
energies

Article

Selection of Underground Hydrogen Storage Risk
Assessment Techniques

Barbara Uliasz-Misiak * , Joanna Lewandowska-Śmierzchalska and Rafał Matuła
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Abstract: The article proposes the use of the analytic hierarchy process (AHP) method to select a
risk assessment technique associated with underground hydrogen storage. The initial choosing and
ranking of risk assessment techniques can be considered as a multi-criteria decision problem. The
usage of a decision model based on six criteria is proposed. A ranking of methods for estimating
the risks associated with underground hydrogen storage is presented. The obtained results show
that the application of the AHP-based approach may be a useful tool for selecting the UHS risk
assessment technique. The proposed method makes it possible to make an objective decision of the
most satisfactory approach, from the point of view of all the adopted decision criteria, regarding the
selection of the best risk assessment technique.

Keywords: underground hydrogen storage; risk assessment; analytical hierarchy method

1. Introduction

Hydrogen is a very good energy carrier, a “clean” fuel (its combustion produces only
energy and water) and can be an energy store. The use of hydrogen as an energy carrier
can play a major role in a carbon neutral economy. This can be hydrogen produced from
renewable energy by electrolysis (“green hydrogen”), natural gas or carbon with CO2
capture (“blue hydrogen”) [1].

Hydrogen will also allow the decarbonisation of economic sectors where reducing
carbon dioxide emissions is difficult to achieve. This element can replace natural gas in the
chemical, metallurgical and transport industries, and in the long term also in the aviation
and maritime sectors.

It is predicted that in the near future, energy is to be obtained mainly from renewable
sources (RES) (wind and solar power plants). The introduction of the hydrogen economy
will allow an increase of the share of renewable energy in the total energy balance thanks to
the possibility of storing energy of multi-megawatt power, e.g., by conversion to hydrogen.

1.1. Hydrogen Storage

Hydrogen can be stored in various ways in metal tanks on and below the ground
surface, in gas networks as a mixture of H2 with natural gas, in materials or underground in
deep geological structures. Underground hydrogen storage facilities should distinguished
by high storage capacity, technological simplicity, low costs and safe operation [1–3].

Gaseous hydrogen can be stored in tanks on or below the ground surface. In the
case of large volumes, storage in above-ground pressure vessels entails high investment
costs. On the other hand, the storage of hydrogen in underground metal tanks requires
close supervision due to corrosion, which is difficult to control underground. Hydrogen
from renewable sources can also be stored in gas networks as a mixture of hydrogen and
natural gas (Power-To-Gas technology). However, due to the properties of the gas mixture
(after adding hydrogen to it) being significantly different from the properties of natural
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gas, its common usage requires research to ensure the safety of gas networks and gas
consumers [3–5].

One option currently being explored is hydrogen storage in solid materials (alloys
and composites). In this way, up to 6–7% the weight of the hydrogen material can be stored
in the solid. Hydrogen can be stored in metal hydrides, in chemical compounds formed by
chemical reactions and in porous carbon materials (activated carbon, fullerenes, graphite
or carbon nanotubes) [6].

Underground storage of this gas in geological structures is currently considered to
be the most promising form of hydrogen storage. Underground gas storage facilities can
be located in salt caverns, depleted hydrocarbon deposits and aquifers. Storage sites in
such geological structures have numerous advantages over other storage options. The
most important are the ability to store large amounts of gas and the safety of storage.
Particular types of geological structures differ from each other. The factors that have the
greatest impact on the hydrogen storage process are: the universality of the geological
structures considered for storage, the tightness of the underground storage, geochemical
and microbiological interactions with reservoir fluids and the rock matrix, the amount of
working gas and cushion gas, and storage efficiency [7].

There are many years of experience with underground natural gas storage, in porous
rocks (depleted hydrocarbon deposits and aquifers) and salt caverns. On the other hand,
experiences with underground hydrogen storage are small and concern storage in salt
caverns [8–10]. Pure hydrogen (95% H2) is stored in salt caverns in the United Kingdom
(Teesside in Yorkshire) [11], the US (Clemens, Moss Bluff and Spindletop) [12] and Rus-
sia [13]. We have less experience with underground hydrogen storage in porous geological
formations. Practical applications are limited to storing town gas in aquifers (25–60% H2,
10–33% CH4, 12–20% CO and CO2 and <30% N2), e.g., in Beynes (France) or Lobodice
(Czech Republic) [14,15]. The hydrogen-containing gas storage facilities are also located in
depleted natural gas fields in Argentina (pilot project for hydrogen storage in the Diadema
field) [16] and Austria (project “Underground Sun Storage” for storing gas containing 10%
hydrogen) [9,17].

1.2. The Hazards of Underground Hydrogen Storage

Safety is a fundamental issue in the location, operation and closure of underground
hydrogen storage facilities. It is related to the effectiveness of gas retention in an under-
ground storage facility for the storage period (the lowest possible losses related to its
leakage towards the Earth’s surface and the composition of the stored gas). The safety
is influenced by the physical and chemical properties as well as selected geological and
deposit conditions of the storage formation (reservoir rock and overburden). The quality of
the overburden rocks, its lithology and tectonic deformations are of particular importance.

The experience in field of natural gas (UGS), compressed air (CAES) and carbon
capture and storage (CCS) can be transferred to underground hydrogen storage. However,
the different physical and chemical properties of hydrogen compared to other gases stored
underground, reactions with minerals and fluids, potential microbiological interactions, or
geomechanical aspects affecting the safety and efficiency of underground hydrogen storage
make it impossible to directly transfer these experiences to H2 storage. Therefore, the
geological structures in which hydrogen is to be stored require detailed analysis, including
the determination of any uncertainties and risks related to potential leakage and other
hazards [7,18–20].

Gaseous H2 is characterized by high permeability, high air-viscosion coefficient in
excess of air and low dynamic viscosity [21,22]. The high mobility and permeability of this
gas causes a greater risk of migration outside the storage and the possibility of migration
through the sealing rocks [7]. Low hydrogen viscosity increases the risk of the formation of
viscous fingering in the warehouse, resulting in the formation of zones of unrecoverable
hydrogen [23], which negatively affects the amount of gas withdrawn.
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The hydrogen injected into the underground storage facility will interact with reservoir
rocks, the fluids filling these rocks, as well as with the rocks of the sealing overburden.
These impacts will depend on the mineral composition of the rocks and the chemical
composition of the reservoir fluids. Dissolution of minerals in reservoir rock may increase
its porosity and permeability [24] and lead to weakening of its mechanical strength or
activation of faults [20,25]. Hydrogen can also act on sealing rocks, dissolution of minerals
and sorption/desorption of clay minerals in these rocks, creating gas migration pathways
through the overburden [20,26–28].

Similar effects were found in the case of underground gas storage. Modelling of the
effect of CH4 adsorption and diffusion processes on the sealing quality of a natural gas
storage site have shown that diffusion deformations reduce the permeability of the overbur-
den rocks [29]. Studies on interactions between matrix and gas of dual-porosity reservoir
of hydrogen and carbon showed that increasing the fracture permeability increases gas
depletion, and the processes of desorption from the matrix allow gas to be exploited for a
long time [30].

Various gases, including hydrogen sulphide, may be produced when H2 is stored.
This gas will reduce the quality of the stored hydrogen and modify the water chemistry

(redox potential and pH) [31], causing further fluid-rock reactions [20]. The interactions
between the gas and groundwater may also pose a threat to the quality of the stored
hydrogen. This gas can change the chemical balance between the brine and the rock matrix.
This will affect the operation of the underground warehouse. Geochemical reactions
can also lead to the loss and contamination of stored hydrogen [32]. Underground gas
storage in deep aquifers are environments of potentially high abundance and microbial
activity, with microorganisms that are hydrogen consumers [33]. Microorganisms can use
hydrogen in their metabolism, which can lead to various undesirable effects such as loss of
hydrogen [34–36], gas or acid formation [37]), loss of porosity [20,38] and corrosion [37,39].

The geomechanical influences also influence the safety of underground hydrogen storage.
Injection of hydrogen into the underground storage will lead to an increase in pressure (changes
in stresses) that may cause deformation of the rock mass [40]. Stress fluctuations can cause
reservoir rock compaction (reduced porosity and permeability) [41,42], subsidence [43], fault
reactivation [44] and micro-seismicity. Compaction of reservoir rock can lead to fracture
formation and thus migration pathways for hydrogen in the overburden rocks [20].

1.3. Risk Assessment Techniques

Risk is defined as the effect of uncertainty on objectives [45], where objectives may
relate to various aspects of the activity, e.g., financial or environmental. Risks can be
defined in terms of potential events, their sequelae, or a combination of both. It is often
expressed as a combination of the consequence of an event and the associated probability
(possibility, chance) of it occurring. Uncertainty, on the other hand, means the state of lack
of information related to the understanding or knowledge of an event, its consequences
or probability. The influence of uncertainty causes a deviation from expectations, which
can be positive and/or negative. The risk-based approach is essential for achieving the
intended results, increasing the desired effects and limiting or preventing the occurrence of
undesirable effects, as well as achieving improvement [46].

Risk management are activities related to the direction and supervision of an organi-
zation in relation to risk. One of the key elements of risk management is risk assessment.
Risk assessment is the process of identifying, analyzing and evaluating risk. Risk iden-
tification allows you to determine the sources of risk and predict their potential impact.
Risk analysis provides data for risk evaluation and for making decisions on how to deal
with risk, usually taking into account the probability of risk consequences and the effects
of these consequences. Risk evaluation is a comparison of the results of the risk analysis
with risk criteria understood as reference levels against which the significance of the risk is
determined [46].
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Many techniques of risk assessment are described in the professional literature, using
both traditional methods and computer techniques; each of them has certain advantages
and disadvantages. The range of available methods is very wide, ranging from descriptive
methods and simple classification based on risk assessment divided into high, medium
and low, to methods based on complex calculations.

The ISO/IEC 31010 Risk Management—Risk Assessment Techniques standard [46] de-
scribes over 30 different instruments such as: methods, models, techniques and tools support-
ing the risk management process. They illustrate the full range of risk assessment methods,
from expert considerations to methods based on building patterns and logical scenarios of
events. Risk assessment tools and techniques have been divided in terms of their possible use
at particular stages of the process. Tools and techniques have been distinguished that can be
used for the purposes of: risk identification, risk analysis and risk evaluation [46,47].

ISO 31010 classifies risk assessment techniques according to their primary use in risk
assessment. The following techniques are distinguished in it:

eliciting views from stakeholders and experts, (e.g., Brainstorming, Delphi technique,
Interviews);
identifying risk (e.g., Check lists, Failure modes and effects analysisFMEA/Failure modes
and effects and criticality analysis FMECA, Hazard and operability studies HAZOP);
determining sources, causes and drivers of risk (e.g., Ishikawa method, Root cause analysis);
analysing existing controls (e.g., Bow tie analysis, Hazard analysis and critical control
points HACCP);
understanding consequences and likelihood (e.g., Fault tree analysis, Cause-consequense
analysis, Monte-Carlo simulation);
analysing dependencies and interactions (e.g., Cross impact analysis);
providing measures of risk (e.g., Data protection impact analysis, Value at risk);
evaluating the significance of risk (e.g., ALARP—“as low as reasonably practicable”,
Pareto charts);
selecting between options (e.g., Decision tree analysis, Multi-criteria analysis);
recording and reporting (e.g., Consequence-likehood matrix, Bow-tie).

1.4. The Importance of the Discussed Issues

Hydrogen is now considered a key contributor to a climate-neutral, zero-polluting
economy by 2050; moreover, it can replace fossil fuels and materials in hard-to-decarbonise
sectors. The high potential of hydrogen results from the possibility of storing excess elec-
tricity from renewable sources, supporting seasonal fluctuations in electricity production
from RES and connecting production sites with places of demand. One of the components
of the hydrogen economy chain is the large-scale underground storage of this gas. Among
the geological structures where hydrogen storage can be located (salt caverns, depleted
hydrocarbon reservoirs and aquifers), we have the most experience with storage in salt
rocks. Underground hydrogen storage in aquifers is a technology that has not been used
on an industrial scale so far. This technology will be developed due to the fact that the
aquifers make it possible to locate hydrogen storage sites with capacities several times
larger than salt caverns [7].

The properties of hydrogen mean that storing this gas is more risky than storing
natural gas. This risk is associated with easier H2 migration and geochemical and microbial
activity compared to methane. In particular, the creation of hydrogen storage in aquifers
requires an assessment of the risks associated with this type of activity. In order to properly
manage the risk, it is important to select the appropriate risk assessment method. So far,
no risk estimation method has been proposed that takes into account the specificity of
underground hydrogen storage in aquifers. In this article, the authors analyzed selected
risk assessment techniques (most commonly used in the oil industry) in terms of choosing
the best risk assessment method for underground hydrogen storage.
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2. Materials and Methods
2.1. Materials

The method of selecting a technique for estimating the risk associated with under-
ground hydrogen storage was developed based on specially selected criteria. The criteria
used in the decision-making system were developed on the basis of the characteristics of
risk assessment methods. Based on the ISO 31010 standard, the following factors were
taken into account for the selection of an appropriate risk assessment technique: the ob-
jectives of the case under consideration, the needs of decision makers, the type and size
of the analyzed risk, the potential size of the impact, the availability of information and
data, the need to modify/update the risk assessment and finally regulatory and contractual
requirements. The criteria indicated by the authors are listed in Table 1.

Table 1. Possible values for the analyzed criteria.

Criterion. Possible Values

Type of method quantitative semi-quantitative qualitative

The frequency of the method in oil and gas
industry and geological CO2 storage (CCS)

projects
numerical values

Identification of the risk (hazard) in the
method not applicable applicable definitely applicable

The type of data no data low/medium/high amount of data

Risk assessment—decision level operational tactical strategic

Effort to apply (difficulty of the method) low difficulty in use, application medium difficulty in use,
application high difficulty in use, application

Including the probability analysis in the
method not applicable applicable definitely applicable

Including the analysis of consequences
(effects) in the method not applicable applicable definitely applicable

The following criteria were taken into account in the decision-making system to
evaluate the techniques for assessing the risk of underground hydrogen storage, among
those listed above:

1. type of method,
2. the frequency of the method in petroleum/CCS projects,
3. type of data,
4. effort to apply,
5. including a probability analysis in the method,
6. including a consequence analysis in the method.

The decision-making system also requires the indication of possible decision variants.
In this paper, the mentioned variants are risk assessment techniques.

In order to select decision-making options, publications in the onepetro.org database
on risk methods used in the oil and gas industry were analyzed. Onepetro is a full-text
database of technical literature, in the fields of petroleum geology, geophysics, drilling,
reservoir engineering, exploitation of crude oil and natural gas, underground gas storage
and CO2 storage. We searched for publications published after 1 January 2011 which
concerned risk assessment. The key words were methods of risk assessment (20). The
largest number of publications concerned the application of the Monte Carlo method
(442), hazard and operability studies (HAZOP) (342), bow-tie analysis (175) and failure
mode and effect analysis (FMEA) (134). Other methods have been analyzed in fewer
publications: 8 risk assessment methods: Fault tree analysis (FTA), Check-lists, Root cause
analysis (RCA), Scenario analysis, Event tree analysis (ETA), Reliability-centered mainte-
nance (RCM), Layers of protection analysis (LOPA), Functional Safety, Preliminary hazard
analysis (PHA), in 48 to 67 publications, 4 methods: Delphi technique, Human reliability
analysis (HRA), Fishbone diagrams, Bayesian analysis in 20 to 28 publications and 3 meth-
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ods: Cause/consequence analysis, Cause-and-effect analysis and Hazard analysis and
critical control points (HACCP) in 5 to 11 publications.

The analysis was carried out for the methods most often found in publications in the
Onepetro database and belonging to various groups of risk assessment techniques listed in
the ISO 31010 standard [46]. The following methods were selected:

Delphi technique (on the basis of a set of opinions/views it determines the convergence of
experts’ opinions on a given matter).
Hazard and operability studies (HAZOP) (performed on the basis of a list of keywords
that generally suggest all possible types of deviations from the normal state).
Fault tree analysis FTA (using the structure of logical trees, allowing modeling of the failure
course and subsequent analysis).
Reliability centered-maintenance (RCM) (identification (and then planning and implemen-
tation) of preventive and corrective actions to ensure the appropriate level of equipment
reliability, with the minimum use of resources, provided that the safety of equipment,
personnel and environmental protection requirements are met).
Bow-tie analysis (a schematic description and analysis of the development paths of an
event from cause to consequence; it focuses on the barriers between causes and events as
well as the event and its consequences).
Monte Carlo analysis (the construction of such a random process, the distribution parame-
ters of which are equal to the quantities sought for a given problem).

For the above-mentioned risk assessment techniques, the characteristics of the criteria
used in the further analysis are presented (Table 2).

Table 2. Characteristics of criteria for selected risk assessment techniques (alternatives).

Criteria

Methods Type of Method

The Frequency of
the Method in

Petroleum/CCS
Projects

Type of Data Effort to Apply

Including a
Probability

Analysis in the
Method

Including a
Consequence

Analysis in the
Method

Monte-Carlo
simulation quantitative 442 medium medium/high - -

HAZOP qualitative 342 medium medium/high + ++

Bow-tie analysis qualitative
semi-quantitative 175 low low ++ +

FTA quantitative
qualitative 67 High for

quantitative method medium/high ++ -

Delphi technique qualitative 28 any medium - -

RCM
qualitative

semi-quantitative
quantitative

58 medium medium/high ++ ++

++ definitely applicable, + applicable, - not applicable.

2.2. Methods

The problem of choosing a method for assessing the risk associated with underground
hydrogen storage, like most decision problems, has a multi-criteria nature. It requires
analyzing its structure, determining a set of decision alternatives and a set of criteria. In
this work, the method of the analytical hierarchical process (AHP) was used to construct
the decision model due to its effectiveness in solving various problems, confirmed in the
literature [48].

The AHP method was developed by Saaty [49,50]; it combines concepts from the fields
of mathematics and psychology. The decision problem in the AHP method is presented in
the form of a tree. At the highest level of the hierarchy there is the superior (main) goal, and
at the lowest level—the considered decision alternatives. Intermediate levels (branches) are
the considered component factors of the problem (decision criteria) that affect the degree
of achievement of the overarching goal and the choice of the best alternative [51].
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The main goal is to identify the best method to assess the risk of underground hy-
drogen storage. The final criteria were selected taking into account the characteristics of
the risk assessment methods and the specificity of hydrogen storage in aquifers. Possible
decision alternatives in the form of six selected risk assessment methods were adopted.

After constructing the hierarchical decision structure, a diagram of the decision system
was developed (Figure 1). Assessments were generated from the mutual comparison of
criteria (global preferences) and considered alternatives (local preferences). A series of
pairwise comparisons were made of elements located at each level of the hierarchical
model. A nine-point rating scale from 1 (no dominance) to 9 (absolute dominance) (Saaty
scale) was used to determine dominance. This scale assigns natural numbers and a verbal
description to individual grades. They express the expert’s subjective preference for one of
the pair’s components compared to the other [51]. The evaluation matrix for the criteria
was determined by comparing the individual criteria in pairs. Then, the individual decision
alternatives were assessed, due to the adopted criteria, by comparing the alternatives in
pairs and determining their degree of domination against each other also using the Saaty
scale. Based on the calculated partial utility vectors of the alternatives, an aggregated
final preference vector was found for the considered decision alternatives. A ranking
of alternatives was obtained and the most favorable one from the point of view of the
considered criteria was selected.
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Figure 1. Decision system scheme to selection risk assessment techniques of underground hydrogen
storage: w—weight, c—criterion, a—alternative, 1, . . . m—number of alternatives and 1, . . . n—number
of criterion.
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After all pairs of objects were compared, the consistency (concordance) of the scores
was checked for each comparison matrix, based on the maximum eigenvalue found for the
comparison matrix by calculating the consistency ratio CR. This coefficient is the quotient
of the consistency index (CI) and the random consistency index (RI) [52]. The random
coherence index is computed from a randomly generated matrix of dimension n × n. RI
values were estimated from 10,000 matrices. According to Saaty, the CR value for 3 × 3
matrices must be less than or equal to 5%, for 4 × 4 matrices it should be 8%, and for
larger matrices it should not exceed 10% [49,53]. Hence, it is assumed that if the CR value
is less than 0.1 (10%), the consistency ratio is acceptable, the comparisons are consistent
(concordant) and expert judgments can be accepted [52]. It is then assumed that the
comparison matrix is consistent.

3. Results and Discussion

The main objective of the proposed methodology is to identify the best technique
for assessing the risk associated with hydrogen storage in aquifers. In the first step, the
evaluation matrices for the criteria were determined by comparing the individual criteria
in pairs. Their validity was assessed on the basis of the expert opinion of the authors of this
article. Determining the importance of individual elements was carried out in accordance
with the principles of the pairwise comparison method, by determining the degree of
dominance of one criterion over the other. For the adopted decision criteria, on the basis of
the evaluation matrix, the vector of weights was calculated. The weights obtained for the
criteria make it possible to indicate the most important criteria from the point of view of
the overarching goal. The most important criterion in the obtained ranking is “including a
consequence analysis in the method” with a weight of 0.413 (Figure 2).
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Figure 2. Ranking of criteria for the analyzed decision problem.

The weight vector for the criteria was verified according to the principles of the AHP
method. For this purpose, the consistency ratio of the analyzed matrix was calculated,
which was CR = 0.0373. Due to the fact that this coefficient is lower than the adopted
threshold value of 0.1, the experts (authors) assessments collected in the comparison matrix
for decision criteria are consistent, and the obtained vector of weights can be used in further
decision analysis.

Then, individual decision alternatives were assessed, taking into account the adopted
criteria. In order to determine the evaluation matrix of alternatives with respect to individ-
ual criteria, each criterion was assigned by scores from the adopted scale. The ratings were
established on the basis of predetermined ranges of possible numerical values that may be
assumed by a given criterion against all decision alternatives. The individual criteria were
assigned specific numerical values or values from a scale of 1 to 5 or 1 to 3 (Table 3).



Energies 2021, 14, 8049 9 of 13

Table 3. Values assigned to individual decision alternatives in relation to the analyzed criteria.

Criterion Possible Numerical Values

1. type of method 1—qualitative 2—qualitative,
semi-quantitative

3—semi-quantitative
or qualitative,
quantitative

4—quantitative
5—quantitative,

semi-quantitative,
qualitative

2. the frequency of the
method in

petroleum/CCS projects

Maximum criterion:
The maximum value—442
The minimum value—28

3. type of data 1—high amount of
data

2—high to medium
amount of data

3—medium amount
of data

4—low amount of
data 5—no data

4. effort to apply - 1—high 2—medium 3—low -

5. including a
probability analysis in

the method
- 1—not applicable 2—applicable 3—definitely

applicable -

6. including a
consequence analysis in

the method
- 1—not applicable 2—applicable 3—definitely

applicable -

Based on the evaluation matrix, the weight vectors representing the distribution of im-
portance of individual alternatives were calculated, taking into account subsequent criteria
(Table 4). All obtained vectors of weights, for the matrix of comparisons of alternatives with
respect to each other, were verified by calculating the consistency ratio. All the coefficients
are lower than the adopted threshold value of 0.1, and hence the comparison matrices are
consistent (see Table 4).

Table 4. Weight vectors for decision alternatives in relation to individual criteria with the obtained consistency ratios CR
(last row of the table).

Considered Decision
Alternatives

Decision Criteria

Type of
Method

The Frequency
of the Method in
Petroleum/CCS

Projects

Type of Data Effort to Apply

Including a
Probability

Analysis in the
Method

Including a
Consequence

Analysis in the
Method

Monte Carlo simulation 0.255 0.397 0.094 0.069 0.037 0.048
HAZOP 0.034 0.308 0.094 0.069 0.077 0.371

Bow-tie analysis 0.074 0.157 0.229 0.541 0.283 0.114
FTA 0.140 0.060 0.040 0.069 0.283 0.048

Delphi analysis 0.034 0.025 0.450 0.184 0.037 0.048
RCM 0.463 0.052 0.094 0.069 0.283 0.371

Consistency indice CR 0.046 - 0.020 0.011 0.016 0.016

Taking into account the values of the weight vectors, it was found that the RMC risk
assessment method has the highest priority for the “type of method” criterion (0.463),
the Monte Carlo analysis—for “the frequency of the method in petroleum/CCS projects”
criterion (0.397), the Delphi technique—for the “type of data” criterion (0.450), and bow-tie
analysis—for the “effort to apply” criterion (0.541). On the other hand, for the criterion
of “including a probability analysis in the method”, the methods RCM, FTA and bow-
tie analysis are equally important (0.283). The HAZOP and RCM methods are equally
important for the “including a consequence analysis in the method” criterion (0.371).

Based on the calculated partial utility vectors of the alternatives against individual
criteria, the aggregated final preference vector was calculated for the considered decision
alternatives, i.e., the ranking of decisions (Figure 3).

Figure 3 shows the aggregated utility vector of alternatives. The vector of weights
obtained from the calculations carried out by the AHP method indicates the selection of
the reliability centered maintenance (RCM) method as the best risk assessment technique
of underground hydrogen storage, with a rank of 0.258. The next two items are the hazard
and operability studies (HAZOP) method (rank 0.222) and bow-tie analysis (rank 0.195),
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while the differences between the ranks for all methods from the first three positions in
the ranking are relatively small. The remaining alternatives received lower ranks, with
the lowest being 0.098 for the Monte Carlo analysis. This proves that some criteria for
this method obtained low scores (criterion “type of data”—0.094) or even the lowest
scores (criterion “effort to apply”—0.069; criterion “including a probability analysis in the
method”—0.037; criterion “including a consequence analysis in the method”—0.048), due
to weaker parameters in terms of risk assessment of underground hydrogen storage. At
the same time, it is these criteria that received high marks in the criteria ranking.
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Risk assessments of underground hydrogen storage were performed primarily for salt
cavern storage. Various risk assessment techniques have been used. For the analysis of
the risks associated with H2 storage in the salt caverns. Yang et al. [54] used the Fault tree
models and AHP methods. Other methods of assessing the risk of hydrogen storage in salt
caverns were used by Portarapillo and Di Benedetto [55]. The preliminary quantitative risk
assessment (QRA) method was used for the risk analysis, while the bow-tie analysis was
used to indicate all possible causes and effects of the discussed process.

4. Conclusions

For the initially selected risk assessment techniques, an analysis of the criteria for
selecting them to the risk assessment related to underground hydrogen storage was carried
out. The following criteria were adopted: type of method, effort to apply, the frequency of
the method in petroleum/CCS projects and type of data, including a probability analysis in
the method and including a consequences analysis in the method. The conducted ranking
of criteria indicated that the most important component is “including a consequences
analysis in the method”. Further criteria are “including a probability analysis in the
method” and “type of data”. The least important criterion is the “type of method”.

The use of these criteria in the developed decision-making system allowed for the
ranking of selected risk assessment techniques. The alternative—Reliability Centered
Maintenance (RCM) received the highest preference of the decision maker (expert). This
method can be considered the most satisfactory from the point of view of all the adopted
decision criteria. The next alternatives are Hazard and operability studies (HAZOP) and
Bow-tie analysis.

The vector of weights for decision alternatives, obtained from the calculations based
on the AHP method, indicates that the RCM method is the best possible method of risk
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assessment technique for underground hydrogen storage (rank 0.258). The next two items
are the HAZOP method and the Bow-tie analysis, respectively. The difference between the
ranks for these alternative methods is relatively small. Subsequent variants, the Delphi
technique, FTA method and Monte Carlo analysis, achieved much lower ranks, which
proves that some criteria for these methods received low evaluations. The variant RCM has
the highest preference for the decision-maker and can be considered as the most satisfactory
from all the adopted decision-making criteria.

The developed system enables a joint analysis of measurable and non-measurable
criteria and obtaining an aggregated assessment of alternatives. The system eliminates
the risk of bias or manipulation influencing the decision, and enables the analysis of the
impact of changes in individual partial assessments on the final decision. The system is
universal, it can be applied to risk assessment techniques for all underground hydrogen
storage options. The formulation of the problem of choosing the risk assessment techniques
of underground hydrogen storage as a multi-criteria problem of alternatives scheduling
allows for taking into account many different aspects of this issue.
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