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Storage is currently a major obstacle to the promotion of hydrogen energy. Hydrogen storage in abandoned coal mines can achieve
the effective use of underground space while meeting the growing demand for energy storage facilities, which can bring economic
and environmental benefits. However, research in this area has been limited to the conceptual discussion stage, without
establishing a scientific evaluation method for the potential of modifying and utilizing abandoned coal mine space. In this study,
based on the analytic network process (ANP), the Apriori algorithm is introduced to mine the association rules for various
influencing factors. First, the Apriori algorithm is applied to mine association rules between indicators, eliminate unnecessary
influence relationships, simplify the network structure model, and optimize the ANP weight calculation results; second, the
solution method of judgment matrix is improved with triangular fuzzy numbers, and the index weight is solved by fuzzy nine
marks instead of the method of nine scale, which is convenient for experts to give the fuzzy scale while better reflecting the
opinions of experts. Finally, the ANP algorithm is applied to rank the weights of the obtained influencing factors, discuss the main
factors with higher weights, and analyze the feasibility of converting candidate coal mines into hydrogen storage facilities using the
derived evaluation method in the case study. The evaluation methods and conclusions presented in this study provide analytical
tools and a decision basis for analyzing the feasibility of converting underground space of abandoned coal mines into hydrogen
storage facilities and assessing the economic indicators.

1. Introduction

With the attention of controlling greenhouse gas emission
and guarantee of stable supply of energy, the development of
new technology utilizing clean energy sources has been
expedited to mitigate energy shortage risk and restore the
natural ecology [1-3]. Economical, large-scale energy stor-
age technology plays a key role in enabling the utility in-
dustry to integrate more renewable energy sources into the
grid [4]. Many countries have started to set targets for the
utilization of hydrogen energy in industry, construction,
electricity, and transportation sectors [5]. By using excess
electricity generated by the window and solar power that
cannot be accepted by the grid to electrolyze water into
oxygen and hydrogen, the hydrogen production cost can be

significantly reduced The concept of a hydrogen energy
chain is also expected to significantly reduce CO, emissions
[6]. Hydrogen energy is regarded as the future direction of
clean energy research and development due to its clean,
efficient, zero-carbon, and sustainable utilization. However,
the development of hydrogen energy still faces many
challenges, of which storage is the most critical one [7].
Large-scale hydrogen storage may be achieved in two ways:
(1) by integrating hydrogen storage into renewable energy
system; (2) by using “electricity-to-gas” technology, where
excess electricity from renewable energy sources is converted
to hydrogen by water electrolysis and then temporarily
stored for use during peak demand [8], to accommodate
daily and seasonal variations in demand for electricity
generation and hydrogen supply. As a renewable energy
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source, hydrogen can be used to solve this imbalance be-
tween supply and demand [9, 10].

At present, the most commonly used hydrogen storage
methods include the following: high-pressure gaseous
storage, low-temperature liquid storage, and storage alloys
[11]. High-pressure gaseous hydrogen storage has the ad-
vantages of low cost and faster filling and discharging, but it
consumes a large amount of energy in the compression
process and needs to be equipped with high-strength,
pressure-resistant, and corrosion-resistant containers,
which are subject to risks such as leakage and bursting [10].
The biggest advantage of low-temperature liquid hydrogen
storage is the relatively high density of hydrogen storage, but
liquid hydrogen is easy to volatilize, and the storage and
transportation process needs low-temperature supporting
equipment, which is costly. Moreover, liquid hydrogen is
prone to thermal stratification when stored in a large storage
reservoir, which may lead to boiling of liquid hydrogen and
bursting of tanks. The hydrogen storage alloy has a larger
hydrogen storage density and better safety performance
compared to the above two methods [5, 6], but the per-
formance is unstable and the service life span is not ideal
after repeated uses [12].

Compared with the above methods of hydrogen storage,
the advantages of underground hydrogen storage are as
follows [13]: (1) high storage safety and low possibility of
sudden fire risks; (2) smaller land footprint and convenient
connection with ground equipment; (3) low equipment cost,
high applicability, and suitable for the geological conditions
in many countries and regions [14]. At present, under-
ground hydrogen storage in salt caverns have been built in
both the United States and the United Kingdom, and the
feasibility of underground hydrogen storage has also been
discussed by scholars [13] by referring to the practical ex-
perience of natural gas storage. However, the research
content on the use of underground space for hydrogen
storage in coal mines is still rare.

Coal is the main energy source in many countries
[15, 16], and after a long period of mining, many of the
mineable reserves have tended to be depleted or have been
depleted and closed, and these abandoned coal mines offer a
large amount of underground space, such as shafts, tunnels,
chambers, and other underground space resources [17, 18].
The use of underground space of abandoned coal mines to
store hydrogen provides a new idea for the transformation,
development, and utilization of closed mines.

Underground hydrogen storage brings benefits in
making full use of underground storage space, improving
energy efficiency, and reducing the cost of gas storage. It
plays an important role in peak shaving and a safe and stable
fuel supply. However, the use of underground space for
hydrogen storage needs to consider many safety and eco-
nomic cost factors, whose influencing power should be
properly weighted in the feasibility study and site selection
stage [19]. In this study, we use the Apriori algorithm set
combined with the analytic network process (ANP) method
to screen various influencing factors and find out the key
influencing factors to evaluate the feasibility of hydrogen
storage in underground coal mine space [20, 21].
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However, when the ANP method is used to investigate
associations among factors, the intricacy calculation pro-
cedure is significantly raised and a larger calculation capacity
is required. The Apriori algorithm is the first association rule
mining algorithm and the most used one [21]. It divides and
finds out associations by an iterative method of layer-by-
layer search and is now commonly used in the creation of
mathematical evaluation models. When combined with the
ANP method, the associations of different elements can be
first mined out by the Apriori algorithm, eliminating ele-
ments of relatively low influencing power, hence making the
ANP calculation process more concise. This method has
been used in evaluating safety risk factors in the power grid
and transport sectors [22, 23].

The purpose of this study is to analyze and study the
influencing factors of establishing hydrogen storage facilities in
the underground space of abandoned coal mines using the
Apriori algorithm in combination with the analytic network
process (ANP) analysis method. In the feasibility study of
converting abandoned coal mine space into a hydrogen storage
facility, many factors and their associations need to be evaluated,
including geological factors, gas storage conditions, and human
technology factors. A traditional method such as the analytical
hierarchy process cannot satisfy the requirement of accuracy. In
this study, the ANP method improved by the Apriori algorithm
is used to evaluate and rank the influencing factors of un-
derground hydrogen storage in abandoned coal mines. The
method presented in this study offers sufficient accuracy while
being concise and can be used as a reliable approach in fea-
sibility study and site selection of utilizing abandoned coal
mines to the construction of underground hydrogen storage

facility.

2. Influencing Factors of Underground
Hydrogen Storage in Abandoned Coal Mines

Major factors affecting hydrogen storage in the underground
space of abandoned coal mines can be generally classified
into 3 categories, namely, geological factors, gas storage
conditions, and human technology factors, as shown in
Figure 1.

2.1. Geological Factors

2.1.1. Development of Faults/Fractures. The main compo-
nents of fractures surrounding rock are tectonic fractures,
primary fractures, and secondary fractures [20]. Primary
fractures are not affected by tunnel excavation. [25] Sec-
ondary fractures and tectonic fractures will further develop
after being disturbed by tunnel excavation. The permeability
of the rock body is more contributed by secondary and
tectonic fractures [26]. Therefore, the degree of fracture
development of the surrounding rock mass directly deter-
mines its permeability, which has an important influence on
the safety of hydrogen storage facilities.

2.1.2. Rock Mass Stability. After the coal mine has been
mined, the original rock stress state is altered. When the
underground space is used as a hydrogen storage facility, the
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FiGure 1: Influencing factors of underground hydrogen storage in abandoned coal mines.

stress state and stability of the rock mass are also changed by
the periodic pressure variation due to gas injection and
discharging [26], and this will induce an impact on the
stability of hydrogen storage facilities.

2.1.3. Depth of Coal Seam. When the coal seam depth is
shallow, the overlying rock layer on the working surface is
easy to produce subsidence; the overlying rock stability in
the mining area is poor; and the coal seam burial depth
determines the size, direction, and distribution state of the
original rock stress, and the maximum allowable gas storage
pressure, which affects the gas storage conditions and the
stress state of the surrounding rock.

2.1.4. Coal Seam Dip Angle. The coal seam dip angle affects
the damage state of the roof of the goaf. When the coal seam
dip angle is larger, the overburden stress distribution of the
overlying rock in the goaf is more complicated and the
fissures and fractures are more developed, so the stability is
poor [16].

2.1.5. Groundwater. When groundwater enters the storage
and conductive spaces within the rock, it changes the stress
state and mechanical properties of the rock mass; the
available space for gas storage is reduced, and the risk is
increased.

2.2. Gas Storage Conditions

2.2.1. Maximum Gas Storage Pressure. Due to the com-
plexity of the geological condition of coal mines, the effective
stress of the rock mass will also change during the process of
injecting and pumping hydrogen gas. When the gas storage
pressure is greater than the in situ stress of the surrounding
rock, the surrounding rock is in a tensile state, which affects
the stability of the rock mass. In addition, due to a large
number of mechanically weak surfaces in the rock mass in
the extraction area, the weak surface might expand after the
construction of the hydrogen storage reservoir, which has an
important influence on the stability of the hydrogen storage
reservoir.

2.2.2. The Rate of Change of Gas Storage Pressure. In the
process of injecting and discharging hydrogen, the rock mass
is subjected to alternating stress cycles, and the transfor-
mation rate of storage pressure affects the rate of change and
frequency of effective stress in the surrounding rock, which
forms an impact on the stability of the surrounding rock.

2.2.3. Variation of Gas Storage Pressure. Under the long-
term alternating stress induced by the injection and dis-
charging cycle, the mechanical properties of rock mass will
be altered, and the magnitude of the stress change is one of
the influencing factors.



2.2.4. Available Gas Storage Space. The underground space
of abandoned coal mines mainly includes shafts, roadways,
chambers, and goafs. Not all spaces are available for the
establishment of hydrogen storage, so the effective available
space hydrogen storage affects the feasibility of the con-
struction of hydrogen storage reservoirs.

2.3. Human Technology Factors

2.3.1. Well Location Layout. According to different injection
and pumping requirements and gas storage conditions, well
positions need to be arranged according to specific condi-
tions. Different well placements will determine the gas flow
in the storage space, which will affect the injection and
pumping efficiency and economic cost.

2.3.2. Gas Storage Duration. The gas storage duration de-
termines the frequency of stress changes in the surrounding
rock and affects the stability of the surrounding rock.

2.3.3. The Original Coal Mining Method. Different mining
methods lead to different exposed areas of the goaf roof. For
example, in room and pillar mining, the exposed area of the
goaf is relatively small and it is conducive to the stability of
the hydrogen storage structure; while in the long-arm type of
mining, the exposed area of the goaf is larger and it is not
conducive to the stability of the hydrogen storage structure.

2.3.4. Stress Disturbance of Nearby Coal Mines. The stress
disturbance generated by blasting vibrations in the exca-
vation and production process of the nearby coal mines and
the induced stresses generated by the mining may be
transferred to the surrounding rocks of the hydrogen storage
reservoir, which may superimpose with the stresses on the
surrounding rocks of the reservoir itself and affect the
stability of the gas storage structure.

2.3.5. Airtightness Treatment. In order to prevent leakage in
the process of hydrogen storage, it is necessary to conduct
airtightness treatment of the underground space. Therefore,
it is an important factor in the evaluation of the feasibility of
underground hydrogen storage in abandoned coal mines
[27].

3. Apriori Algorithm and
Ascertainment of Algorithm

Because of the uncertainty of the correlation of factors in the
ANP method, the interrelationships between indicators,
association rules, and elimination of unnecessary factors are
mined by the Apriori algorithm on the basis of the internal
influencing factors determined by experts [28], hence
simplifying the network structure of ANP.

The influence relationship between the indicators is set
as determined by the expert method as a data set {D}, each
indicator group T; (i=1,2,3, ...,5) is the affairs in {D},
and the indicators ijj (i,j =1, 2, ..., 5) are the items of T}
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where I is the set of all indicators composed of {D}, and any
subset {X} = K is the itemset of {D}. Then, the support degree
of subset {X} [16, 20, 21] is formulated as

0(X)
D

Here, § (X) is the support of itemset{X} in {D}. For X that
satisfies the specified minimum support, Sup(X) require-
ment is called the set of frequent K items of {D}.

The confidence coefficient of association rule X — Y
refers to the probability that not only the itemset X but also
the itemset Y is formulated as

sub(XNY)
sub (X)

x 100%. (1)

sub(X) =

con(X=Y) = x 100%. (2)

The minimum support minsub (X) and the minimum
confidence coefficient (X — Y) are used to express the
minimum importance according to the fixed rules and the
minimum confidence that must be met [29]. When the
minimum support and minimum credibility requirements
are met at the same time, the association degree is estab-
lished; otherwise, the association rules are redundant, and
the association relationship is eliminated.

The example of finding the association rule of indicator
I, in T, is taken, the minsub (X)=40% and coefficient
(X —Y) =70% are defined [50], to simplify the calcu-
lation process, and indicators that do not affect each other
are selected based on expert experience, as shown in Table 1.

In order to simplify the calculation process, the relevant
itemsets are calculated using Python. The calculation result is
{Ill) 112> 115) 1357 136}~

Similarly, the set of association rules for each indicator is
shown in Table 2.

4. Evaluation of Influencing Factors

4.1. Analytic Network Process (ANP) Method. Analytic net-
work process (ANP) is a complex system evaluation and
decision-making method [31]. ANP divides the system el-
ements into two major parts. The first part becomes the
control factor layer, which is independent from each other
and controlled by the target element. The second part is the
network layer, which consists of all the interrelated and
mutually influencing elements governed by the control layer,
and Figure 2 is a typical ANP structure.

4.2. F-ANP Theory and Calculation Results. The ANP
method is used to establish a judgment matrix by comparing
the magnitude of the interaction relationship between in-
dicators by expert scoring two by two. In the decision-
making process, the complexity and uncertainty of objects
should be considered, and the judgment value obtained
when constructing the ANP judgment matrix is not a fixed
numerical point and may vary within a certain interval.
Therefore, this study adopts the F-ANP method, which is a
combination of fuzzy evaluation method and ANP method,
to evaluate the influencing factors, and uses the triangular
fuzzy function to deal with the uncertainty of the influence
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TaBLE 1: Related I,, information of 1 itemset.

Expert number I,,-related indicators

Al L1 1ho 5104034035
A2 L1 lisls153034055
A3 hiliohslhalaIsolss
A4 1115155
A5 Liliohislssl34035

TaBLE 2: Set of association rules among various indicators.

Index Indicators with associated rules
Iy I211515, 133

I, I 1511305

I IERPITY IV

Iy I SRUATY SRV STY BT

Iis Iy 15155

I 11115155

I, 1115145155

I 111115145155

I ITUITY STV SR STy ESU Ry EVO £V
I3 Ip 11311415153

I3 1111514135

I3 I 1151400515,

I3 13113315

I3 115 105

relationship between indicators. The importance of indi-
cators is not determined by a definite scale, but it is reflected
by a triangular fuzzy function [32].

The triangular fuzzy number %, which means “approx-
imately being x,” and the corresponding triangular fuzzy
function are formulated as follows:

(1)2)3)) X:1)
X=4(X-1,X,X+1), 2<X<8, (3)
(8,9,9)"%, X =9

In F-ANP, the marks are judged by the method of nine
marks and redefined as fuzzy nine marks to judge the
comparison marks. The method of fuzzy nine marks im-
proved by the triangular fuzzy function can not only more
accurately reflect expert opinions but also the expression
form that is closer to the typical, and there are certain
advantages in algorithm application and computation. The
comparison marks judged by fuzzy nine marks are shown in
Table 3.

The triangular fuzzy number X defines the trigonometric
function, as shown in Table 3.

When constructing the judgment matrix, if the expert can
clearly judge whether the importance degree is greater or less
than x in addition to the index importance mark being x, then
the importance information of the index can be more clarified.
In order to further clarify the expert opinion [33], this study will
define fuzzy numbers that may be larger than x and smaller than
x + 1, which are defined as X; fuzzy numbers that may be
smaller than x and larger than x-1 are defined as x.

If the probability of any two fuzzy numbers b; and b; set is
V (b; b) then the formulas are as follows:

[ 1,6]" = b7,

b} - b},
(B - b") + (b7 - b)),

(4)

0,b} <b.

In formula (4), b" and b" are the upper limit and lower
limit of b; b™ is the median value of b and b' <b™ <b".

If the ambiguity function is defined, then the potential
degree of b;>b; is P (b;>b;) in the formula (5):

(V(Ei > Ej) +1- V(Ej > Ei)
5 .

(5)

P(b;>b;) =

The element r;=p(b;>b;), where i,j=123, ..., n.
Complementary matrix R = (¥jj)uxn» 7;;=1—1; and r;;=0.5;
then, the weight (Wi) of the i-th index is shown in

Wi n(n_1)<zr1]+ > (6)

When applying the ANP method to construct the
judgment matrix [34, 35], each indicator is used as the
subcriteria, and the two comparisons are made between the
remaining indicators under the already established associ-
ation rules, and the magnitude of influence is expressed by
the triangular fuzzy number. Here, taking the I;, index as an
example, the remaining elements in T, are compared in
pairs, respectively, to determine the degree of influence on
I},, and a judgment matrix is constructed. The consistency is
checked, and the judgment matrix is solved according to the
formula, as shown in Table 4.

For the judgment matrix that satisfies the consistency
check, the ranking vector value w; in the matrix is used as the
fuzzy ranking vector of each index group in the index group
T, to construct the fuzzy weight matrix A ={aij}, and the
unweighted fuzzy supermatrix W is constructed from the
index fuzzy ranking vector ={w;}. When there is no cor-
relation between the indicators, the influence degree is set to
be 0.

A and W are multiplied to solve the fuzzy weighted
hypermatrlx W, that is, W = a; X w;;. Each element of the
matrix in W' is the fuzzy weight value of the grid index in the
index system. In order to reflect the interrelationship be-
tween the elements, the limit relative fuzzy weight vector is
calculated for the hypermatrix W’ with

w' = lim (W')", 7)
n—~o0
Finally, a unique and convergent matrix W' is obtained,
and the column vector of W' is obtained, which is the index
limit fuzzy weight of I;;.
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TaBLE 3: Fuzzy nine marks.

Compared importance of x; and x; Xij
Equally important 1
More important 3
Obviously important 5
Strongly important 7
Extremely important 9
In the middle 2,4,6,8
TaBLE 4: Pairwise judgment matrix of I;, in Tj.
I, Iy Iy Iis Wi
Iy 1 2 2 0.39734
I 2! 1 3 0.38564
Iis 27! 3! 1 0.21702

Finally, the final obtained weights of each indicator are
ranked in Table 5.

4.3. Case Analysis. 'The influencing factors selected by the
above methods can be used to sort and select the can-
didate sites of abandoned coal mines for constructing
hydrogen storage facilities. This section will introduce a
case study to illustrate this process. This case selects 10
mines in Guizhou Province, western China, clarifies the
degree of influencing factors, as shown in Table 6, and
then screens the 10 mines according to the ranking of
influencing factors. The candidate sites are screened
following the order of influencing factors mentioned in
Table 5in Section 4.2 124, 135, 112, 121, Ill> and 132. FirSt, the
most important influencing factor I,, is compared. Then,
the corresponding factors of the passed sites are com-
pared. Finally, the most appropriate site is screened out.
In the case study, CM3 is the most appropriate. By this
screening method, the site selection process becomes
more reasonable and intuitive.

5. Discussion

The above calculation results show that I,4, I35, and I;, are
important factors affecting hydrogen storage, and I;, L,
and I3, are more important factors affecting hydrogen
storage. The specific discussion and analysis are as follows.

5.1. The Most Important Influencing Indicators. Indicator I,
is the available gas storage space. It occupies the highest
weight in the index. The main reason is to maximize un-
derground benefits, and a sufficient gas storage space is
necessary. If the hydrogen storage space is insufficient, the
basic functions of the hydrogen storage facilities cannot be
guaranteed, and the economic benefits are not good enough.

Indicator I35 is the airtightness treatment. The reason is
that if the airtightness treatment is insufficient, hydrogen
will escape and cannot be stored in large quantities. As a
flammable and explosive gas, it will also increase the risk
factor of hydrogen storage facilities. Hydrogen escaped into
fracture has the potential to rejuvenate fractures and fissures,
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TaBLE 5: Fuzzy weight ranking of each indicator.

Index Index weight Weight ranking
I, 0.08708 5

I 0.09239 3

I 0.07006 7

Iy 0.06553 8

Iis 0.03225 13

I 0.08837 4

L, 0.05669 9

Ls 0.05662 10

Ly 0.16305 1

Iy 0.01642 14

L 0.08663 6

Ls 0.03553 12

L 0.04863 11

Ls 0.09598 2

TaBLE 6: Information study on the degree of influencing factors of the coal mine.
Development degree Rock mass Maximum gas Available gas  Gas storage  Airtightness
of fault fissure stability storage pressure storage space  duration treatment

CM1 High Poor Higher Large Long Good
CM2 Lower Moderate Higher Small Short Good
CM3 Low Better High Larger Moderate Good
CM4 Higher Good Low Medium Longer Better
CM5 Higher Good Lower Medium Shorter Weak
CM6 High Difference Medium Smaller Long Good
CM7 High Better Medium Small Long Better
CM8 Medium Difference Low Bigger Shorter Poor
CM9 Higher Better Higher Bigger Longer Poor
CM10 Lower Good High Small Longer Good

reducing the effective stress of rock mass and weakening its
mechanical strength.

Indicator I}, is the rock mass stability. The reason is that
the stress state and stability of the rock mass change under
the influence of the periodic stress of gas injection and
pumping. In order to ensure the safety of hydrogen storage
facilities, the cost of reconstruction will be increased, which
will affect the efficiency of hydrogen storage and have an
important impact on the feasibility of hydrogen storage.

5.2. The Second Most Importance of Influencing Indicators.
Indicator I,; is the maximum gas storage pressure. The
reason is that when the maximum gas storage pressure is
greater than the stress of the surrounding rock, the sur-
rounding rock will be in a tensile state. Since the tensile
strength of rock is typically low, the stability of the rock mass
will be severely impacted, thereby affecting the safety of the
hydrogen storage facility. Moreover, if hydrogen cannot be
stored at sufficient pressure, the cost of pumping to dis-
charge gas will increase, which will affect the efficiency of
hydrogen storage.

Indicator I, is the fault fissure development degree. The
reason is that the development degree of the surrounding
rock fractures and fissure directly determines the perme-
ability and mechanical stability of the surrounding rock,
which increases the difficulty and cost of antiseepage

treatment, and has a significant impact on hydrogen storage
facilities.

Indicator I, is the gas storage duration. The reason is
that the gas storage duration determines the frequency of
injection and discharging of hydrogen storage facilities and
affects the frequency of the surrounding rock stress at the
same time, which has an impact on the stability of the
surrounding rock. It increases the cost of safety input and
affects the efficiency of hydrogen storage.

The method provides an approach to evaluate the
influencing factors and rank site. However, factors con-
sidered here might not be universal and should be sup-
plemented in practice cases.

6. Conclusions

Evaluating the influencing factors of hydrogen storage in
the underground space of abandoned coal mines has an
important role in the reuse of abandoned coal mines and
in providing an option for hydrogen storage on a large
scale. This study establishes a system for evaluating the
major influencing factors for assessing hydrogen storage
in underground space reconstruction and the structural
characteristics of underground abandoned space and uses
network analysis to calculate their values. The conclusions are
as follows:



(1) When using the underground space for hydrogen
storage in abandoned coal mines, there are many
factors that need to be considered, among which, the
available gas storage space, airtightness treatment,
and rock mass stability are the most important,
followed by the maximum storage pressure, the
degree of fault fracture development, and the storage
duration.

(2) The study analyzes the influencing factors of hy-
drogen storage in underground coal mines and es-
tablishes an evaluation index system. The feasibility
of hydrogen storage by using abandoned coal mines
and its potential for hydrogen storage are evaluated.
The research result provides a feasible evaluation
system for hydrogen storage potential in the un-
derground space of abandoned mines.

(3) The study introduces the reasons for the importance
of the influencing factors of underground hydrogen
storage and analyzes the difference in the weight of
the influencing factors. It can be used as a research
tool for future evaluation of the modification po-
tential of underground space.

(4) The research methods and conclusions in this study
can further promote the renovation and utilization
of underground space in abandoned mines.

Nomenclature

Symbols

: Target layer

Standard layer

Indicator layer

Factor level

Fuzzy scale

a;: Judgment matrix element.

Greek letters
w;: Weight vector.
Abbreviations

AHP: Analytic hierarchy process
ANP: Analytic network process.
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