
sustainability

Article

Analysis of Strategic Directions in Sustainable
Hydrogen Investment Decisions

Lu Zhu 1,2, Lanli Hu 1,3,*, Serhat Yüksel 4 , Hasan Dinçer 4,* , Hüsne Karakuş 4
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Abstract: This study seeks to find the appropriate strategies necessary to make sustainable and
effective hydrogen energy investments. Within this scope, nine different criteria are defined
regarding social, managerial, and financial factors. A hesitant, interval-valued, intuitionistic fuzzy
(IVIF) decision-making trial and evaluation laboratory (DEMATEL) methodology is considered
to calculate the degree of importance of the criteria. Additionally, impact relation maps are also
generated to visualize the causality relationship between the factors. The findings indicate that
the technical dimension has the greatest importance in comparison to managerial and financial
factors. Furthermore, it is also concluded that storage and logistics, research and development,
and technological infrastructure are the most significant factors to be considered when defining
hydrogen energy investment strategies. Hence, before investing in hydrogen energy, necessary
actions should be taken to minimize the storage and logistic costs. Among them, building the
production site close to the usage area will contribute significantly to this purpose. In this way,
possible losses during the transportation of hydrogen can be minimized. Moreover, it is essential
to identify the lowest-cost hydrogen storage method by carrying out the necessary research and
development activities, thereby increasing the sustainability and effectiveness of hydrogen energy
investment projects.

Keywords: sustainability; energy production; hydrogen energy; hesitant IVIF DEMATEL

1. Introduction

Energy means the power consumed while moving or working; therefore, energy is important in
determining the efficiency of a job, and it is needed in all areas of life. Energy is provided in different
ways and from various sources [1], and the resources used to obtain energy are divided into two kinds:
renewable and non-renewable energy alternatives. Non-renewable energy sources represent sources
which cannot be replenished, such as oil, natural gas, and coal [2]. These resources cause an increase
in carbon emissions, which leads to a rise in environmental problems and, as a result, these energy
sources are criticized by many different parties. Additionally, these resources are not found all over the
world, and they are distributed unequally. This key issue paves the way for competition to dominate
energy sources.

On the other hand, renewable energy sources are constantly present and renewable in nature and
do not harm the environment. At the same time, they reduce foreign dependency, since every country
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can access renewable energy on its own [3]. Therefore, investments in renewable energy sources
are crucially important. However, there are many factors that affect renewable energy investments,
such as technical, economic, and social factors. In addition, there are many difficulties in renewable
energy investment, including the high cost of the installation of power plants, state restrictions on
this issue, and the inadequacy of the technological infrastructure used in the production of renewable
energy sources, all of which cause the demand for renewable energies to decrease and create a risk for
investors. Therefore, it is necessary to focus on these factors to make renewable energy investment more
efficient [4]. However, around the world electricity is mainly produced by using non-renewable energy
resources. In other words, only 25.6% of electricity is generated with the help of renewable energies.
Moreover, this amount was 36.40% for Europe, 32.12% for America, 22.36% for Asia, and 17.78% for
Africa in 2018. On the other hand, the percentage of renewable energy has been increasing, especially
over the last ten years [5].

Hydrogen can be accepted as a type of renewable energy source; it is a clean, odorless, and colorless
natural element. The separation of hydrogen (in the clean state) from its molecules creates hydrogen
energy [6], and the use of hydrogen is important for the sustainable growth of a country. In addition,
it also considers social and environmental issues, particularly [7] since the use of fossil resources and
their carbon emissions harm the environment. Additionally, these resources often lead to a dependency
on other countries due to a lack of reserves. Hence, to achieve sustainable growth, an energy source
that does not harm the environment and reduces the dependency on foreign economies is needed.
At this point, hydrogen can be a very efficient source, since it does no harm to the environment and can
be carried to any area [8]. In a world where energy demand is rising and continuous energy sources
are needed, hydrogen energy can meet increasing energy needs and play an important role in the
development of countries. In this regard, the use of hydrogen should be encouraged [9].

However, there are many factors to consider in hydrogen investments. Firstly, managerial factors
need to be considered, since several problems with managerial factors affect the use of hydrogen.
In this regard, markets related to hydrogen energy should be effectively monitored, leading to new
development opportunities and the identification of the appropriate expectations of customers [10].
In addition, effective coordination between top managers and employees should be achieved in
companies to generate innovative ideas [11]. Moreover, incentives to employees also play a significant
role, particularly since financial and administrative incentives, such as premiums and promotions,
can encourage employees to improve their work performance [12]. These factors may also make
a significant contribution to the generation of innovative strategies in hydrogen energy investments.

Additionally, technical factors are also important in hydrogen investments. In this context,
the storage and transportation of hydrogen energy plays a significant role [13], since hydrogen occupies
much more volume than other types of energy such as oil [14]. Moreover, the security of this process
should also be ensured during the transportation of hydrogen, given the risk of explosion and external
threats [15]. Furthermore, because hydrogen energy investments require significant engineering
knowledge, the technological infrastructure of both the company and the region must be of the highest
quality for the success of hydrogen investments [16,17]. It is obvious that companies should focus
on necessary research and development activities and, within this context, the necessary financial
resources should be provided by the companies and qualified personnel should be employed [18].
These issues contribute to the success of hydrogen energy investment projects.

Besides these issues, financial factors should be also taken into consideration. Hydrogen energy
investments have differing costs, such as the initial and the variable costs encountered in the process [19].
These costs should be managed effectively for the sustainable performance of hydrogen energy projects [20].
Inaddition, thepotential salesvolumeof theprojects shouldbeestimated, as this factor isverysignificantwhen
making investment decisions. In fact, if the expected sales volume is not predicted to be high, the investment
decisions of these projects cannot be appropriately considered [21]. Moreover, a comprehensive feasibility
analysis should be conducted to identify the potential cash flow of the investment project and its
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profitability [22]. Hence, innovative strategies can be more appropriately generated for hydrogen
energy investments.

In this paper, we aimed to determine which factor is important for sustainable hydrogen investment
decisions. At this point, nine criteria were determined based on literature reviews. In the analysis
process of the study, the decision-making trial and evaluation laboratory (DEMATEL) method was used
to determine which criteria are more influential while generating strategies for hydrogen investment
projects. Most importantly, this methodology can create impact relation maps between the items [23],
allowing a causality analysis of the factors to be performed. In addition, hesitant intuitionistic fuzzy
(IVIF) numbers are also considered, since uncertainty can be minimized when expert teams are unable
to reach a consensus [24].

The main novelty of this study is that appropriate strategies for sustainable hydrogen energy
production can be presented, and the results pave the way for both investors and policy makers
to increase investments in this area. Hence, it will be possible to contribute to energy production
that does not harm the environment. Moreover, higher quality and inexhaustible energy can be
generated and, as a result, necessary suggestions can be identified to contribute to sustainable energy
production. Another originality of the study is related to the method used in the analysis process.
For the first time, the hesitant IVIF DEMATEL approach is considered in this study for hydrogen energy,
thereby increasing the methodological originality. In this way, it will be possible to take advantage of
both the DEMATEL method and the hesitant fuzzy numbers.

This study consists of five chapters. In the second part of the study, a literature review will be
conducted and similar studies in the literature will be explained. In addition, in the third part of the
study information will be given on hesitant IVIF DEMATEL, which is taken into consideration during
the analysis process. In the fourth part of the study, an analysis will be performed on the subject. In the
last part of the study, the results obtained will be discussed and suggestions will be given.

2. Literature Review

Hydrogen is a clean energy source that is constantly present in nature, which is important in
reducing carbon dioxide emissions and meeting increasing energy demands. Therefore, the use of
hydrogen energy needs to be taken into consideration. In the literature, the subject of hydrogen energy
has been handled by many researchers. In this section, firstly, the literature on hydrogen energy
investment is evaluated. After that, various studies regarding the methodology are also reviewed.
In the final part, the results of the literature review are discussed.

2.1. Literature on Hydrogen Energy Investment

The renewable energy resources have become a significant subject of interest in recent literature.
Within this framework, hydrogen energy is recognized as being capable of creating an economy
where hydrogen holds a central role in the energy sector and will provide many benefits for countries
on a global scale. Hydrogen energy is much higher in quality than oil and natural gas and [25] is
an environmentally friendly energy source, since only water vapor is released into the atmosphere
because of hydrogen production [26]. According to multiple studies, countries should give greater
importance to the production of hydrogen to provide sustainable energy production [27]. Clearly, it will
be beneficial for countries to minimize factors hindering hydrogen investment.

Specifically, a significant number of researchers have stated that managerial factors can be
effective in investment strategies for hydrogen energy. In this context, it has been justifiably argued
that market developments regarding hydrogen investments should be effectively followed [10].
Nastasi [28], Para et al. [29], and Apak et al. [16] have stated that determining current developments in
the market and implementing innovative investment projects can contribute to maintaining positive
growth within the sector Another important issue in this process is to determine the expectations of the
customers [30,31]. If all these factors were considered, in addition to an increase in the level of awareness
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of top management regarding current developments in hydrogen energy, greater development and
innovative strategies for these investment projects would move the industry forward.

In addition, being open to different ideas within the company is another managerial factor that
may be effective in producing an effective strategy for hydrogen energy investment. In this process, it is
important to have high coordination between senior management and company employees, making it
possible to reach effective investment ideas [11]. This will contribute to the development of innovative
investment strategies for hydrogen projects [32,33]. Moreover, the existence of incentives within the
company is another important management issue. In an environment where successful employees
are rewarded with financial incentives, such as premium payments, it is obvious that employees
can contribute to the company’s performance [34]. Furthermore, people with high performance
can be rewarded with administrative incentives like promotions [35], which would increase the
motivation of the employees and contribute to the company’s development of innovative strategies for
hydrogen investment.

In many studies in the literature, technical factors may also be effective in hydrogen energy
investment decisions. In this context, storage and logistics are the leading factors. One of the most
important problems in using hydrogen is the high storage cost [13]; due to the difficult storage
of hydrogen, the tanks are large in volume, which increases the cost of storage [14]. In addition,
how to transfer the stored hydrogen energy to places for it to be used is another important issue
in this process. Jones et al. [15] identified that it is important for the success of the project that
companies try to reduce their costs while making an investment decision regarding hydrogen energy.
Moreover, Cao et al. [36] and Nakayama et al. [37] determined that necessary security measures must
be taken during the transportation of hydrogen energy with the help of simulation techniques.
In this context, there is a risk of explosion if the necessary measures are not taken in the process of
transporting the gas. Therefore, this risk should be minimized by taking the necessary precautions.
Furthermore, necessary measures should also be taken for external threats that may occur during
the transportation of hydrogen [38,39]; otherwise, it will not be possible to provide sustainability in
hydrogen energy investments.

Some researchers have also argued that the technological infrastructure must be of high quality
for the success of hydrogen investments; it is essential both for the company and for the region to be
invested in [16]. Since hydrogen energy investments contain significant engineering knowledge [17],
Garcia [40], Welder et al. [41], and Walker et al. [42] have claimed that it does not seem possible for
companies with insufficient infrastructure to be very successful in their investments in this energy
project. In addition, the technological infrastructure of the region where hydrogen energy investments
will be made is important for the supply and use of hydrogen energy and should be considered
when considering investment decisions. On the other hand, Bhogilla et al. [43], San Marchi et al. [44],
and Arat et al. [45] have emphasized that for this infrastructure to exist, companies must continue their
necessary research and development activities. Specific to this study, different methodologies were
considered, such as optimization and survey.

Financial factors are also effective in hydrogen energy investment strategies, especially in
calculating the cost of the project [46]. In the production of hydrogen energy, there are both
initial costs and variable costs [47]. Hydrogen must be separated from a compound by a certain
operation, thereby increasing the cost of providing hydrogen [48,49]. In fact, Amrouche et al. [50]
and Le Duigou et al. [51] identified that the high cost of storage and transportation is one of the most
important disadvantages in this process. As a result, Reddi et al. [52] underlined the importance of
this issue, building on the need for simulation techniques. Therefore, when determining investment
strategies for hydrogen energy these different costs need to be analyzed effectively, and if these costs
cannot be managed effectively it will be very difficult for the project to be successful.

In addition to the issues mentioned, a high volume of sales of these energy projects is also integral
in making profit from these investments [21]. Therefore, companies planning to invest in hydrogen
energy need to make estimates to determine the potential sales volume. In this context, it would be
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more accurate to make an investment decision if the expected sales volume is estimated to be high.
Furthermore, a comprehensive feasibility analysis should be conducted to understand the potential
cash flows of this investment project [22] to better understand whether this project is profitable [53,54].

2.2. Literature on Methodology

The DEMATEL method is used to identify the most important of the different factors that affect
an issue. It is considered to be superior to other similar methods, such as the analytic hierarchy
process (AHP) and the analytic network process (ANP), due to the fact that it reveals the effect
relationship network between the variables and performs a causality analysis of the factors [55].
In a significant portion of the studies in which the DEMATEL approach was used, selecting the best
supplier was attempted. In these studies, the criteria were selected first and the most important
issues were calculated with the DEMATEL method [56,57]. In addition to the issues mentioned, some
researchers also preferred this method to define the factors that influence service innovation [58,59].
Moreover, the DEMATEL method has been used in some studies to increase the efficiency of energy
production [60,61]. Additionally, it has been determined that some studies prefer DEMATEL together
with IVIF numbers [60,61].

2.3. Literature Review Results

According to the results of the literature review, many factors are considered in hydrogen and
renewable energy investment decisions. Generally, it has been seen that factors such as storage
system, energy demand, cost, and technology determine the use of hydrogen energy. However, it has
also been determined that renewable energy investment decisions are influenced by factors such
as legal regulations, technology, incentives, capital, and country management structures. In some
of the relevant studies, one country was examined, while in others country groups were included.
In these studies, it was observed that technology was important in the decisions of hydrogen and
renewable energy investment. Therefore, it is thought that focusing on the influencing factors of
hydrogen investment can contribute to the literature. In this study, we aimed to show the significant
criteria that affect hydrogen investment decisions, and it is thought that this analysis will reduce
the deficiency in the literature. As a result, with respect to the factors that affect hydrogen energy
investment strategies, nine different criteria are identified for three dimensions: managerial, technical,
and financial. The details of these factors are demonstrated in Table 1.

Table 1. Dimensions and criteria for hydrogen investment strategies.

Dimensions Criteria Definitions References

Managerial
(dimension 1)

Awareness
(criterion 1)

It includes the monitoring of the market in regard to hydrogen
investment. Hence, it is aimed at identifying innovative strategies.
Additionally, customer expectations can be defined more effectively
with the help of this situation.

[10,16,28–31]

Acceptance
(criterion 2)

It explains brainstorming within the organization. It aims to generate
appropriate policies for hydrogen investment. For this purpose, it is
necessary to provide effective coordination between top managers
and employees.

[11,32,33]

Incentives
(criterion 3)

This criterion includes rewarding employees financially and morally.
In this context, those who offer an effective strategy can be given
a financial incentive award. On the other hand, people with high
performance can be rewarded with administrative incentives such as
promotion. This stated situation will contribute to the determination of
more effective strategies for hydrogen investment within the company.

[34,35]
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Table 1. Cont.

Dimensions Criteria Definitions References

Technical
(dimension 2)

Storage and
logistics

(criterion 4)

This criterion includes the necessary points for the efficient storage of
the hydrogen energy produced. In addition to this issue, it also deals
with the efficient transport of this obtained hydrogen energy to the
relevant locations. Another important point in this process is security.
Both the fact that the hydrogen gas transported does not harm the
environment and the protection of this system against external threats
are evaluated within this scope.

[13–15,36–39]

Technological
infrastructure
(criterion 5)

This criterion includes the quality of the technological infrastructure of
both the company and the region. In this framework, it is primarily
examined how technologically sufficiently the company invests in
hydrogen energy. Similarly, the technological infrastructure of the
region where the investment is made has an important role in the
effectiveness of these energy investments.

[16,17,40–42]

Research and
development
(criterion 6)

This criterion covers the research and development activities necessary
for the efficient execution of complex hydrogen energy investment
projects. In this context, issues such as whether the companies allocate
sufficient resources for this purpose and the potential of existing
personnel are evaluated.

[43–45]

Financial
(dimension 3)

Costs
(criterion 7)

In this framework, different cost types of hydrogen energy investments
are analyzed with a primary consideration as to how the initial setup
costs can be reduced. In addition, the variable costs to be encountered
in the project process are also evaluated in this process.

[46–52]

Profit
(criterion 8)

It considers the possible sales volume of the hydrogen energy to be
obtained. In this way, estimates can be made for the income generated.
Furthermore, by examining the rate of increase in sales, it will be
possible to make an analysis of the potential profit that can be obtained.

[21,22]

Return on
investment
(criterion 9)

This criterion deals with the comprehensive feasibility of the hydrogen
energy project. In this framework, the possible cash flow of the project
is examined and, thanks to this analysis, it will be possible to determine
the profitability of the project in question.

[53,54]

3. Methodology

In this section, information regarding the methodology is presented. For this purpose, firstly 2-tuple
linguistic information and hesitant IVIF sets are explained. After that, the DEMATEL methodology
is explained.

3.1. 2-Tuple Linguistic Values and Hesitant IVIF Sets

The linguistic terms are named S =
{
s0, . . . , sg

}
, and S = S× [−0.5, 0.5) gives information about

2-tuple sets. In addition, the linguistic model can be demonstrated as the function of ∆ and ∆−1.
Details are given in Equations (1) and (2). In these equations, ∆ states a bijective function whereas β
indicates the term of the round. On the other side, i explains the integer number [62].

∆(β) = (Si,α), with
{

i = round(β)
α = β− i

, (1)

∆−1 : S→ [0, g] and ∆−1(Si,α) = i + α. (2)

In addition, the membership function (S) and context-free grammar (G) are defined as in
Equations (3) and (4).

S = {S0, S1, . . . , St}, (3)

GH = (VN, VT, I, P), (4)

where



Sustainability 2020, 12, 4581 7 of 19

VN =
{
primary term, composite term, unary term, binary term, conjunction

}
;

VT =
{
lower than, greater than, at least, at most, between, and, S0, S1, . . . , St

}
;

I ∈ VN ;
P = {I ::= primary term

∣∣∣composite term, composite term; ::= composite termprimary term;∣∣∣binary relationprimary termconjunctionprimary term;
primary term ::= S0|S1 |. . . |St;
unary relation ::= lower than

∣∣∣greater than |at least |at most;
binary relation ::= between;
conjunction ::= and}.

Moreover, the hesitant linguistic fuzzy sets (hs) and the intuitionistic fuzzy set (I) are identified in
Equations (5) and (6).

hS =
{
Si, Si+1, . . . , S j

}
, (5)

I =
{
ϑ,µI(ϑ), nI(ϑ)/ϑ ∈ U

}
. (6)

In addition to them, Equations (7) and (8) indicate the intuitionistic hesitant fuzzy set (H).

H =
{
ϑ, h1(ϑ), h2(ϑ),ϑ ∈ U

}
, (7)

∀µ ∈ h1(ϑ), n ∈ h2(ϑ). (8)

Finally, the interval-valued intuitionistic hesitant fuzzy set (H̃) can be defined as in Equation (9).
In this equation, hH̃(ϑ) represents an interval-valued intuitionistic hesitant fuzzy number.

H̃ =
{
ϑ, hH̃(ϑ),ϑ ∈ U

}
. (9)

3.2. DEMATEL

The DEMATEL methodology aims to define the significance degrees of different factors that
affect the same issue. Additionally, a causality analysis of these factors can also be conducted in this
approach. In the first step, opinions are obtained from k different experts so that a direct relation matrix
can be generated, as in Equation (10). In this framework, the average values of the expert evaluations
are considered [58].

Ak =


0 · · · a1nk
...

. . .
...

an1k · · · 0

. (10)

Later, this matrix is normalized with the help of Equation (11). In this equation, bij gets a value
between 0 and 1.

B =
[
bi j

]
n×n

=
A

max
∑n

j=1 ai j
. (11)

The next step is related to the generation of the total relation matrix (C), as in Equation (12). In this
equation, “I” represents the identity matrix.

C =
[
ci j

]
n×n

= B(I− B)−1. (12)

Moreover, the values of D and E are calculated with Equations (13) and (14). Within this context,
(D + E) is considered to identify the weights of the factors. Furthermore, (D − E) gives information
about the causality relationship between the factors. In this context, the average (D − E) value is firstly
calculated, and it is compared with the values in the total relation matrix. For the values that are
greater than the average value, it is identified that the first criterion influences another one [59].

D =
[
di j

]
n×1

=

 n∑
j=1

ci j


n×1

, (13)
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E =
[
ei j

]
1×n

=

 n∑
j=1

ci j


1×n

. (14)

4. Analysis

In this study, we investigate what should be considered in strategies to be developed for hydrogen
energy investment. To reach this goal, nine different criteria were evaluated by three different people
who are experts in this field. While making an analysis with fuzzy logic, the qualification of the experts
plays an essential role [63,64]. The details of the experts are demonstrated in Table 2.

Table 2. The details of the experts.

Expert Number Education Status Experience Occupation Areas of Expertise

Expert 1 PhD 23 years
Academician and top
manager in hydrogen

energy companies

Renewable energies,
hydrogen energy,

strategy development,
cost management

Expert 2 PhD 15 years

Academician and
middle level manager

in hydrogen
energy companies

Renewable energies,
hydrogen energy, strategy

development, new
product development

Expert 3 PhD 27 years
Academician and top
manager in hydrogen

energy companies

Renewable energies,
hydrogen energy,

strategy development,
cost management, new
product development

Table 2 states that the experts have at least 15 years of experience in the field of hydrogen
energy. These experts are middle and top managers in the industry and academics who work on
hydrogen energy. Therefore, it is understood that the expert team performing the evaluation is quite
competent in the strategies to be developed for hydrogen energy investment. In lots of different
studies in which fuzzy multi-criteria decision-making methods are considered, three different experts
made evaluations [65–68]. This situation is quite similar in most of the studies related to energy
investment [69–72]. Hence, it is thought that the evaluations of three experts are quite enough in such
an analysis. In other words, in these evaluations, the qualifications of the experts are more significant
than the number of people. On the other side, in this study this evaluation has been performed under
hesitancy. This stated approach contributes to achieving the most appropriate result when the experts
do not agree with each other [73–75]. These experts consider five different linguistic evaluation scales,
which are stated in Table 3.

Table 3. Linguistic scales.

Linguistic Scales Evaluation Numbers

No influence (n) 1
somewhat influence (s) 2
medium influence (m) 3

high influence (h) 4
very high influence (vh) 5

Firstly, context-free grammar evaluations of the decision-makers for different dimensions and
criteria are obtained. The details are given in the appendix (Tables A1–A4). In these tables,
the dimensions are named D, criteria are represented by C, and DM gives information about the
decision-makers. In the next step, boundaries of the linguistic term sets for all factors are generated and
stated in Tables A5–A8. Moreover, 2-tuple values of the collective linguistic evaluations are prepared
for all the dimensions and criteria, and they are demonstrated in Table 4.
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Table 4. 2-tuple values of the collective linguistic evaluations.

For Dimensions

Dimensions
D1 D2 D3

Optimistic Pessimistic Optimistic Pessimistic Optimistic Pessimistic

D1 (h,−0.33) (s,0) (m,0) (s,−0.33)
D2 (vh,0) (h,−0.33) (vh,−0.33) (m,0)
D3 (m,0.33) (s,−0.33) (m,0) (n,0.33)

For Criteria of Dimension 1

Criteria
C1 C2 C3

Optimistic Pessimistic Optimistic Pessimistic Optimistic Pessimistic

C1 (h,0.33) (s,0) (h,0.33) (s,−0.33)
C2 (vh,−0.33) (m,−0.33) (vh,−0.33) (m,−0.33)
C3 (h,0.33) (s,−0.33) (h,0.33) (s,−0.33)

For Criteria of Dimension 2

Criteria
C4 C5 C6

Optimistic Pessimistic Optimistic Pessimistic Optimistic Pessimistic

C4 (vh,−0.33) (m,0) (vh,0) (m,0.33)
C5 (h,0) (s,0) (h,0) (s,0)
C6 (h,−0.33) (s,0) (m,0.33) (s,0)

For Criteria of Dimension 3

Criteria
C7 C8 C9

Optimistic Pessimistic Optimistic Pessimistic Optimistic Pessimistic

C7 (vh,−0.33) (s,0.33) (h,0.33) (m,0)
C8 (m,0.33) (s,0) (vh,−0.33) (s,0.33)
C9 (h,0.33) (m,−0.33) (h,0.33) (s,0)

In addition to them, IVIF sets for the dimensions and criteria are defined in Tables A9–A12. After defining
the optimistic and pessimistic values of the linguistic evaluations, the boundaries of the linguistic terms
are illustrated for the dimensions and criteria. Belonging and non-belonging degrees for the linguistic
evaluations with IVIF sets are generated for constructing a hesitant 2-tuple IVIF relation matrix. In the next
process, direct relation matrices are created, as in Equation (10). These are detailed in Table 5.

Table 5. Direct relation matrices.

For Dimensions

Dimensions D1 D2 D3

D1 0.00 0.62 0.42
D2 1.17 0.00 0.97
D3 0.55 0.36 0.00

For the Criteria of Dimension 1

Criteria C1 C2 C3

C1 0.00 0.68 0.75
C2 0.93 0.00 0.93
C3 0.75 0.65 0.00

For the Criteria of Dimension 2

Criteria C4 C5 C6

C4 0.00 0.97 1.13
C5 0.65 0.00 0.65
C6 0.62 0.58 0.00

For the Criteria of Dimension 3

Criteria C7 C8 C9

C7 0.00 0.90 0.93
C8 0.58 0.00 0.90
C9 0.90 0.78 0.00
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Moreover, these matrices are normalized by considering Equation (11). They are summarized
in Table 6.

Table 6. Normalized direct relation matrixes.

For Dimensions

Dimensions D1 D2 D3

D1 0.00 0.29 0.20
D2 0.55 0.00 0.45
D3 0.26 0.17 0.00

For the Criteria of Dimension 1

Criteria C1 C2 C3

C1 0.00 0.37 0.40
C2 0.50 0.00 0.50
C3 0.40 0.35 0.00

For the Criteria of Dimension 2

Criteria C4 C5 C6

C4 0.00 0.46 0.54
C5 0.31 0.00 0.31
C6 0.29 0.28 0.00

For the Criteria of Dimension 3

Criteria C7 C8 C9

C7 0.00 0.49 0.51
C8 0.32 0.00 0.49
C9 0.49 0.43 0.00

In addition, total relation matrices are generated by using Equation (12). The details are
demonstrated in Tables A13–A16. By considering these values, the weights of the dimensions and
criteria can be identified. They are summarized in Table 7.

Table 7. Weights of the criteria and dimensions for hydrogen investment strategies.

Dimensions Weights Criteria Local Weights Global Weights

Managerial
(dimension 1) 0.342

Awareness (criterion 1) 0.332 0.114
Acceptance (criterion 2) 0.338 0.116
Incentives (criterion 3) 0.329 0.113

Technical
(dimension 2) 0.370

Storage and logistics
(criterion 4) 0.356 0.132

Technological infrastructure
(criterion 5) 0.317 0.117

Research and development
(criterion 6) 0.327 0.121

Financial
(dimension 3) 0.288

Costs (criterion 7) 0.333 0.096
Profit (criterion 8) 0.321 0.092

Return on investment
(criterion 9) 0.347 0.100

Table 7 indicates that the technical dimension has the highest weight, while the lowest weight
belongs to the financial dimension. Moreover, it is also determined that storage and logistics (criterion
4) are the most significant factors regarding hydrogen investment strategies. Like this situation,
research and development (criterion 6) and technological infrastructure (criterion 5) are other essential
issues in this framework. On the other side, cost (criterion 7) and profit (criterion 8) have the weakest
importance in this regard. After calculating, the weights of the factors and impact relation maps are
also generated. In this context, the average (D − E) value is calculated by using Equations (13) and (14).
After that, it is compared with the values of the total relation matrix. In this regard, for values that are
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greater than the average value, the first criterion influencing another was identified. Figure 1 gives
information about the causality relationship between the dimensions.
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Figure 3. Impact and relation map for the criteria of dimension 2.

In Figure 3, it can be understood that storage and logistics are the influencing criterion, since they
affect all other items. In contrast, research and development are the influencing factor because both
of the other two criteria have an impact on it. Furthermore, Figure 4 explains the relationship of the
factors of dimension 3.
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Figure 4 gives the information that the criterion of cost affects both the return on investment and
the profit. However, this item is not influenced by others. Another important point is that there is
a mutual relationship between the return on investment and profit.

5. Discussions and Conclusions

Energy plays a vital role in the social and economic development of countries, as it meets the
individual needs of people and is the most important raw material in the industry. On the other hand,
the reserves of energy resources such as oil and natural gas are significantly decreasing. This stated
situation has caused the search for new energy resources. Hydrogen energy is a type of energy that
can be produced both from fossil fuels and renewable energy alternatives. Since it does not emit
carbon gas into the atmosphere [25], it does not harm the environment and its content is higher quality
than other alternatives, such as oil and natural gas [26]. Thus, hydrogen energy is very important for
a sustainable energy supply. On the other hand, there are some disadvantages of hydrogen energy.
The most important problem in using hydrogen as fuel is the storage cost. In addition to the mentioned
issue, another difficulty in hydrogen energy is that this element is not found in its pure form in natural
conditions. In other words, hydrogen must be separated from compounds to be obtained [76,77].

Considering these issues, a detailed analysis is required to develop a strategy for hydrogen energy
investments. In this context, it is important to determine a correct strategy by considering many
different issues at the same time. In this study, we investigated which issues are more important in
investment strategies for hydrogen energy. First, a comprehensive literature review was performed.
As a result, nine different criteria have been identified that may have an impact on these strategies.
An analysis has been carried out using the hesitant IVIF DEMATEL method to determine which of
the relevant criteria are more important. In addition to the issues mentioned, it was also possible to
determine the causality relationships between these criteria with the help of the relevant analysis.

It was concluded that the technical dimension has the greatest importance in comparison with the
managerial and financial dimensions. Moreover, the most important criterion for a hydrogen energy
investment strategy is storage and logistics. In addition, research and development and technological
infrastructure also play a significant role when generating these strategies. On the other hand, cost,
profit and return on investment have lower weights in comparison with others. These results were
supported by various researchers in the literature. Uyar and Beşikci [49] claimed that an effective
storage system is the key factor in the effectiveness of hydrogen energy investment. Parallel to this
study, Gkanas et al. [78] also added that the lack of energy storage reduces the success of hydrogen
energy investment projects. Some other researchers have also stated that logistics is the key issue for
the effectiveness of these investments. In particular, Maghami et al. [79] reached the conclusion that
the power of the logistic system has an important contribution to the success of the hydrogen energy
investment project.

Furthermore, impact-relations maps have also been created to find causality relationships
between the factors. The technical dimension has a powerful impact on both the managerial and
financial dimensions, meaning that if the company has necessary technical power, it affects the
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managerial and financial situations. Similarly, it is also obvious that managerial factors such as
awareness can also be improved. Nagasawa et al. [80] evaluated the sustainability of hydrogen
energy investments and concluded that technical developments have the highest importance in this
regard. Valente et al. [81] also supported this situation by considering 71 hydrogen energy case studies.
Additionally, the technological infrastructure, storage, and logistics have an influence on research and
development. Moreover, cost affects both the return on investment and profit criteria.

Considering the findings, for the success of hydrogen energy investments, both the storage and
logistics costs should be reduced. In this context, the fact that the production area is close to the
point of use will also contribute to the reduction in costs. The main reason for this is that, due to
its nature, the storage and transportation of hydrogen is very difficult compared to that of fossil
fuels. Additionally, hydrogen can be stored in underground caves, cars, and vehicle tanks. On the
other hand, hydrogen can be stored in the form of compressed gas, liquid, or a metal hybrid. In this
framework, it is important to determine the lowest cost storage method of hydrogen by carrying
out the necessary research and development activities. In addition, hydrogen can be transported in
underground pipelines in hydrogen gas or liquid form, or it can be transported by tankers or ships.
Therefore, a detailed analysis to determine the most effective method will contribute to a reduction in
costs and a more successful investment.

The biggest limitation of this study is the focus only on hydrogen energy. In fact, other types of
renewable energy, such as wind, solar, and hydroelectricity, are at least as important as hydrogen energy.
Therefore, in a future study, it will be beneficial to make a comparative analysis of all renewable energy
types. In addition, this study focused only on hydrogen energy investment strategies. Moreover,
more specific studies can be conducted regarding the efficiency of hydrogen energy. For instance,
how storage costs can be reduced for hydrogen energy should be examined. In the analysis process of
the study, DEMATEL, one of the multi-criteria decision-making methods, was taken into consideration.
On the other hand, calculations were made with IVIF numbers. In a new study, a comparative analysis
should be made with trapezoidal or Gaussian fuzzy numbers, which might be preferred to methods
such as AHP and ANP in calculating the weights of the criteria.
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H.D.; writing—original draft preparation, L.Z.; writing—review and editing, S.Y. All authors have read and agreed
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Appendix A

Table A1. Context-free grammar evaluations of the decision-makers for dimensions.

Dimensions
D1 D2 D3

DM1 DM2 DM3 DM1 DM2 DM3 DM1 DM2 DM3

D1 between “s”
and “h”

at most
“m”

between “m”
and “h”

between “s”
and “m”

at most
“m”

between “s”
and “m”

D2 at least “h” at least “m” at least “h” greater
than “m” at least “h” at most “h”

D3 at most
“m”

between “s”
and “m”

between “s”
and “h”

between “s”
and “m”

between “s”
and “h” at most “m”
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Table A2. Context-free grammar evaluations of the decision-makers for the criteria of dimension 1.

Criteria
C1 C2 C3

DM1 DM2 DM3 DM1 DM2 DM3 DM1 DM2 DM3

C1 at most
“m”

between “s”
and “vh” at least “m” between “s”

and “vh”
at most

“m”
between “s”

and “vh”

C2 greater
than “m” at most “h” at least “m” at least “h” at least “m” at most “h”

C3 at least “m” at most “h” at most “h” between “s”
and “vh”

at most
“m”

between “s”
and “vh”

Table A3. Context-free grammar evaluations of the decision-makers for the criteria of dimension 2.

Criteria
C4 C5 C6

DM1 DM2 DM3 DM1 DM2 DM3 DM1 DM2 DM3

C4 at least “h” at least “h” at most “h” between “m”
and “vh” at least “m”

between
“h” and

“vh”

C5 at least “m” between “s”
and “h”

at most
“m”

between “s”
and “h” at least “m” at most

“m”

C6 greater
than “s”

between “s”
and “m”

at most
“m”

between “m”
and “h”

at most
“m”

between “s”
and “m”

Table A4. Context-free grammar evaluations of the decision-makers for the criteria of dimension 3.

Criteria
C7 C8 C9

DM1 DM2 DM3 DM1 DM2 DM3 DM1 DM2 DM3

C7 at least “h” at least “s” at most “h”
between
“m” and

“vh”

between
“m” and

“h”

between
“m” and

“h”

C8
between
“h” and

“vh”

at most
“m”

lower than
“m” at most “h”

between
“m” and

“vh”
at least “m”

C9
between
“m” and

“vh”

at most
“m”

greater
than “m”

between “s”
and “h” at least “m” at least “m”

Table A5. Boundaries of the linguistic term sets for the dimensions.

Dimensions
D1 D2 D3

DM1 DM2 DM3 DM1 DM2 DM3 DM1 DM2 DM3

D1 [s, h] [n, m] [m, h] [s, m] [n, m] [s, m]
D2 [h, vh] [m, vh] [h, vh] [h, vh] [h, vh] [n, h]
D3 [n, m] [s, m] [s, h] [s, m] [n, m] [n, m]

Table A6. Boundaries of the linguistic term sets for the criteria of dimension 1.

Criteria
C1 C2 C3

DM1 DM2 DM3 DM1 DM2 DM3 DM1 DM2 DM3

C1 [n, m] [s, vh] [m, vh] [s, vh] [n, m] [s, vh]
C2 [h, vh] [n, h] [m, vh] [h, vh] [m, vh] [n, h]
C3 [m, vh] [n, h] [n, h] [s, vh] [n, m] [s, vh]

Table A7. Boundaries of the linguistic term sets for the criteria of dimension 2.

Criteria
C4 C5 C6

DM1 DM2 DM3 DM1 DM2 DM3 DM1 DM2 DM3

C4 [h, vh] [h, vh] [n, h] [m, vh] [m, vh] [h, vh]
C5 [m, vh] [s, h] [n, m] [s, vh] [m, vh] [n, m]
C6 [m, vh] [s, m] [n, m] [m, h] [n, m] [s, m]
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Table A8. Boundaries of the linguistic term sets for the criteria of dimension 3.

Criteria
C7 C8 C9

DM1 DM2 DM3 DM1 DM2 DM3 DM1 DM2 DM3

C7 [h, vh] [s, vh] [n, h] [m, vh] [m, h] [m, h]
C8 [h, vh] [n, m] [n, s] [n, h] [m, vh] [m, vh]
C9 [m, vh] [n, m] [h, vh] [s, h] [n, h] [m, vh]

Table A9. Interval-valued intuitionistic fuzzy sets for the dimensions.

Dimensions D1 D2 D3

D1 ((0.40,0.53), (0.10,0.20)) ((0.20,0.40), (0.10,0.13))
D2 ((0.60,0.80), (0.40,0.53)) ((0.60,0.73), (0.20,0.40))
D3 ((0.40,0.47), (0.10,0.13)) ((0.20,0.40), (0.05,0.07))

Table A10. Interval-valued intuitionistic fuzzy sets for the criteria of dimension 1.

Criteria C1 C2 C3

C1 ((0.40,0.67), (0.10,0.20)) ((0.60,0.67), (0.10,0.13))
C2 ((0.60,0.73), (0.20,0.33)) ((0.60,0.73), (0.20,0.33))
C3 ((0.60,0.67), (0.10,0.13)) ((0.40,0.67), (0.10,0.13))

Table A11. Interval-valued intuitionistic fuzzy sets for the criteria of dimension 2.

Criteria C4 C5 C6

C4 ((0.60,0.73), (0.20,0.40)) ((0.60,0.80), (0.40,0.47))
C5 ((0.40,0.60), (0.10,0.20)) ((0.40,0.60), (0.10,0.20))
C6 ((0.40,0.53), (0.10,0.20)) ((0.40,0.47), (0.10,0.20))

Table A12. Interval-valued intuitionistic fuzzy sets for the criteria of dimension 3.

Criteria C7 C8 C9

C7 ((0.60,0.73), (0.20,0.27)) ((0.60,0.67), (0.20,0.40))
C8 ((0.40,0.47), (0.10,0.20)) ((0.60,0.73), (0.20,0.27))
C9 ((0.60,0.67), (0.20,0.33)) ((0.60,0.67), (0.10,0.20))

Table A13. Total relation matrix and values of D and E for the dimensions.

Dimensions D1 D2 D3 D E D + E D − E Weights

D1 0.39 0.48 0.49 1.37 1.92 3.29 −0.55 0.342
D2 1.00 0.43 0.84 2.27 1.28 3.56 0.99 0.370
D3 0.53 0.37 0.27 1.16 1.60 2.76 −0.44 0.288

Table A14. Total relation matrix and weights for the criteria of dimension 1.

Criteria C1 C2 C3 D E D + E D − E Weights

C1 1.44 1.50 1.73 4.67 5.22 9.89 −0.55 0.332
C2 2.07 1.48 2.07 5.63 4.44 10.07 1.19 0.338
C3 1.70 1.47 1.42 4.59 5.22 9.81 −0.63 0.329

Table A15. Total relation matrix and weights for the criteria of dimension 2.

Criteria C4 C5 C6 D E D + E D − E Weights

C4 0.74 1.16 1.30 3.20 2.23 5.43 0.98 0.356
C5 0.76 0.60 0.91 2.27 2.55 4.83 −0.28 0.317
C6 0.72 0.79 0.63 2.14 2.84 4.99 −0.70 0.327
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Table A16. Total relation matrix and weights for the criteria of dimension 3.

Criteria C7 C8 C9 D E D + E D − E Weights

C7 3.02 3.60 3.81 10.44 9.05 19.49 1.39 0.333
C8 2.84 2.81 3.32 8.98 9.82 18.80 −0.84 0.321
C9 3.19 3.40 3.29 9.88 10.43 20.31 −0.55 0.347
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