A4 Maintenance frequency of
hydrogen production
equipment A41

Check whether there is
leakage of valve, pipeline and
flange, whether the detection
instrument is normal, and
whether the environment is
clean

Chemical stability of
equipment materials A42

In operation, parasitic side
effects caused by various
forms of catalytic reaction,
electrochemical reaction or
other forms of chemical
reaction occur. The chemical
composition and structural
form of the selected materials,
and whether stress corrosion,
crack or oxygen corrosion
occur during operation.

Flammability and
explosibility of raw materials
A43

Whether the raw material for
hydrogen production reaches
the explosion limit (mainly
considering methane)

Gas leakage rate A44 Average hourly leakage rate
of hydrogen production
process (unit: %/h)

2.2 Construction of Evaluation Model
AHP-fuzzy comprehensive evaluation method is an evaluation method which combines AHP and

fuzzy comprehensive evaluation [19].

The analytic hierarchy process (AHP) is an evaluation method, was proposed by Satie in the
1970 s. It can quantify the decision-makers subjective judgment by integrating qualitative analysis and
quantitative analysis, and reflect the relationship between target and different indicators of hydrogen
production and hydrogen refueling station [20]. The principle of this method is to decompose the
problem into several levels, such as goal level, criterion level and scheme level, to form a multi-level
structure model. By comparing and analyzing the influence degree of the bottom factors on the upper
factors, the importance judgment is made by comparing the factors and consulting experts, and the
weight is obtained by constructing the matrix to help decision makers make decisions.

Using fuzzy mathematical tools, the fuzzy comprehensive evaluation method compares factors
with given evaluation criteria, uses the affiliation function or fuzzy mapping to determine the
affiliation degree of each indicator to the evaluation set, combines the indicator weights determined
by the hierarchical analysis method, weights the scores and finally obtains the fuzzy comprehensive
evaluation results. It transforms qualitative evaluation into quantitative evaluation by applying the
membership theory in fuzzy mathematics, which is suitable for solving various non-deterministic
problems.
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2.2.1 Determine the Weight of the Index System Based on AHP

(1) Hierarchy building

According to the interrelationship between various indicators, a hierarchical evaluation indicator
system is established. Generally, there is only one element in the highest level of the hierarchical
hierarchy, namely the goal level A. The middle level is generally the criterion level and the sub-criteria
level. The criterion level is governed by the decision-making goal, and the sub-criteria level is governed
by the upper level. The relationship between indicators at all levels is shown in Appendix A.

(2) Construct judgment matrix and calculate weight

After the indicator system is established, the importance of each factor in each single layer is
compared in pairs to construct a judgment matrix: A = (aij)n×n, where aij〉0, aij = 1/aji, aji = 1, n is the
order of the matrix [21]. The 9-level scale method is used for the value of aij, and its meaning is shown
in Table 2.

Table 2: 9-level scaling method and its meaning

Scaling Meaning

1 Factor i is as important as factor j
3 Factor i is slightly more important than factor j
5 Factor i is obviously more important than factor j
7 Factor i is stronger than factor j
9 Factor i is extremely important than factor j
2, 4, 6, 8 The importance of factor i relative to factor j is between the above values
Reciprocal The reciprocal of the importance of factor i relative to factor j

(3) Hierarchical order and consistency check

The “harmony method” is used to normalize the column vector and row vector of the judgment
matrix, and obtain the weight vector W of each factor in each single layer, W=(w1, w2, · · · , wi)

T . Then,
the maximum characteristic root λmax of the judgment matrix is calculated as follows:

λmax = 1
n

n∑
i=1

(AW)i

Wi

(1)

When performing the consistency test, it is necessary to calculate the consistency index CI , the
relative consistency index CR, and find the random one-time index RI corresponding to the n value
according to Table 3.

CI = λmax − n
n − 1

(2)

CR = CI
RI

(3)

It is generally believed that when CR ≤ 0.1, the judgment matrix has satisfactory consistency;
when CR ≥ 0.1, the original judgment matrix needs to be adjusted until it meets the consistency
standard.
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Table 3: Average random consensus index

n 1 2 3 4 5 6 7 8

RI 0 0 0.52 0.89 1.12 1.26 1.36 1.41

(4) Total level ranking and consistency check

Assuming that there are h layers (A1, A2, · · · Ah), where A1 is the goal layer and Ah is the bottom
layer, the weight vector or weight matrix of each layer is calculated according to the judgment matrix:
W1, W2, · · · Wh. The goal layer W1 = 1, if the h-1th layer has m elements and the hth layer has n elements,
the weight matrix of the hth layer is

Wh = (wij)n×m (4)

Multiply the weight vectors of each layer, calculate the comprehensive weight W of the bottom
layer to the goal layer, and check its consistency.

W =
n∏

h=1

Wh (5)

2.2.2 Construction of Evaluation Model Based on Fuzzy Comprehensive Evaluation Method

(1) Determine the set of factors

U is a collection of evaluation indicators, which is used to analyze the different hydrogen
production methods of the hydrogen production and hydrogenation stations. Among them, technical
indicators, economic indicators, environment indicators and safety indicators constitute the evaluation
index system set, that is, the factor set, denoted as U = {

u1, u2, . . . un

}
.

For all the evaluation indicators, the higher the value of an indicator, the better the suitability
of the hydrogenation station is. For example, the higher the value of “energy efficiency” index, the
better the environmental benefits are, so it is classified as “the-larger-the-better index”. Nevertheless,
the smaller the value, the better the suitability is. For instance, the smaller the value of “greenhouse gas
emissions from hydrogen production”, the better the environmental benefits of the station are, so it
can be attributed to “the-smaller-the-better index”. The-larger-the-better index membership function
is shown in Table 4. The-smaller-the-better index membership function is shown in Table 5.

Table 4: The-larger-the-better index membership function

Standard
value

Excellent a Good b Fair c Poor d

Membership
function

⎧⎪⎪⎨
⎪⎪⎩

0 x ≤ b
x − b
a − b

b < x ≤ a

1 x > a

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

x − c
b − c

c < x ≤ b
a − x
a − b

b < x ≤ a

0 x ≤ corx > a

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

b − x
b − c

c < x ≤ b

x − d
c − d

d < x ≤ c

0 x ≤ dorx > b

⎧⎪⎪⎨
⎪⎪⎩

0 x > c
c − x
c − d

d < x ≤ c

1 x ≤ d
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Table 5: The-smaller-the-better index membership function

Standard
value

Excellent a Good b Fair c Poor d

Membership
function

⎧⎨
⎩

b − x
b − a

a < x ≤ b

1 x ≤ a

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

c − x
c − b

b < x ≤ c
x − a
b − a

a < x ≤ b

0 x ≤ aorx > c

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

d − x
d − c

c < x ≤ d

x − b
c − b

b < x ≤ c

0 x ≤ borx > d

⎧⎪⎪⎨
⎪⎪⎩

0 x ≤ c
x − c
d − c

c < x ≤ d

1 x > d

(2) Determine the comment set

The set of possible evaluation results for the evaluation object U is called the comment set, which
is represented by V [22]. Since the evaluation value of each indicator is different, the comment level
will form different levels, such as excellent, good, fair, and poor. The set of comments composed of
various decisions is called the set of comments, which is recorded as V = {v1, v2, · · · , vm}. The grading
criteria for qualitative index factors are shown in the Table 6.

Table 6: Evaluation criteria of qualitative indexes

Level Level I Level II Level III Level IV

Suitability
description

Excellent Good Fair Poor

Technical index A1 Ambient
temperature of
hydrogen
production
A11/(°C)

20–30 15–20 or 30–35 10–15 or 35–40 <10 or >40

Working pressure
of hydrogen
production
A12/(MPa)

0–3 3–6 6–10 >10

Hydrogen purity
A13/(%)

>99.90 99.80–99.89 99.70–99.79 <99.70

Environment
indicators A3

Mechanical noise
pollution in
hydrogenation
process A34/(dB)

Night 25–35, Day
40–50

Night 35–45, Day
50–60

Night 45–55, Day
60–70

Night>55,
Day>70

(Continued)
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Table 6 (continued)
Level Level I Level II Level III Level IV

Suitability
description

Excellent Good Fair Poor

Safety index A4 Maintenance
frequency of
hydrogen
production
equipment A41

No leakage of
valves, pipes,
flanges, normal
testing
instruments, clean
environment, and
strict inspections
as required

Valves, pipelines,
flanges are slightly
leaking, the testing
instruments are
basically normal,
and the
environment is
clean and
inspected on time

Valves, pipes,
flanges are slightly
leaking, the
detection
instruments are
basically normal,
and the
environment is
clean and the
inspection is not
on time

There are leaks
in valves, pipes,
and flanges,
the detection
instrument is
abnormal, and
the
environment is
clean and not
checked

Chemical stability
of equipment
materials A42

During operation,
there will be no
parasitic side
reactions caused by
various forms of
catalytic reactions,
electrochemical
reactions or other
forms of chemical
reactions. The
chemical
composition and
structure of the
selected material
will not cause
stress corrosion,
cracking or oxygen
corrosion during
operation

Parasitic side
reactions caused by
various forms of
catalytic reactions,
electrochemical
reactions, or other
forms of chemical
reactions occur less
frequently during
operation. The
chemical
composition and
structure of the
selected materials
hardly cause stress
corrosion, cracks
or oxygen
corrosion during
operation

Parasitic side
reactions caused by
various forms of
catalytic reactions,
electrochemical
reactions or other
forms of chemical
reactions occur
frequently during
operation. The
chemical
composition and
structure of the
selected material,
and occasionally
stress corrosion,
cracks or oxygen
corrosion occur
during operation

Parasitic side
reactions
caused by
various forms
of catalytic
reactions,
electrochemical
reactions or
other forms of
chemical
reactions occur
frequently
during
operation. The
chemical
composition
and structure
of the selected
materials often
cause stress
corrosion,
cracks or
oxygen
corrosion
during
operation

Flammability and
explosibility of raw
materials A43/(%)

0–5 5–10 10–15 >15

Gas leakage rate
A44/(%/h)

<0.1 0.1–0.3 0.3–0.5 >0.5

(3) Determine the fuzzy comprehensive judgment matrix
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For the index Ui, the membership degree of each comment is the fuzzy sub-set on V . The
evaluation of the index Ui is recorded as Ri = {ri1, ri2, · · · , rim}

R = (rij)m×n =

⎡
⎢⎢⎣

r11 r12 · · · r1n

r21 r22 · · · r2n

· · · · · · · · · · · ·
rm1 rm2 · · · rmn

⎤
⎥⎥⎦ (6)

among them, i = 1, 2, · · · , m; j = 1, 2, · · · , n.

(4) Single factor fuzzy comprehensive evaluation

We commonly use membership functions such as the triangular distribution, the trapezoidal
distribution and the normal distribution and so on. Although the selection of membership function
is subjective, it reflects the objectivity of the fuzzy state of things. This paper selects trapezoidal
distribution for calculation. Then the evaluation of a single factor i is Bi, namely:

Bi = wi × Ri (7)

(5) Multi-factor fuzzy comprehensive evaluation.

Multiply the weight set and the fuzzy comprehensive judgment matrix to obtain the first-level
fuzzy comprehensive evaluation set, which is then calculated from the lowest level to the criterion
level. Finally, the comprehensive judgment matrix D can be obtained:

D = w × (B1, B2, · · · , Bn)
T (8)

3 Results and Discussion
3.1 Data Sources

The data in this paper were obtained from China Hydrogen Energy Industry Infrastructure
Development Blue Book (2018) [18], Technical requirements for hydrogen supply system of proton
exchange membrane fuel cell: GB/T 34872-2017 [23], Acoustic environmental quality standard: GB 3096-
2008 [24], Technical requirements for water electrolysis hydrogen production system: GB/T 19774-2005
[25] and other materials. For quantitative indicators, the collected data are shown in Table 7.

Table 7: Quantitative index data sheet

First-level Second-level Hydrogen production
by electrolysis of water

Hydrogen production by
natural gas reforming

A1 A14 (unit: kg standard coal) 654.3 [26] 30.3 [26]
A2 A21 (unit: 10000 RMB) 1410 [27] 1528 [27]

A22 (unit: 10000 RMB) 3451 [27] 1863 [27]
A23 (unit: RMB/Nm3) 4.31 [27] 2.33 [27]

A3 A31 1.847 [26] 0.469 [26]
A32 (unit: %) 62.4 [28] 70 [29]
A33 (unit: kgCO2e/(kW.h)) 44.94 [18] 12.49 [18]

3.2 The Weighing Values for Assessment Index
Considering the importance of the pairwise comparison between the suitability evaluation indexes

of hydrogen production and hydrogenation station, the paper used the expert scoring method to
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obtain the score. In order to evaluate the system, multiple questionnaires were delivered to 15 experts
and scholars in the field of hydrogen energy from State Power Investment Corporation and Beijing
Sinohytec Co., Ltd., China. Then the quantifiable results using the 1–9 scale method were processed
and calculated by Yaahp software. Finally, the judgment matrices were constructed [30].

Taking the determination of the level weight of the first-level indicators as an example, the first-
level indicators include four aspects: technical indicators, economic indicators, environment indicators,
and safety indicators. The constructed judgment matrix is shown in Table 8.

Table 8: Judgment matrix corresponding to the first-level indicators

Technical
indicators

Economic
indicators

Environment
indicators

Safety
indicators

Indicator
weights W

Technical
indicators

1 3 4 2 0.460

Economic
indicators

1/3 1 3 1/2 0.180

Environment
indicators

1/4 1/3 1 1/3 0.088

Safety
indicators

1/2 2 3 1 0.272

By ranking the importance of the first-level indicators, we can see that: technical indica-
tors > safety indicators > economic indicators > environment indicators. Among them, the highest
proportion is the technical indicator, accounting for 46.0%, which includes four aspects: ambient
temperature of hydrogen production, working pressure of hydrogen production, hydrogen purity
and availability of hydrogen production energy. For any hydrogen production and hydrogenation
station, its construction and operation will be meaningless without technology requirements. The
second is the safety indicators, accounting for 27.2%, because once safety problems occur in the
process of hydrogen production and hydrogenation, it will cause much losses to people’s life and
properties. Besides, the development of technology can effectively reduce the risk of safety accidents.
The third-ranking is economic indicators, accounting for 18.0%, which is the essential criteria to
make profits from hydrogen production and hydrogenation stations, and it consists of three elements:
construction cost of hydrogen production station, operation cost of hydrogen production station and
unit hydrogen production cost. The reason for its ranking is that the government will provide subsidies
for the construction and operation of hydrogen filling stations. The last is the environment indicators,
accounting for 8.8%. With the growing progress of technology and the increasing demand of the safety,
the negative impact on environment will decline.

The importance of secondary indicators is logically assumed, and the constructed judgment matrix
is shown in Table 9. Taking technical indicators as an example, the order of importance is hydrogen
purity (46.3%) > ambient temperature of hydrogen production (26.3%) > hydrogen production
accessibility (17.1%) > working pressure of hydrogen production (10.3%). Then testing consistency
of the indicators, the results are shown in Appendix B. It suggests that all the results meet CR ≤ 0.1,
that is, the judgment matrices all have satisfactory consistency.

Subsequently, 15 secondary indicators are adopted to compare water electrolysis hydrogen
production and hydrogenation stations (represented by EL) and natural gas reforming hydrogen
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production and hydrogenation stations (represented by NA), respectively, and 15 judgment matrices
are constructed. The judgment matrices of the secondary indexes of different hydrogen production and
hydrogenation stations is shown in Table 10. Finally, summarizing the calculation results, the scores
of hydrogen production and hydrogenation stations is shown in Table 11, and the final scores is shown
in Table 12.

Table 9: Judgment matrix corresponding to secondary indicators

Technical indicators

A11 A12 A13 A14 W1

A11 1 2 1/3 3 0.263
A12 1/2 1 1/4 1/2 0.103
A13 3 4 1 2 0.463
A14 1/3 2 1/2 1 0.171

Economic indicators

A21 A22 A23 W2

A21 1 1/2 1/4 0.137
A22 2 1 1/3 0.239
A23 4 3 1 0.623

Environment indicators

A31 A32 A33 A34 W3

A31 1 2 3 5 0.471
A32 1/2 1 2 4 0.284
A33 1/3 1/2 1 3 0.171
A34 1/5 1/4 1/3 1 0.074

Safety indicators

A41 A42 A43 A44 W4

A41 1 3 1/2 2 0.264
A42 1/3 1 1/4 1/3 0.087
A43 2 4 1 4 0.483
A44 1/2 3 1/4 1 0.166

Table 10: Judgment matrix of secondary indicators of hydrogen production and hydrogenation stations
in two different methods

Technical indicators

A11 A12 A13 A14

EL NA W11 EL NA W12 EL NA W13 EL NA W14

(Continued)
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Table 10 (continued)

EL 1 3 0.750 1 1/2 0.333 1 1/2 0.333 1 6 0.857
NA 1/3 1 0.250 2 1 0.667 2 1 0.667 1/6 1 0.143

Economic indicators

A21 A22 A23

EL NA W21 EL NA W22 EL NA W23

EL 1 2 0.667 1 1/4 0.200 1 1/3 0.250
NA 1/2 1 0.333 4 1 0.800 3 1 0.750

Environment indicators

A31 A32 A33 A34

EL NA W31 EL NA W32 EL NA W33 EL NA W34

EL 1 5 0.833 1 1/3 0.250 1 1/5 0.167 1 1/2 0.333
NA 1/5 1 0.167 3 1 0.750 5 1 0.833 2 1 0.667

Safety indicators

A41 A42 A43 A44

EL NA W41 EL NA W42 EL NA W43 EL NA W44

EL 1 1/2 0.333 1 2 0.667 1 4 0.800 1 2 0.667
NA 2 1 0.667 1/2 1 0.333 1/4 1 0.200 1/2 1 0.333

Table 11: Final scores of the main standards of hydrogen production and hydrogenation stations in
two different methods

Technical indicators
A11 A12 A13 A14 Final score
(0.263) (0.103) (0.463) (0.171)

EL 0.750 0.333 0.333 0.857 0.532
NA 0.250 0.667 0.667 0.143 0.468

Economic indicators
A21 A22 A23 Final score
(0.137) (0.239) (0.623)

EL 0.667 0.200 0.250 0.295
NA 0.333 0.800 0.750 0.704

Environment indicators
A31 A32 A33 A34 Final score
(0.471) (0.284) (0.171) (0.074)

(Continued)
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Table 11 (continued)

EL 0.833 0.250 0.167 0.333 0.517
NA 0.167 0.750 0.833 0.667 0.483

Safety indicators

A41 A42 A43 A44 Final score
(0.264) (0.087) (0.483) (0.166)

EL 0.333 0.667 0.800 0.667 0.643
NA 0.667 0.333 0.200 0.333 0.357

Table 12: Final scores of hydrogen production and hydrogenation stations in different methods

Technical
indicators
(0.460)

Economic
indicators
(0.180)

Environment
indicators
(0.088)

Safety
indicators
(0.272)

Final score

EL 0.532 0.295 0.517 0.643 0.518
NA 0.468 0.704 0.483 0.357 0.482

From Table 12, we can see the final score of hydrogen production and hydrogenation station with
electrolyzed water (0.518) is higher than that of hydrogen production and hydrogenation station with
natural gas reforming (0.482). It shows that the comprehensive benefit of water electrolysis hydrogen
production and hydrogenation station is better. Among the technical indicators, the final score of
hydrogen production by water electrolysis (0.532) is slightly higher than that by natural gas reforming
(0.468), mainly because the former main raw material for water is obviously better than the latter.
In the economic indicators, the score (0.704) of hydrogen production by natural gas reformation is
higher than that of hydrogen production by water electrolysis (0.295), owing to the lower unit cost
of hydrogen production. In terms of environment indicators, the final score of hydrogen production
by water electrolysis (0.517) is slightly higher than that of natural gas reformation (0.483). Due to its
renewable performance, hydrogen production by water electrolysis can reduce its negative impact on
environment. In the safety index, the final score of hydrogen production by water electrolysis (0.643)
is higher than that by natural gas reforming (0.357). Because hydrogen production by natural gas
reforming is unfavorable in combustibility and explosibility of the materials.

3.3 Fuzzy Comprehensive Evaluation Results
Based on the collected data, the standard value of the evaluation index for the suitability of the

hydrogen production and hydrogenation stations is determined. The results are shown in Table 13.

Table 13: Standard value of suitability evaluation index

Project Excellent Good Fair Poor

A14 (Unit: kg standard coal) 900 600 300 0

(Continued)
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Table 13 (continued)

Project Excellent Good Fair Poor

A21 (Unit: 10000 RMB) 1000 1500 2000 2500
A22 (Unit: 10000 RMB) 1400 2100 2800 3500
A23 (Unit: RMB/Nm3)) 0 2.5 5 7.5
A31 2 1.5 1 0
A32 (Unit: %) 75 65 55 45
A33 (Unit: kgCO2e/(kW.h)) 10 20 40 60

For qualitative indicators, the membership degree of each indicator is determined by calculating
according to the trapezoid diagram, and for quantitative indicators, it is determined based on
the questionnaire. The number of returned questionnaires is 100. The membership degree of each
evaluation indicator relative to each level is obtained by comparing the number of people selected
for each indicator with the total number of people participating in the questionnaire survey [31]. The
results are shown in Table 14.

Table 14: Membership of each index

First-
level

Second-
level
indicators

Hydrogen production by water
electrolysis

Hydrogen production by natural gas
reforming

Excellent Good Fair Poor Excellent Good Fair Poor

A1 A11 0.78 0.22 0.00 0.00 0.63 0.37 0.00 0.00
A12 0.89 0.11 0.00 0.00 0.75 0.25 0.00 0.00
A13 0.85 0.15 0.00 0.00 0.80 0.20 0.00 0.00
A14 0.181 0.819 0.00 0.00 0.00 0.00 0.101 0.899

A2 A21 0.18 0.82 0.00 0.00 0.00 0.944 0.056 0.00
A22 0.00 0.00 0.07 0.93 0.339 0.661 0.00 0.00
A23 0.00 0.276 0.724 0.00 0.068 0.932 0.00 0.00

A3 A31 0.694 0.306 0.00 0.00 0.00 0.00 0.469 0.531
A32 0.00 0.74 0.26 0.00 0.50 0.50 0.00 0.00
A33 0.00 0.00 0.753 0.247 0.751 0.249 0.00 0.00
A34 0.65 0.24 0.11 0.00 0.57 0.34 0.09 0.00

A4 A41 0.74 0.26 0.00 0.00 0.78 0.22 0.00 0.00
A42 0.81 0.19 0.00 0.00 0.79 0.21 0.00 0.00
A43 1.00 0.00 0.00 0.00 0.1 0.83 0.07 0.00
A44 0.69 0.31 0.00 0.00 0.7 0.3 0.00 0.00
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3.3.1 First-Level Fuzzy Comprehensive Evaluation

Data from Table 14 is fed into the calculation formulas (6) and (7) to obtain the first-level fuzzy
judgment matrix elements, and the specific results are shown in Table 15.

Table 15: Elements of the first-level fuzzy judgment matrix

Hydrogen production by water electrolysis Hydrogen production by natural gas
reforming

Excellent Good Fair Poor Excellent Good Fair Poor

B1 0.721 0.279 0.000 0.000 0.613 0.216 0.017 0.154
B2 0.025 0.284 0.468 0.222 0.123 0.868 0.008 0.000
B3 0.375 0.372 0.211 0.042 0.313 0.210 0.228 0.250
B4 0.863 0.137 0.000 0.000 0.439 0.527 0.034 0.000

As can be seen from Table 15, in terms of technical indicators, the value of hydrogen production
by water electrolysis in the “Excellent” grade is 0.721, and that by natural gas reformation is 0.613.
The result shows that the technical condition of water electrolysis hydrogen production is superior
to natural gas reformation. Economically, the maximum value of hydrogen production by water
electrolysis and by natural gas reformation are respectively 0.468 as “Fair” and 0.868 as “Good”. It
proves that, in the present stage, hydrogen production by natural gas reformation can generate better
economic benefits. This is consistent with the main method of hydrogen production in China. Overall,
concerning the environment, the value of “excellent” for water electrolysis hydrogen production
and hydrogenation stations (0.375) is superior to natural gas reformation hydrogen production
and hydrogenation stations (0.313). In terms of safety, the “Excellent” values of water electrolysis
hydrogen production and hydrogenation stations and natural gas reformation hydrogen production
and hydrogenation stations are 0.863 and 0.439 respectively. The safety of hydrogen production
technology by water electrolysis is obviously better than that by natural gas reformation.

3.3.2 Second-Level Fuzzy Comprehensive Evaluation

Take the first-level evaluation results as rows to form a single-factor evaluation matrix for the
second-level evaluation.

As known weight set w = [ 0.460 0.180 0.088 0.272] , According to formula (8), the available
evaluation results for hydrogen production by electrolysis are D1 = [ 0.604 0.249 0.103 0.044] .

In the same way, the evaluation result of natural gas reformation is obtained as D2 =
[ 0.451 0.417 0.039 0.093]

According to the calculation results of FCE, the maximum value of hydrogen production and
hydrogenation stations by water electrolysis and by natural gas reformation are 0.604 and 0.451,
respectively, and the two results correspond to “Excellent”. The explanation is that both methods of
on-site hydrogen production have better technical, economic, environment and safety benefits. What’
s more, the water electrolysis hydrogen production is more valuable, indicating that the method of
hydrogen production and hydrogenation stations should choose the water electrolysis method firstly.
Generally speaking, the water electrolysis hydrogen production methods is limited by electricity and
higher cost in the process of water electrolysis. Comparing to the natural gas reformation method, the
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unit cost of water electrolysis method is high. But it is superior in technology, environment and safety.
The conclusion suggests that it is necessary to consider a variety of factors to reflect the evaluated
object more scientifically [8].

4 Conclusion

The AHP-fuzzy integrated evaluation model is very useful for researchers to make a reasonable
choice when selecting hydrogen production methods for hydrogen production and hydrogenation
stations. This paper constructs the suitability evaluation index system for the hydrogen production
and hydrogenation stations from four aspects of technology, economy, environment and safety. The
evaluation system has cited a total of 15 indicators, which are representative and involved in every
area of construction and operation of hydrogen production and hydrogenation station, to analyze
thoroughly and comprehensively. Whereafter, AHP and FCE methods are used for comprehensive
evaluation. The computational results show that the comprehensive evaluation result of water elec-
trolysis hydrogen production is better than that of gas reformation hydrogen production, so it should
be choose firstly.

In the future, environment protection is mandatory to ensure cleaner production and more
harmonious development [32]. It is important that we actively research power generation with
renewable electricity, and use it as a source of electrical energy for on-site hydrogen production by
water electrolysis, thus reducing the cost of electricity utilization and promoting economic efficiency.
In addition, on-site hydrogen production can use two ways to produce hydrogen, combining the
advantages of both ways to improve the overall efficiency of hydrogen production and hydrogenation
stations. It is worth noting that the differences in weights, pairwise comparison matrices and AHP-
based methods can determine the evaluation results. Therefore, it is recommended to make the final
decision under the guidance of experts in this field, rather than directly selecting the results of AHP.
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Appendix A. Hierarchical structure diagram of suitability evaluation index of hydrogen production and
hydrogenation station

Suitability 
evaluation of in-
station hydrogen 
production and 
hydrogenation 

station

Technical Indicators
A1

Economic Indicators
A2

Environmental Indicators
A3

Safety Indicators
A4

Ambient temperature of hydrogen production

Availability of hydrogen production

Construction cost of hydrogen production 
station

Operation cost of hydrogen production station

Unit hydrogen production cost

Renewability of energy

Energy efficiency

Greenhouse gas emissions from hydrogen 
production

Mechanical noise pollution in hydrogenation 
process

Maintenance frequency of hydrogen 
production equipment

Chemical stability of equipment materials

Flammability and explosibility of raw materials

Gas leakage rate

Working pressure of hydrogen production

Hydrogen purity
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Appendix B. Consistency check summary table

Matrix Weight vector
Wi

λmax CI RI CR

A (0.460, 0.180,
0.088, 0.272)T

4.088 0.029 0.89 0.033

A1 (0.263, 0.103,
0.463, 0.171)T

4.239 0.080 0.89 0.090

A2 (0.137, 0.239,
0.623)T

3.018 0.009 0.52 0.017

A3 (0.471, 0.284,
0.171, 0.074)T

4.051 0.017 0.89 0.019

A4 (0.264, 0.087,
0.483, 0.166)T

4.120 0.040 0.89 0.045
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