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ABSTRACT The purpose of this study is to determine appropriate innovative strategies for the renewable
energy investments. For this purpose, a hybrid multi-criteria decision-making (MCDM) model is proposed
based on interval type-2 (IT2) fuzzy sets and alpha cut levels. Within this context, hesitant IT2 fuzzy
DEMATEL-Based Analytic Network Process (DANP) with alpha cut levels is applied for weighting the
customer requirements. Moreover, hesitant IT2 fuzzy technique for order preference by similarity to
ideal solution (TOPSIS) with alpha cut levels is used for ranking the TRIZ-based strategies priorities of
renewable energy investments based on house of quality technique. These strategies are also ranked with
hesitant IT2 fuzzy Vise Kriterijumska Optimizacija I Kompromisno Resenje (VIKOR) approach to make a
comparative evaluation. The results illustrate that ease of access and security are among the most prominent
factors of customer requirements for renewable energy investments. It is also identified that innovative
technical requirement entitled cushion in advance has the best choice for the sustainable renewable energy
projects. Furthermore, the results of proposed model using hesitant IT2 fuzzy DANP and hesitant IT2 fuzzy
TOPSIS are identical for the different levels of alpha cut. In addition, it is also defined that the results of
hesitant IT2 fuzzy TOPSIS and hesitant IT2 fuzzy VIKOR are quite coherent. This is a clear evidence that
the proposed model is coherent and could provide comprehensive results for the future studies. It is strongly
recommended that a detailed analysis is required to identify the risks in renewable energy investment projects.
Hence, necessary actions can be taken appropriately so that it can be possible to prevent problems before
they grow.

INDEX TERMS TRIZ, house of quality, hesitant IT2 fuzzy DEMATEL, hesitant IT2 fuzzy TOPSIS,
renewable energy, strategy development.

I. INTRODUCTION
Renewable energy sources are eco-friendly since they do not
emit carbon to the atmosphere.Moreover, they also play a key
role in helping countries produce their own energy resources.
Hence, the main advantages of renewable energy alternatives
are to develop sustainable energy production and reduce
dependency on other countries for the energy supply [1].
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Thus, for the countries, it has become extremely important
to invest in renewable energy sources to maintain the energy-
economy-ecology balance (3E) [2]. Although investments
in this area have been increasing recently, the production
capacity of these resources is still not large enough and full
efficiency is not achieved due to the high technical knowledge
required by renewable energy sources.

In addition, the establishment of renewable energy gener-
ation facilities and networks to distribute this energy require
a large financial cost. These technical difficulties and high
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costs are reflected in the price of the electricity produced
and can have negative effects on issues, such as cost and
ease of access when viewed from the perspective of the
customer [3]. Considering all these positive and negative
aspects, while determining renewable energy investments for
both countries and companies, many issues should be han-
dled together, and strategies should be produced in different
dimensions [4]. Therefore, for this situation, a wide-ranging
analysis is needed to generate strategies for renewable energy
investments. In this regard, the method to be used is of great
importance.

House of quality method allows the products and services
to be designed in line with the wishes of the customers.
It is the easiest way to associate customer expectations with
technical definitions. In the house of quality, which is a
two-dimensional matrix, the list of customer expectations
and technical definitions are placed perpendicular to each
other [5]. In this two-dimensional matrix, the degree of the
relationship between customer expectations and technical
definitions is shown. By using this method, the risk of product
or service dissatisfaction can be reduced, and redesign and
engineering changes can be minimized in the early steps of
the project [6]. In this way, it provides more systematic access
to products and services that require high engineering and
reduces costs. Thanks to these benefits, companies can have
comparative advantage in the market with the cost advantage
they will gain. The use of the house of quality in renewable
energy investments that require high technical knowledge
and cost provides easier recognition of special competitive
advantages for investors in that area [7]. Additionally, this
method also increases public acceptance of renewable energy
consumption by addressing the customer wishes.

TRIZ (Teoriya Resheniya Izobretatelskikh Zadatch-the
Theory of Inventive Problem Solving) is a systematic
approach which aims to solve problems with the help of
innovative thinking. It was developed by the Soviet inven-
tor Genrich Altshuller and his colleagues by examining the
details of many different patents. Hence, it contributes to the
development of innovative products by providing structural
and innovative thinking. The basic assumption of this model
is that each solution creates its own problem [8]. Therefore,
this method is also defined as a problem-solving process
that considers contradictions. In this context, for the solution
of the problem, the contradictions matrix is created, which
includes 39 different contradictions parameters. On the other
hand, 40 different solution methods are used for the solution
of thementioned problems [9]. In summary, the TRIZmethod
provides innovative and creative ideas to the decision maker
for the solution of existing problems based on the solutions of
previous problems [10]. Hence, TRIZ method can be consid-
ered for the technical evaluations of the innovative strategic
decisions for renewable energy investments.

MCDM methods aim to find the solution among many
different alternatives [11]. These approaches are quite helpful
to solve the complicated problems while many different cri-
teria have an influence on them. They have some advantages

such as reducing subjectivity and considering both financial
and non-financial factors in the process of selection [12].
However, these methods are criticized for being based solely
on expert opinions, and therefore they are claimed to be sup-
ported by another model [13], [14]. Within this framework,
these approaches were considered with fuzzy logic by many
researchers [15], [16]. In fuzzy logic, interim values are also
taken into consideration in the analysis [17]. With the help of
this situation, it can be possible to increase the quality of the
analyzes.

On the other hand, the fuzzy logic approach is also crit-
icized for some issues. For example, it is difficult to deter-
mine membership functions in cases where the problem is
complex [18]. In addition, there is no precise method in deter-
mining membership functions [19]. This situation shows that
uncertainty still continues in the analysis made with fuzzy
logic. In these analyzes, IT2 fuzzy numbers are also preferred
especially in recent years [20], [21]. IT2 fuzzy logic was
developed as an expansion of the traditional fuzzy set concept
known as type-1 fuzzy sets [22]. Hence, human perceptions
can be represented more effectively. In this way, it is aimed
to minimize this uncertainty in fuzzy logic analysis [23].

Another important problem in this stage is that experts can
have different opinions about the criteria. For this purpose,
in many different studies, this evaluation has been conducted
under the hesitancy. The main advantage of this issue is that
uncertainty can be minimized when expert team could not
reach a consensus [24], [25]. The α-cut operation on the fuzzy
set is defined for categorizing the crisp sets into subsets with
membership function values greater than or equal to alpha for
one specific purpose [26]. In this context, owing to the alpha
cuts, it will be possible to perform many arithmetic opera-
tions [27]. This situation removes one of the most important
constraints of fuzzy mathematics. On the other hand, thanks
to the analysis to be made with different alpha sections,
the consistency of the analyzes can be determined [28].

The aim of this study is to identify appropriate innovative
strategies for the renewable energy investments. For the tech-
nical requirement, 11 different factors are identified based on
39 different contradictions parameters of TRIZ methodology.
After that, a contradiction matrix is created by considering
pairwise comparison of these parameters. As a result of
the expert evaluations, 8 different innovative strategies are
selected for renewable energy investments out of 40 different
strategic principles of TRIZ method. In the next stage, 9 dif-
ferent criteria regarding customer expectations are defined by
making a detailed literature review.

Hesitant fuzzy IT2 fuzzy DANP approach is used to weight
9 customer expectations criteria. Themain reason of selecting
this approach is to get benefit from the advantages of both
DEMATEL and ANP methods. In other words, owing to the
DEMATELmodel, the causality relationship can be evaluated
between the criteria as well [29], [30]. On the other side,
with the help of ANP methodology, inner dependency situ-
ation between the factors can also be considered [31], [32].
This situation makes an important contribution to find the
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significance of the criteria more effectively. Furthermore,
hesitant IT2 fuzzy TOPSIS approach is taken into account
to rank 8 different innovative technical requirements based
on house of quality technique. The main advantage of this
method is the simplicity in terms of mathematical calculation
and flexibility in choosing the criteria [33], [34]. In addition
to this situation, IT2 fuzzy VIKOR approach is also used to
make comparative analysis in the ranking of these strategies.

In this context, a hybrid decision making model is pre-
ferred. The main reason is that while evaluating the alter-
natives with TOPSIS approach, the weights of the criteria
should not be accepted as equal. In other words, these cri-
teria should be weighted with another methodology, such as
DANP. With the help of this situation, more effective and
appropriate results can be achieved. Additionally, in addi-
tion to TOPSIS, another approach can be used to rank the
alternatives, such as VIKOR to make a comparative evalu-
ation. This situation gives information about the coherency
of the results. In summary, DANP approach complement, but
VIKOR method can replace with TOPSIS.

The main novelty of this study is making a very compre-
hensive evaluation to find the most appropriate innovative
strategies for renewable energy investment. Because these
energy alternatives do not harm the environment and can
be produced in the country, the analysis results can make
a significant contribution to the social and economic devel-
opment of the countries. Another important novelty is that
TRIZ methodology is used to find the technical requirements
in this investment. There is a competitive environment in
renewable energy investment market and the costs of these
projects are quite high. Therefore, with the help of TRIZ
approach, appropriate technical factors can be identified so
that no unnecessary investments will be made for this matter.

In addition to them, using house of quality method for
renewable energy investment strategies is another novelty of
this study. Renewable energy investments need significant
technical competence due to their very complex structures.
Additionally, there is high competition in this market as well.
Thus, owing to the house of quality approach, both techni-
cal capacity and customer expectations can be considered
together. Moreover, considering TRIZ and HoQ approaches
together in the study, it is aimed to increase methodological
originality of this evaluation. The methodology of this study
is also novel because hesitant IT2 fuzzy DANP and hesitant
IT2 fuzzy TOPSISmethods are firstly considered in this study
for renewable energy investments by considering alpha cuts.

Moreover, this study has also some practical values.
Renewable energy investments are very complex projects
which need high engineering knowledge. In addition to this
situation, they have also high initial costs. Due to these
issues, there is a high risk for the failure of these projects.
In order for these projects not to be ineffective, technical
requirements should be identified effectively. By defining
these requirements with TRIZ approach in this study, it is
believed that the risk of failure of renewable energy invest-
ment projects is reduced. Themain reason is that there are lots

of experience in the market that indicates the success of TRIZ
approach [35], [36].

There are five different sections in this study. After this
part, the literature is evaluated in the second section. Within
this scope, significant studies in the literature regarding
TRIZ, house of quality and renewable energy investments are
detailed in this part separately. The third section is related
to the methodology. In this regard, hesitant fuzzy linguistic
terms, IT2 fuzzy sets, alpha level tests, IT2 fuzzy DANP
and IT2 fuzzy TOPSIS methods are explained. In the fourth
section, the analysis is identified. The final section includes
discussion and conclusion part.

II. LITERATURE REVIEW
TRIZ method has been considered in many studies related to
the energy industry. For instance, Albers et al. [37] aimed to
develop electricity energy storage system. With respect to the
product generation in the automobile industry, the concepts
of TRIZ method were taken into consideration. On the other
side, Daoping et al. [38] made an evaluation regarding coal
energy saving. In the analysis process, TRIZ method-based
factors are used to generate new products. Similarly, Gomila
and Marro [39] also focused on the energy storage systems.
In this scope, a detailed technology analysis has been per-
formed by using TRIZ. Additionally, Zheng et al. [40] aimed
to generate innovative products for energy storage with the
help of TRIZ factors. Furthermore, Yong et al. [41] made an
evaluation to improve energy saving system. In the analysis
process of this study, parameters are generated by using TRIZ
components.

HoQ has been used in various articles by many researchers
as well as companies for many years. For example, Tang
and Dincer [42] studied to evaluate the sustainable energy
investments. They concluded that capacity issue is a problem
that needs to be solved in order investments to be sustained.
With this regard, by applying HoQ method, they found that
increasing communication with capacity facilities is the best
strategy to overcome this problem. Also, Xu et al. [43]
established an Entropy-House of Quality method to define
the main factors that are common in unsustainable electric
power system in China. According to results, it is identified
that verifying policy-makers’ effectiveness is a valuable strat-
egy for blackout prevention. Additionally, HoQ method can
also be used in renewable energy alternatives. Within this
context, Haktanır and Kahraman [44] integrated Pythagorean
fuzzy sets with HoQ. They reached a conclusion that solar
photovoltaic technology development can be achieved if the
engineers should give the highest importance to battery array
density and thermal expansion treatment.

Besides energy, these methods have also been used in
many different areas, such as technology and service sec-
tor. Efe et al. [45] proposed an implementation to increase
efficiency of mobile phone selection by using an inte-
grated version of QFD and IT2 fuzzy sets. They identified
that the most significant feature of mobile phone is price.
Furthermore, Filketu et al. [46] analyzed job satisfaction
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improvement program. In fuzzy QFD framework, they found
that remuneration packages are the best way to increase job
satisfaction in Ethiopia. Similar to them, Huang et al. [47]
tried to improve logistics service quality of cross border
e-commerce business by using QFD approach. The results
showed that the most important point in terms of customer
in logistics services is having products without damage.
In addition, online shoppers are also concerned about privacy.
For this reason, brands should ensure reliable delivery and
the privacy of the buyer at the maximum level in logistics
services.

The issue of renewable energy has also been handled in
the literature for very different purposes. A significant part
of the studies stated that renewable energies positively affect
the economic development of countries. Renewable energy
investments contribute to the development of commercial
activities in the countries. In this way, economic growth
of countries will be possible [48]. Rahman and Vu [49]
conducted a review of renewable energy investments in
Canada. In the study using vector error correction method
(VECM), it was determined that there is a long-term relation-
ship between renewable energy investments and economic
growth. Kim [50] and Özcan and Öztürk [51] also achieved
similar results in their analysis of different country groups.
In addition to the mentioned issue, renewable energy invest-
ments also contribute to countries not being dependent on
other countries with respect to the energy supply. The main
reason for this is that, thanks to renewable energy sources,
countries are able to produce their own energy. Behuria [52]
focused on the renewable energy investments in India and
concluded that they have a decreasing effect on the energy
dependency. Similarly, Aydın [53] and Baloch et al. [54]
reached the same conclusion for BRICS (Brazil, Russia,
India, China and South Africa) countries.

Many studies in the literature have focused on the pos-
itive effects of renewable energy sources on the environ-
ment. As a result of producing electricity from these energy
types, carbon gas is not released into the atmosphere. In this
way, environmental pollution can be prevented [55]. This
will contribute to the reduction of the number of patients
in the country. Thus, health spending in the country could
be reduced. On the other hand, the high number of healthy
people in a country will also help increase the workforce [56].
Sharif et al. [57] made an evaluation related to renewable
energy investments in 74 different nations. They identified
that the main advantage of the renewable energy investments
is not to damage environment. In addition, Kahia et al. [58]
focused on the renewable energy production in 12 Middle
East and North Africa (MENA) countries and determined that
these projects have a significant influence on the reduction of
carbon emission.

The literature analysis indicates that renewable energy
investment projects play an essential role for both social
and economic development of the countries. Hence, there
is a strong need for the studies in which innovative strate-
gies are generated to improve these projects. However, it is

TABLE 1. Selected characteristics of renewable energy investments for
contradiction matrix.

TABLE 2. Innovative strategies for renewable energy investments.

also obvious that methodologies should be chosen appro-
priately to reach effective results. Renewable energy invest-
ments need significant engineering knowledge. Moreover,
the initial costs of these projects are quite high. These con-
ditions increase the risk of failure for these projects. Hence,
in the literature, there is a need for the studies in which
the technical requirements of these projects are defined with
an appropriate approach to increase the opportunity of the
effectiveness.

In this framework, for the technical requirements of the
renewable energy investments, TRIZ methodology is taken
into account in this study. On the other hand, 9 different cri-
teria with respect to the customer expectations are weighted
with hesitant fuzzy IT2 fuzzy DANP approach. Furthermore,
hesitant IT2 fuzzy TOPSIS approach is used to rank 8
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FIGURE 1. The flowchart of proposed model.

TABLE 3. Proposed dimensions and criteria of customer expectations.

different innovative technical requirements. Also, owing to
the house of quality approach, both technical capacity and
customer expectations can be considered together. Therefore,
this study is thought to make an important contribution to the
literature in terms of both the importance of the subject and
the originality of the methodology.

III. ANALYSIS ON RENEWABLE ENERGY INVESTMENT
STRATEGIES
In this section of the study, the proposed method is explained.
Within this framework, theoretical information regarding the
methods used in the analysis is shared. However, the mathe-
matical details of these approaches are demonstrated on the
appendix A-F. Moreover, in the second part of this section,
analysis results are also shared.

TABLE 4. Linguistic scales for criteria and dimensions.

A. PROPOSED METHOD
In this study, it is aimed to identify appropriate innovative
strategies for the renewable energy investments. For this
purpose, 3 different phases are generated. In the first phase,
11 different factors are identified based on 39 different con-
tradictions parameters of TRIZmethodology for the technical
requirements of the renewable energy investments. Addi-
tionally, a contradiction matrix is generated by considering
pairwise comparison of these parameters in this phase. Based
on the expert evaluations, 8 different innovative strategies are
defined for renewable energy investments out of 40 different
strategic principles of TRIZ method.
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TABLE 5. Weights of criteria by alpha level sets.

TABLE 6. Linguistic scales and fuzzy numbers for alternatives.

Furthermore, in the second phase of the analysis, the strate-
gic priorities of innovative technical requirements are mea-
sured for renewable energy investments with house of quality
technique. Within this context, firstly, 9 different criteria
related to the customer expectations are identified by making
a detailed literature review. After that, these factors are eval-
uated by using hesitant IT2 fuzzy DANP methodology based
on the alpha cuts. Hence, the more significant factors can be
defined.

Hesitant fuzzy linguistic term sets are mainly considered to
obtain the evaluations of the decision makers under the hes-
itancy [24]. In this framework, membership function can be
created based on the preferences of these people. It is obvious
that these term sets can be very helpful to providemore appro-
priate data when there is hesitancy [25]. Fuzzy logic is mainly
used to solve complicated problems. IT2 fuzzy sets mainly
consider trapezoidal membership function. In this frame-
work, it is mainly aimed to minimize uncertainty occurred
in the classical fuzzy sets [22], [23]. Alpha cuts are con-
sidered in the fuzzy systems-based decision-making analysis
with the aim of solving the problem more effectively and
appropriately [27].

DANPmethodology is the combination of DEMATEL and
ANP methods. This approach is used to solve problem under

the complex conditions [29]–[31]. In the calculation process,
the direct relation matrix is created based on the expert eval-
uations. After that, this matrix is normalized, and total influ-
ence matrix is also generated. Just then, the defuzzification
process has been performed and the weights of the criteria can
be calculated. There are some advantages of considering this
methodology. Firstly, with the help of DEMATEL approach,
causality relationship between the variables can be identified.
Additionally, inner dependency between these factors can be
considered owing to the ANP methodology. Because of these
positive issues, this approach was used in the literature for
different purposes, such as project management [59], location
selection [60] and prioritizing watersheds [61].

On the other side, in the third phase of the analysis
process, the innovative technical requirements are analyzed
using house of quality technique. In this context, hesitant
IT2 fuzzy TOPSIS methodology is taken into consideration.
TOPSIS model is mainly considered to rank different alterna-
tives. In this framework, positive and negative ideal solutions
are taken into account [33]. Due to this situation, TOPSIS
methodology was also used in many different studies in the
literature. For instance, Bera et al. [62], Zhong and Yao [63]
and Heidarzade et al. [64] made a study regarding supplier
selection by considering this approach. On the other side,
Yüksel and Dinçer [65] tried to rank Turkish banks with
IT2 fuzzy TOPSIS regarding the performance in agricultural
finance. IT2 fuzzy VIKOR approach is also used in this phase
to make a comparative analysis. This method is also used to
rank different alternatives. Hence it can be said that TOP-
SIS and VIKOR method can replace each other. In VIKOR
method, fuzzy decision matrix is created based on expert
opinions. After that, these matrixes are defuzzified. In the
final stage, alternatives are ranked by considering the best and
worst values. VIKOR approach was also preferred by many
different researchers in the literature [66]–[68].

The details are illustrated on Figure 1. In this figure, three
different phases of the analysis process are detailed. The
evaluations of the experts for the dimensions, criteria and
alternatives are the inputs. On the other side, while examining
these inputs, the weights of the criteria can be calculated,
and renewable energy investment strategies are ranked. These
results are defined as the outputs in the analysis.
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TABLE 7. Decision matrix (alpha-level set: 0).

TABLE 8. Defuzzified decision matrix (alpha-level set: 0).

TABLE 9. Weighted decision matrix (alpha-level set: 0).

B. ANALYSIS RESULTS
Phase 1: Innovative technical requirements are defined for
renewable energy investments with TRIZ technique

First of all, 11 different factors are identified based on
39 different contradictions parameters of TRIZ methodology
for the technical requirements of the renewable energy invest-
ments. These factors are given on Table 1.

After that, a contradiction matrix is created by consid-
ering pairwise comparison of these parameters. With the
help of expert evaluations, 8 different innovative strate-
gies are selected for renewable energy investments out
of 40 different strategic principles of TRIZmethod created by
Al’tshuller [80]. The details of these 40 TRIZ principles are
given on the appendix G. In the other hand, appendix H gives
information about the contradiction matrix. On the other side,
the details of these 8 renewable energy investment strategies
are given on Table 2.

Phase 2: Measuring the strategic priorities of innovative
technical requirements for renewable energy investments with
house of quality technique.

In this phase, 9 different criteria regarding customer expec-
tations are defined bymaking a detailed literature review. The
details of them are demonstrated on Table 3.

In the energy consumption process, it is seen that financial
factors affect customer satisfaction. One of the most impor-
tant issues in this process is the reasonable price [81]. In this
way, customers will be able to purchase electricity easily [61].
Flexible payment opportunities also play an important role
in this process [64]. On the other hand, some functional
issues are also important in terms of customer expectations.
For example, factors such as easy access to energy and the
availability of customer support for a possible problem are
factors that increase customer satisfaction [82]–[84]. In addi-
tion, thanks to the modularity of the product, its adaptation to
different conditions can be easily increased, thus customer
expectations can be met [68]. Physical conditions are also
important for customer expectations in energy consumption.
One of the most important roles in this process is security
[85]. In addition, the distance of the location to the center is
also important for customer satisfaction [72]. These customer
requirements are weighted by using hesitant IT2 fuzzy DANP
approach. The linguistic scales used in this condition are
defined in Table 4.

Table 4 indicates 7 different evaluation scales. In this
context, VVL gives information about the least influence
whereas VVH demonstrates the greatest influence. In this
process, the opinions of 3 different experts are considered.
They have at least 15-year experience in renewable energy
companies as top managers. Within this framework, hesitant
evaluations are obtained for both dimensions and criteria
and they are detailed on appendix I and J. For instance, on
appendix I, experts evaluated the importance of criterion 1 on
criterion 2 as ‘‘M and H’’. In the next stage, trapezoidal fuzzy
relation matrixes are generated. They are demonstrated on
Appendix K and L. After that, these matrixes are normalized.
By using these new values, total relation matrixes are created.
In the next stage, unweighted supermatrixes are generated
for different alpha levels. Hence, total relation matrixes can
be identified for both dimensions and criteria. Later, limit
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TABLE 10. Ranking results by alpha level sets.

TABLE 11. Comparative Results with IT2 Fuzzy TOPSIS and IT2 Fuzzy
VIKOR (alpha-level set: 0).

supermatrix values are calculated. The details are stated on
the appendix M-T. As a result, the weights of the criteria can
be identified for different alpha values and they are given on
Table 5.

Table 5 shows that weights of all criteria are quite sim-
ilar. On the other side, it is also identified that criterion 4
(ease of access) and criterion 7 (security) have slightly
higher weights in comparison with the others. These results
were supported by some researchers in the literature. For
instance, Pettifor et al. [87] and Chaloux et al. [88] under-
lined the importance of ease of access for the satisfaction
of energy consumers. Moreover, Yaghoubi et al. [89] and
Ganguly et al. [90] stated the importance of security for
this situation. In other words, it is defined that customers
prefer to access the products very easily and fell themselves
secure while consumer energy. On the other side, it is also
concluded that criterion 9 (facilities) has the weakest effect
on the customer expectations.
Phase 3: Rank the innovative technical requirements with

Hesitant IT2 fuzzy TOPSIS using house of quality technique
In this phase, it is aimed to define the most appropri-

ate innovative technical requirements. Within this scope,
the most relevant principles of renewable energy are taken
into consideration. These 8 different innovative strategies are
selected for renewable energy investments out of 40 different
strategic principles of TRIZmethod in the first phase and they
are ranked in this phase by considering hesitant IT2 fuzzy
TOPSIS. In this framework, the evaluations are performed
by considering house of quality approach. In this context,

linguistic scales and IT2 fuzzy numbers, which are consid-
ered, are shown in Table 6.

After that, hesitant evaluations are also provided from
the experts for the alternatives. By considering these val-
ues, hesitant evaluation values can be calculated for the
alternatives. With the help of them, trapezoidal fuzzy deci-
sion matrix is generated. They are demonstrated on the
appendix U and V. Later, the decision matrix can be created
as in Table 7.

In the next step, defuzzified decision matrix is generated.
In this framework, lower and upper values (aLi1 (α) , a

U
i1 (α))

are computed by the equations (16) and (17) respectively and
average values are used to obtain the defuzzified values of
the relation matrix. Thus, new matrix can be generated as
in Table 8.

Similarly, weighted decision matrix is created and detailed
in Table 9.

Next, performance results are calculated for the alterna-
tives. This analysis has also been performed for different
alpha values and the results are demonstrated on Table 10.

Table 10 states that cushion in advance (A4) is the most
appropriate innovation strategy for renewable energy invest-
ment projects. Additionally, it is also concluded that prior
action (A3) is another significant strategy for these investors.
It is seen that the results are almost similar for all alpha
levels. This situation states that the analysis results are quite
coherent. In addition to this issue, these alternatives are also
ranked by using IT2 fuzzy VIKOR method. In this context,
it is aimed to make a comparative evaluation. These results
are stated in Table 11.

Table 11 demonstrates that the results of IT2 fuzzy TOPSIS
and IT2 fuzzy VIKOR are quite coherent.

IV. CONCLUSION
In this study, it is aimed to determine appropriate innovative
strategies for the renewable energy investments. There are
three different phases in the analysis process. In the first
phase, 11 different factors are defined based on 39 differ-
ent contradictions parameters of TRIZ methodology. Next,
pairwise comparison has been made by the experts so that
a contradiction matrix is created. With the help of this
evaluation, 8 different innovative strategies are selected for
renewable energy investments out of 40 different strategic
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principles of TRIZ method. Moreover, in the second phase,
the strategic priorities of innovative technical requirements
for renewable energy investments are measured with house
of quality technique. For this purpose, 9 different criteria
regarding customer expectations are defined. Additionally,
hesitant IT2 fuzzyDANP is considered to evaluate these crite-
ria. On the other hand, in the third phase, the most appropriate
innovative technical requirements are identified with the help
of hesitant IT2 fuzzy TOPSIS. The findings indicate that
ease of access and security are the most important factors for
the customer satisfaction in the renewable energy consump-
tion. In addition, it is also concluded that facilities have the
weakest effect on the customer expectations. A comparative
evaluation has also been performed with IT2 fuzzy VIKOR
and it is defined that the results are quite coherent.

V. LIMITATIONS AND IMPLICATIONS
The results of the study give information that customers
prefer to access the products very easily and fell themselves
secure while consumer energy. In other words, customers
demand constant access to the energy they will use. In this
process, it is important to present the energy to be produced
uninterruptedly and easily to the customer. Hosseini and
Wahid [91] made a study about the hydrogen generation
from the solar energy. They mainly discussed that the sources
of the energy should be sustainable. Similarly, Mombeuil
[92] evaluated the energy industry in Haiti. It is identified
that for sustainable economic development, uninterrupted
energy production plays an essential role. Considering that
customers also attach importance to energy security, it will
be appropriate to take necessary measures in risky processes
such as storage and transportation of energy. Gan et al. [93]
and Salimi et al. [94] focused on the energy production in
different country groups and defined that energy security
should be obtained.

It is also determined that cushion in advance is the most
appropriate innovation strategy for renewable energy invest-
ment projects. In addition to this issue, it is also defined that
prior action is another important strategy for these investors.
In this framework, a detailed analysis is required to identify

the risks in renewable energy investment projects. Then, it is
important to take the necessary measures to manage these
risks effectively. In this way, it will be possible to prevent
problems before they grow. This will contribute to the success
of renewable energy investments. Qiu et al. [95] and Zhou and
Yang [96] made an evaluation for the wind energy investment
projects. Theymainly claimed that effective riskmanagement
is a significant issue for the sustainable performance of these
projects.

The main limitation of this study is to evaluate renewable
energy investments generally. Hence, in the future studies,
more specific topics in this framework can be examined. For
instance, this kind of analysis can be performed for wind or
solar energy specifically. In addition to this condition, some
countries or country groups can be taken into account in
these studies. This situation can be very helpful to under-
stand important factors based on the profiles of the countries.
Moreover, different methodologies can also be considered in
new studies. This issue provides an opportunity to make a
comparative analysis.

APPENDIX
APPENDIX A - HESITANT FUZZY LINGUISTIC TERMS
The details of these sets are demonstrated in the equations (1),
as shown at the bottom of the page, and (2), as shown at the
bottom of the page. In these equations, GH explains context-
free grammar. Additionally, S = {S0,S1, . . . ,St} gives infor-
mation about the linguistic term set. On the other side, hS
indicates the ordered finite subset of these term sets.

APPENDIX B - IT2 FUZZY SETS
Ã gives information about the set. On the other hand,
µÃ(x,u) explains the membership function by considering
type 2 fuzzy numbers. Furthermore,

∫ ∫
states the union over

all admissible x and u. Equations (3) and (4) indicate the
details of these issues.

Ã =
{(
(x, u) , µÃ(x,u)

)
| ∀x ∈ X , ∀u∈Jx ⊆ [0, 1]

}
, or

Ã =
∫
x∈X

∫
u∈Jx

µÃ (x, u) / (x, u)Jx ⊆ [0, 1] (3)

GH = (VN,VT, I,P) (1)

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〉 | 〈compositeterm 〉 , 〈composite term〉

::= 〈composite term〉 〈primary term 〉∣∣∣∣ 〈binary relation〉 〈primary term〉
〈conjunction〉 〈primary term〉 ,

〈primaryterm〉 ::= S0 |S1 |. . . |St, 〈unary relation〉

::= lowerthan |greater than |at least |at most,

〈binary relation〉 ::= between, 〈conjunction〉 ::= and } .

hS =
{
Si,Si+1, . . . ,Sj

}
(2)
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Ã =
∫
x∈X

∫
u∈

Jx1/ (x, u)Jx ⊆ [0, 1] (4)

In this framework, Ã
U
i and Ã

L
i indicate upper and lower

trapezoidal membership functions. Furthermore, aUi1, . . . , a
L
i4

explain the reference values. In the other hand, Hj

(
Ã
U
i

)
and Hj

(
Ã
L
i

)
show the membership values in the upper and

lower functions. The details of this process are given in the
equations (5)-(10), as shown at the bottom of the page.

APPENDIX C - ALPHA LEVEL SETS
These sets are detailed in the equations (11) and (12).

X (α) = {x |µX (x) ≥ α} = [a (α) , b(α)] (11)

X̃ (α) =
{
x |µ

X̃
(x) ≥ α, µ̄X̃ (x) ≥ α

}
= [a (α) , b(α)] (12)

In these equations, X(α) and X̃ (α) indicate the α cut of type 1
and type 2 fuzzy sets.

Similarly, a (α) and b (α) are also detailed on the equations
(13) and (14).

a (α) ∈


[al (α) , ar (α)] , a ∈

[
0,Hj

(
ÃLi
)]

[al (α) , br (α)] , a ∈
[
Hj
(
ÃLi
)
, 1
] (13)

b (α) ∈


[bl (α) , br (α)] , a ∈

[
0,Hj

(
ÃLi
)]

[al (α) , br (α)] , a ∈
[
Hj
(
ÃLi
)
, 1
] (14)

APPENDIX D - IT2 FUZZY DANP BASED ON ALPHA CUTS
In the first step, direct relation matrix is generated as in the
equation (15).

Ã =


a11 a22 a13 · · · a1n
a21 a22 a23 · · · a2n
a31 a32 a33 · · · a3n
...

...
...

. . .
...

an1 an2 an3 · · · ann

 (15)

Ãi =

(
Ã
U
i , Ã

L
i

)
=

(aUi1, aUi2, aUi3, aUi4;H1

(
Ã
U
i

)
,H2

(
Ã
U
i

))
,(

aLi1, a
L
i2, a

L
i3, a

L
i4;H1

(
Ã
L
i

)
,H2

(
Ã
L
i

))  (5)

Ã1 ⊕ Ã2 =

(
Ã
U
1 , Ã

L
1

)
⊕

(
Ã
U
2 , Ã

L
2

)

=


(
aU11 + aU21, a

U
12 + aU22, a

U
13 + aU23, a

U
14 + aU24;

min
(
H1

(
Ã
U
1

)
,H1

(
Ã
U
2

))
,min

(
H2

(
Ã
U
1

)
,H2

(
Ã
U
2

))) ,(
aL11 + aL21, a

L
12 + aL22, a

L
13 + aL23, a

L
14 + aL24;

min
(
H1

(
Ã
L
1

)
,H1

(
Ã
L
2

))
,min

(
H2

(
Ã
L
1

)
,H2

(
Ã
L
2

)))
 (6)

Ã1	Ã2 =

(
Ã
U
1 , Ã

L
1

)
	

(
Ã
U
2 , Ã

L
2

)

=


(
aU11 − aU24, a

U
12 − aU23, a

U
13 − aU22, a

U
14 − aU21;

min
(
H1

(
Ã
U
1

)
,H1

(
Ã
U
2

))
,min

(
H2

(
Ã
U
1

)
,H2

(
Ã
U
2

))) ,(
aL11 − aL24, a

L
12 − aL23, a

L
13 − aL22, a

L
14 − aL21;

min
(
H1

(
Ã
L
1

)
,H1

(
Ã
L
2

))
,min

(
H2

(
Ã
L
1

)
,H2

(
Ã
L
2

)))
 (7)

Ã1⊗Ã2 =

(
Ã
U
1 , Ã

L
1

)
⊗

(
Ã
U
2 , Ã

L
2

)

=


(
aU11×a

U
21, a

U
12×a

U
22, a

U
13×a

U
23, a

U
14×a

U
24;

min
(
H1

(
Ã
U
1

)
,H1

(
Ã
U
2

))
,min

(
H2

(
Ã
U
1

)
,H2

(
Ã
U
2

))) ,(
aL11×a

L
21, a

L
12×a

L
22, a

L
13×a

L
23, a

L
14×a

L
24;

min
(
H1

(
Ã
L
1

)
,H1

(
Ã
L
2

))
,min

(
H2

(
Ã
L
1

)
,H2

(
Ã
L
2

)))
 (8)

kÃ1 =

(
k× aU11, k×a

U
12, k×a

U
13, k×a

U
14;

H1

(
Ã
U
1

)
,H2

(
Ã
U
1

) )
,

(
k× aL11, k×a

L
12, k×a

L
13, k×a

L
14;

H1

(
Ã
L
1

)
,H2

(
Ã
L
1

) )
(9)

Ã1

k
=

 1
k×a

U
11,

1
k×a

U
12,

1
k×a

U
13,

1
k×a

U
14;

H1

(
Ã
U
1

)
,H2

(
Ã
U
1

)  ,
 1

k×a
L
11,

1
k×a

L
12,

1
k×a

L
13,

1
k×a

L
14;

H1

(
Ã
L
1

)
,H2

(
Ã
L
1

)  (10)
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The second step is related to the identification of the lower
and upper values (aLij (α) , a

U
ij (α)) with the help of the equa-

tions (16) and (17).

aLi1 (α)

=

(
aLi1 +

(
aLi2 − a

L
i1

)
∗ α
)
+
(
aUi1 +

(
aUi2 − a

U
i1

)
∗ α
)

2
(16)

aUi1 (α)

=

(
aLi4 −

(
aLi4 − a

L
i3

)
∗ α
)
+
(
aUi4 −

(
aUi4 − a

U
i3

)
∗ α
)

2
(17)

Normalized direct relation matrix (N) is generated with the
equations (18) and (19) in the third step.

N =
Ã
s

(18)

s = max

[
max

1 ≤ i ≤ n

n∑
J=1

aij,
max

1 ≤ j ≤ n

n∑
i=1

aij

]
(19)

The fourth step is related to the calculation of the total influ-
ence matrix (T) as in the equation (20).

T = N
(
I − N h

)
(I − N )−1 = N (I − N )−1 (20)

The fifth step includes the identification of the network rela-
tion map by considering the equations (21)-(23).

T =
[
tij
]
n×n , i, j = 1, 2, . . . , n (21)

r =

 n∑
j=1

tij


n×1

= (ri)n×1 = (r1, . . . , ri, . . . , rn) (22)

y =

[
n∑
i=1

tij

]′
1×n

=
(
yj
)′
1×n = (y1, . . . , yi, . . . , yn) (23)

In the sixth step, the unweighted supermatrix (W) is con-
structed with the help of the equations (24)-(28).

Tc =

D1 · · · Di · · · Dn
D1 c11 c12 · · · c1m1 · · · cn1 cn2 · · · cnmn

...

Dj

...

Dn

c11
c12
...

c1m1
...

cn1
cn2
...

cnmn



T 11
c . . . T 1j

c . . . T 1n
c

...
...

...

T i1c . . . T ijc . . . T inc

...
...

...

T n1c . . . T njc . . . T nnc


(24)

Tβ
c =

D1 · · · Di · · · Dn
D1 c11 c12 · · · c1m1 · · · cn1 cn2 · · · cnmn

...

Dj

...

Dn

c11
c12
...

c1m1
...

cn1
cn2
...

cnmn



T β11c . . . T β1jc . . . T β1nc

...
...

...

T βi1c . . . T βijc . . . T βinc

...
...

...

T βn1c . . . T βnjc . . . T βnnc


(25)

d11i =
m1∑
j=1

t11cij , i = 1, 2, . . . ,m1 (26)

Tβ11
c =



t11
c11
/d111 · · · t11

c1j
/d111 · · · t11

c1m1
/d111

...
...

...

t11
ci1
/d11i · · · t11cij /d

11
i · · · t11

cim1
/d11i

...
...

...

t11
cm11

/d11m1
· · · t11

cm1j
/d11m1

· · · t11
cm1m1

/d11m1



=



tβ1111 · · · t
β1
1j · · · t

β1n
1m

...
...

...

tβn1i1 · · · t
βn
ij · · · t

βm
im

...
...

...

tβn1m1 · · · t
βmj
mj · · · t

βmn
mn


(27)

W = (T βc )
′

=

D1 · · · Di · · · Dn
D1 c11 c12 · · · c1m1 · · · cn1 cn2 · · · cnmn

...

Dj

...

Dn

c11
c12
...

c1m1
...

cn1
cn2
...

cnmn



W11 . . . Wi1 . . . Wn1

...
...

...

W1j . . . Wij . . . Wnj

...
...

...

W1n . . . Win . . . Wnn


(28)
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In the final step, weighted super matrix Wβ is calculated by
using the equations (29) and (30).

Wβ
=



tD11
11 · · · t

D1j
1j · · · tD1m

1m

...

...
...

tDi1i1 · · · t
Dij
ij · · · tDimim

...

...
...

tDm1m1 · · · t
Dmj
mj · · · tDmmmm


(29)

d i =
m∑
j=1

t
Dij
ij , i = 1,2, . . . ,m (30)

Tβ
D can be identified by normalizing TD by considering the

equation (31).

=



tD1
11 /d1 · · · t

D1
1j /d1 · · · t

Dn
1m/d1

...
...

...

tD1
i1 /di · · · t

Dn
ij /di · · · t

Dn−1
im /d1

...
...

...

tDn−1m1 /dm · · · t
Dn
nj /dm · · · t

Dn−1
mn /dn



=



tβ1111 . . . tβ11j . . . t
β1n
1m

...
...

...

tβ11i1 · · · t
βn
ij · · · t

βn=1
im

...
...

...

tβn1m1 · · · t
βnj
mj · · · t

βm−
mm


(31)

As a result, weighted super-matrix Wβ can be calculated as
in the equation (32).

Wβ
=



tβ1111 ×W11 · · · t
βi1
i1 ×Wi1 · · · tβm1m1 ×Wn1

...

...
...

t
β1j
1j ×W1j · · · t

βij
ij ×Wij · · · t

βmj
mj ×Wnj

...

...
...

tβ1m1m ×W1n · · · t
βim
im ×Win · · · tβmmmm ×Wnn


(32)

Finally, while considering the weighted matrix in the power
of 2k+1, the limit supermatrix can be created.

APPENDIX E - IT2 FUZZY TOPSIS BASED ON ALPHA CUTS
The first step is related to the generation of decision matrix
as in the equations (33)-(35).

D =



X1 X2 X3 ... Xn

A1 A11 A12 A13 · · · A1n
A2 A21 A22 A23 · · · A2n
A3 A31 A32 A33 · · · A3n
...

...
...

...
. . .

...

Am Am1 Am2 Am3 · · · Amn

 (33)

Aij =
1
k

[∑k

e=1
Aeij

]
(34)

Aij =
[
ALij ,A

U
ij

]
=

(aL1ij, aL2ij, aL3ij, aL4ij;hLij) ,(
aU1ij, a

U
2ij, a

U
3ij, a

U
4ij;h

U
ij

)  (35)

The positive and negative ideal solutions ((A+), (A−)) are
defined in the second step by considering the equation (36).

A+ = max(v1, v2, v3, . . . vn) ;

A− = min (v1, v2, v3 . . . vn) (36)

In the third step, D+ and D− values are calculated with the
equations of (37) and (38).

D+i =

√√√√ m∑
i=1

(vi − A
+

i )

2

(37)

D−i =

√√√√ m∑
i=1

(vi − A
−

i )

2

(38)

The closeness coefficient (CCi) is defined in the final step
with the equation (39).

CCi =
D−i

D+i + D
−

i

(39)

APPENDIX F - IT2 FUZZY VIKOR
Firstly, fuzzy decision matrix (Xij) is generated by consider-
ing the equations (40) and (41).

C1 C2 C3 . . . Cn

Xij =

A1
A2
A3
...

Am


x11 x12 x13 . . . x1n
x21 x22 x23 . . . x2n
x31 x32 x33 . . . x3n
...

...
. . . . . .

...

xm1 xm2 xm3 . . . xmn

 (40)

Xij =
1
K

[
n∑
e=1

X eij

]
, i = 1, 2, 3, . . . ,m

(41)

After that, the defuzzification process is performed with the
help of the equations (42)-(45).

Def (xij) = Rank(x̃ ij)m×n
= M1(ÃUi )+M1(ÃLi )+M2(ÃUi )
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+M2(ÃLi )+M3(ÃUi )+M3(ÃLi )

−
1
4
(S1(ÃUi )+ S1(Ã

L
i )+ S2(Ã

U
i )+ S2(Ã

L
i )

+ S3(ÃUi )+ S3(Ã
L
i )

+ S4(ÃUi )+ S4(Ã
L
i ))+ H1(ÃUi )+ H1(ÃLi )

+H2(ÃUi )+ H2(ÃLi ) (42)

Mp

(
Ãji
)
=

(
ajip + a

j
i(p+1)

)
2

(43)

Sq
(
Ãji
)
=

√√√√√1
2

q+1∑
k=q

ajik − 1
2

q+1∑
k=q

ajik

2

(44)

S4
(
Ãji
)
=

√√√√√1
4

4∑
k=1

(
ajik −

1
4

4∑
k=1

ajik

)2

(45)

In the next step, the best and worst values (fj∗, fj-) are defined
by considering the equations (46).

f ∗J = max
i
xij and f

−

J = min
i
xij (46)

After that, Si and Ri values are calculated with the equations
(47) and (48).

Si =
n∑
i=1

wj

(∣∣∣f ∗j − xij∣∣∣)(∣∣∣f ∗j − f −j ∣∣∣) (47)

TABLE 12. Innovative Strategic Principles for TRIZ.

TABLE 13. Contradiction Matrix for renewable energy investments.
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TABLE 14. Hesitant evaluations for dimensions.

TABLE 15. Hesitant evaluations for criteria.

TABLE 16. Trapezoidal Fuzzy relation matrix for dimensions.

Ri = max j

wj
(∣∣∣f ∗j − xij∣∣∣)(∣∣∣f ∗j − f −j ∣∣∣)

 (48)

Finally, Qi is calculated as in the equation (49). In this equa-
tion, S∗ and R∗ gives information about the minimum values
whereas S− and R− show maximum values.

Qi =
v (Si − S∗)(
S− − S∗

) + (1− v) (Ri − R∗)(
R− − R∗

) (49)

The analysis results should satisfy two different conditions
underlined in the equations (50) and (51).

Q
(
A(2)

)
− Q

(
A(1)

)
≥

1
(j− 1)

(50)

Q
(
A(M )

)
− Q

(
A(1)

)
<

1
(j− 1)

(51)

APPENDIX G: INNOVATIVE STRATEGIC PRINCIPLES
FOR TRIZ
See Table 12.

APPENDIX H: CONTRADICTION MATRIX FOR RENEWABLE
ENERGY INVESTMENTS
See Table 13.

APPENDIX I: HESITANT EVALUATIONS FOR DIMENSIONS
See Table 14.
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TABLE 17. Trapezoidal fuzzy relation matrix for criteria.

APPENDIX J: HESITANT EVALUATIONS FOR
CRITERIA
See Table 15.

APPENDIX K: TRAPEZOIDAL FUZZY RELATION MATRIX
FOR DIMENSIONS
See Table 16.
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TABLE 17. (Continued.) Trapezoidal fuzzy relation matrix for criteria.

TABLE 18. Normalized relation matrix for dimensions (alpha-level set: 0).

APPENDIX L: TRAPEZOIDAL FUZZY RELATION MATRIX
FOR CRITERIA
See Table 17.

APPENDIX M: NORMALIZED RELATION MATRIX FOR
DIMENSIONS (ALPHA-LEVEL SET: 0)
See Table 18.

TABLE 19. Total relation matrix for dimensions (alpha-level set: 0).

APPENDIX N: TOTAL RELATION MATRIX FOR DIMENSIONS
(ALPHA-LEVEL SET: 0)
See Table 19.

APPENDIX O: UNWEIGHTED SUPERMATRIX FOR
DIMENSIONS BY ALPHA LEVEL SETS
See Table 20.

VOLUME 8, 2020 118833



J. Zhong et al.: Analyzing the Investments Strategies for Renewable Energies Based on Multi-Criteria Decision Model

TABLE 20. Unweighted supermatrix for dimensions by alpha level sets.

TABLE 21. Total relation matrix for criteria (alpha-level set: 0).

APPENDIX P: TOTAL RELATION MATRIX FOR CRITERIA
(ALPHA-LEVEL SET: 0)
See Table 21.

APPENDIX R: UNWEIGHTED SUPERMATRIX FOR CRITERIA
(ALPHA-LEVEL SET: 0)
See Table 22.

APPENDIX S: WEIGHTED SUPERMATRIX FOR CRITERIA
(ALPHA-LEVEL SET: 0)
See Table 23.

APPENDIX T: LIMIT SUPERMATRIX FOR CRITERIA
(ALPHA-LEVEL SET: 0)
See Table 24.
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TABLE 22. Unweighted supermatrix for criteria (alpha-level set: 0).

TABLE 23. Weighted supermatrix for criteria (alpha-level set: 0).

TABLE 24. Limit supermatrix for criteria (alpha-level set: 0).
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APPENDIX U: HESITANT EVALUATIONS FOR ALTERNATIVES
See Table 25.

APPENDIX V: TRAPEZOIDAL FUZZY DECISION MATRIX
See Table 26.

TABLE 25. Hesitant evaluations for alternatives.

TABLE 26. Trapezoidal fuzzy decision matrix.
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TABLE 26. (Continued.) Trapezoidal fuzzy decision matrix.
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