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ABSTRACT The purpose of this study is to evaluate PERT-based critical paths of new service development
(NSD) process for renewable energy investment projects. In this context, a novel three-stage model has been
proposed. In the first stage, 10 different steps in NSD process are weighted by considering 2-tuple hesitant
interval-valued Spherical fuzzy IVSFDEMATEL approach. In the second stage, 26 different critical paths for
NSD process are identified. Moreover, the third stage includes the ranking the renewable energy alternatives
by path scenarios with 2-tuple hesitant IVSF TOPSIS. The findings demonstrate that idea screening and the
formation of cross-functional team are the most significant criteria for the NSD process of renewable energy
investments. Additionally, while considering all activities of NSD process, it is concluded that solar energy is
the most appropriate renewable energy alternative. This result is also similar for considering the longest path
by activity number, the longest path by duration and the shortest path by activity number. However, it is also
determined that geothermal energy is the most ideal type of renewable energy to invest in while considering
the shortest path by duration. Therefore, it is obvious that investors should primarily give importance to
generate new products for solar energy projects. In this way, it can be easier for them to provide efficiency
in their investments. On the other hand, if there is time constraint or a positive result is expected from the
project in a short time, geothermal energy is the most suitable renewable energy type to invest.

INDEX TERMS Renewable energy investments, new service development, spherical fuzzy sets, DEMATEL.

I. INTRODUCTION
Renewable energy refers to energy obtained from natu-
ral resources. Therefore, renewable energy sources can be
defined as energy sources that can constantly renew them-
selves and not run out in nature. It is possible to talk about
many advantages of renewable energy. Carbon gas is not
formed in these types of energy. Therefore, these types
of energy have very little damage to the environment [1].
Renewable energy sources also have many benefits for the
economies of countries. Energy imports of countries using
these resources are decreasing. This situation contributes to
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the reduction of the current account deficit problem of coun-
tries [2]. On the other hand, the use of renewable energy
increases the energy supply security of countries. Thanks to
these projects, countries will be able to produce their own
energy. In other words, countries that can use renewable
energy alternatives effectively will not need to buy energy
from another country. This situation minimizes the depen-
dence on foreign countries for energy. A country that imports
a significant part of the energy it needs from another country
becomes politically dependent on that country [3]. The use
of renewable energy also contributes to the solution of this
problem for countries.

There are mainly 5 different types of renewable energy
alternatives which are solar, wind, geothermal, biomass and
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hydropower. All these renewable energy types have positive
and negative aspects compared to each other. For example,
solar energy does not have any significant costs other than
installation financing [4]. This is also true for hydroelectric
energy. However, one of the most important disadvantages
of wind energy is that initial installation costs are higher
compared to other renewable energy sources [5]. Also, solar
energy is generally used where it is produced. Therefore,
there are not too many problems in transmission and distribu-
tion routes. Nonetheless, the installation areas of wind power
plants take up less space than solar energy. Another advantage
of solar energy is that it is much easier to use compared to
other renewable energy sources [6].

On the other hand, the most important advantage of
biomass energy is that the production amount can be pre-
dicted as long as it is the raw material [7]. Similarly, it is
possible to obtain uninterrupted electricity in geothermal
energy [8]. However, this is not the case for the sun and
wind. In this context, the biggest disadvantage of solar energy
is that it is heavily affected by climatic conditions. Low
sunlight during winter and at night reduces the efficiency in
the electricity generation process. In addition, wind panels
can operate both day and night as long as there is wind [9].
Hence, this situation makes it difficult to estimate the amount
of electrical energy to be obtained by wind energy.

In addition, the need for too much water while obtain-
ing biomass energy is an important disadvantage. In addi-
tion, large areas are needed to utilize biomass energy. This
increases the cost of this energy type [10]. On the other
hand, in geothermal energy, the facility takes up little space
because it is underground. One of the biggest disadvantages
of geothermal energy is the presence of harmful substances in
the hot water used. Separating these substances also increases
the cost of the process [11]. Similarly, during the construction
of the hydroelectric power plant, there is a possibility that the
trees around it will be cut to provide transportation [12].

It is obvious that no type of renewable energy has absolute
advantage over another. This situation increases the uncer-
tainty in the investment decisions of the investors. In other
words, it is very difficult for investors to choose among
renewable energy alternatives, considering many advantages
and disadvantages at the same time. Therefore, the studies to
be carried out for this purpose are very important as they will
guide investors. PERT (Project Evaluation and Review Tech-
nique) is also an approach taken into account in this process.
With this technique, the time required for the completion of
each phase of the project is estimated [13]. In this way, it is
possible to predict the time required for the complete com-
pletion of a project. This method is very helpful in sustaining
the projects more effectively and efficiently [14]. The biggest
advantage of this technique is that it can take into account
the uncertainties in the end times of the activities. Therefore,
it is accepted that the PERT method is much more realistic
compared to the others [15].

In this study, it is aimed to evaluate PERT-based criti-
cal paths of NSD process for renewable energy investment

projects. For this purpose, a hybrid novel fuzzy MCDM
model has been generated. There are three different stages
of this proposed model. In the first stage, the immediate
predecessors of NSD process for renewable energy invest-
ment projects are defined. In this context, 10 different NSD
steps are weighted by considering 2-tuple hesitant IVSF
DEMATEL. Moreover, the second stage includes the iden-
tification of the critical paths for new service develop-
ment process. Within this framework, NSD-based renewable
energy investment project network is constructed. Addition-
ally, the weighted results of durations by paths are calcu-
lated. On the other side, in the final stage, the renewable
energy alternatives are ranked by path scenarios. In this pro-
cess, 2-tuple hesitant IVSF TOPSIS methodology is taken
into consideration. Furthermore, this evaluation is performed
according to different scenarios, such as using all activities,
the shortest path by duration, the longest path by activity
number, the longest path by duration and the shortest path
by activity number.

The main contribution of this study is to propose appro-
priate investment strategies for renewable energy projects by
evaluating different NSD paths with a novel hybrid fuzzy
MCDMmodel. Additionally, ranking renewable energy alter-
natives with respect to different scenarios is also very helpful
to generate investment strategies for different conditions.
Hence, renewable energy investments can be directed more
appropriately. It is also possible to mention different novelties
of this proposed model. First of all, hybrid methodology is
preferred in the analysis process. In other words, two different
MCDM models (DEMATEL and TOPSIS) are used for both
weighting the factors and ranking the alternatives. In other
kinds of models, only one MCDM approach is considered to
rank the alternatives [16]. However, the weights of the criteria
are defined by the authors subjectively [17]. It is obvious that
owing to the hybrid model, the evaluations can be made more
objectively. This situation has a positive contribution to reach
more realistic results [18].

Another important novelty of this proposed model is con-
sidering DEMATEL evaluation to define 26 different paths.
PERT analysis is mainly considered in the literature to define
the predecessors for NSD process. In this analysis, the paths
are defined subjectively by the authors or some theoretical
information is taken into consideration for this purpose. With
the help of DEMATEL methodology, impact relation map
between the factors can be identified [19]. By considering
this causality analysis, 26 different pats in NSD process
for renewable energy investment projects are defined. Thus,
more objective and effective evaluations are made in the
definition of different paths [20], [21]. Furthermore, renew-
able energy alternatives are ranked with TOPSIS method.
The main advantage of this methodology is using the dis-
tances both positive and negative ideal solutions [22], [23].
Therefore, more accurate evaluations can be performed to
understand which renewable energy alternatives have higher
performance [24]. In addition, considering Spherical fuzzy
sets in the analysis process also contributes to this situation
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because membership, non-membership and hesitancy param-
eters can be taken into consideration in this process [25]–[27].
Moreover, the loss of the information can be minimized with
the help of 2 tuple linguistic evaluation [28], [29]. Addi-
tionally, by considering the IVIF sets, it can be possible to
differentiate the positive and the negative indications of an
element’s values more effectively [30]–[32]. The final nov-
elty of this proposed model is using hesitant fuzzy linguistic
term sets in the analysis process so that the hesitant informa-
tion can be expressed more comprehensively [33]–[35].

The rest of the paper is organized as following. The second
part of the study includes literature evaluation. In this context,
a literature review is conducted for both renewable energy
alternatives and methodology. After that, the missing part
in the literature is identified. Section 3 gives information
about the theoretical information about the methods used in
the analysis process. Next, the proposed model is detailed
in this section. Section 4 includes the analysis results for
NSD process of renewable energy alternatives. Section 5 is
related to the conclusion. On the other side, the discussion and
limitations of the study are highlighted in the final section.

II. LITERATURE REVIEW
In this section, firstly, the literature for renewable energy
investment is reviewed. After that, some studies are evaluated
regarding the NSD process. Later, the usage of fuzzy MCDM
modelling in renewable energy investments is examined.
Next, some studies, which used the PERT technique, are
identified. In the final part, the results of the literature review
are discussed.

A. LITERATURE REVIEW ON RENEWABLE ENERGY
INVESTMENT
There is wide-ranging literature which has investigated the
factors that impact renewable energy investments by using
different analyzing methods. Wang et al. [36] put forward
a comprehensive evaluation of renewable energy estimation
methods based on deep learning to explore their efficiency
and application potential. They underlined the importance of
effective cost evaluation in this regard. Assaf and Shabani
[37] and Razmjoo et al. [38] underlined the significance
of this situation. Besides, Zhong et al. [39] aimed at iden-
tifying innovative strategies suitable for renewable energy
investments through the TRIZ technique. Consequently, they
found that ease of access and security are the two most
important factors for customer needs for renewable energy
investments. Viviescas et al. [40] and Hamed and Bressler
[41] also identified that security is a significant issue for the
effectiveness of the renewable energy investment projects. On
the one hand, Song et al. [42] examined the fossil energy
market using the connectivity network approach. In this
study, they investigated the dynamic information dissemina-
tion of investors’ sensitivity towards renewable energy and
the turnaround and volatility between the renewable energy
exchange. As a result, it has been determined that renewable
energy exchange is closely related to the fossil energymarket.

Additionally, Xia et al. [43] investigated the impact of various
fossil energy price changes on renewable energy stock returns
using the network approach. They reached a conclusion that
the fossil energy-renewable energy network system has a
relatively high interdependence.

Moreover, the positive results of renewable energy alter-
natives were also examined by many different researchers.
Khan et al. [44] investigated the effects of renewable energy
on international trade and environmental quality. A dynamic
common correlated effect model was taken into considera-
tion for robustness check in this study. They identified that
the renewable energy positively associated with international
trade in Nordic countries. Additionally, environmental qual-
ity can be improved with the help of renewable energy usage.
Jurasz et al. [45], McGee and Greiner [46] and Yao et al. [47]
also determined the same results in their studies. On the other
side, Xu et al. [48] predicted the factors affecting global
renewable energy development. A combination of ARIMA,
NNM with SVM is used in the analysis process. They under-
lined that renewable energy consumption is directly related
to the economic development. Moreover, Aslani et al. [49],
Behuria [50] and Mohamed et al. [51] stated that countries
should give priorities to increase renewable energy invest-
ments so that energy dependency can be minimized.

In addition, some other studies in the literature also aimed
to evaluate the renewable energy usage in different countries
and regions. For example, Poudyal et al. [52] examined the
current energy crisis in Nepal and Ji and Zhang [53] investi-
gated the contribution of financial development to renewable
energy growth in China. They stated that the popularity of
renewable energy projects is increasing, especially in the
last years. Similarly, Akadiri et al. [54] analyzed energy
policies in the EU (28 countries). It is concluded that the
renewable energy consumption has a powerful impact on pol-
lution reduction and economic sustainability. Because of this
situation, they recommended that EU countries shouldmainly
focus on renewable energy projects. Furthermore, Destek and
Sinha [55] studied the impact of renewable energy on eco-
nomic development for economic cooperation and develop-
ment countries. They discussed that governments should give
necessary incentives to the renewable energy projects because
they have a significant role to minimize energy dependency.

B. LITERATURE ON NSD PROCESS
There are specific NSD stages in the literature. They were
firstly considered as eight processes in a study conducted
by Booz and Hamilton [56]. After that, these criteria were
also improved in many different studies. For instance, Alam
and Perry [57] generated 10-step NSD process while inves-
tigating renewable energy investment projects. Additionally,
the significance of NSD process on the performance of the
companies was also underlined by various researchers. For
example, Liu et al. [58] analyzed the efficiency of renew-
able energy policies using a panel data set covering 29
countries in the 2000-2015 period. They found that strate-
gic planning, along with pricing policy and subsidies, has
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a positive effect on renewable energy development. Simi-
larly, Kim [59] examined 80 developing countries for the
period 1996-2016 and reached a conclusion that strategic
planning helped developing countries to get private invest-
ment, especially for local renewable energy sources. More-
over, Matzembacher et al. [60] explored how entrepreneurs
generate ideas in the context of sustainable development. For
this study, they conducted a case study with eleven orga-
nizations in six different countries from different sectors.
The findings revealed that the entrepreneurs’ previous experi-
ences and skills are strongly associated with their knowledge
of similar initiatives, motivation, and generating ideas. Riva
[61] developed a techno-economic optimization model by
simulating the future business situation of off-grid fuel cell-
based hydrogen storage solutions with appropriate data.

On the other hand, there are also some studies in the liter-
ature which focused on the significant steps in NSD process.
As an example, Vimal et al. [62] aimed to develop a method-
ology to ensure sustainability in the production process. It has
been determined that the application of fuzzy concepts and
the creation of a cross-functional team helped managers to
work effectively evenwith limited information available. Fur-
thermore, Hilorme et al. [63] explored appropriate strategies
to reduce the risks of implementing energy-saving technology
projects and improve socioeconomic efficiency. They recom-
mended a staff development strategy, in particular external
consulting, to reduce the impact of the procedural risk group.
Moreover, Cole et al. [64] tested marketing materials to
identify the perceived benefits and barriers to home energy
efficiency improvements using two separate surveys. As a
result, high costs of energy efficiency improvements have
been found as the most perceived obstacle. Additionally, Sha-
keel et al. [65] investigated how different renewable energy
technologies can be commercialized effectively in Finland.
They determined that market comparison is a key issue to
improve NSD process. On the other side, Lea et al. [66]
found that commercialization activities are the most effective
step to achieve the strategic goals of companies towards
sustainability.

C. LITERATURE ON THE METHODOLOGY
Furthermore, there are also some studies in the literature
which focused on the renewable energy investments by the
help of fuzzy MCDM methodologies. For instance, Dinçer
and Yüksel [67] evaluated global investment alternatives for
renewable energy projects. Fuzzy DEMATEL methodology
under the hesitancy is used to weight the factors that affect
the performance of renewable energy investments. with fuzzy
decision-making methods. Additionally, renewable energy
alternatives are also ranked with the help of the hesitant
fuzzy TOPSIS approach. Also, Li et al. [68] carried out
Kano-based mapping of innovation strategies for renewable
energy alternatives with the hybrid interval type-2 method.
Within this framework, the criteria are evaluated by using
interval type-2 (IT2) fuzzy DEMATEL.Moreover, renewable
energy alternatives are ranked with a comparative evaluation

by using IT2 fuzzy TOPSIS and IT2 fuzzy VIKOR. Wang
et al. [69] conducted a hybrid analysis based on unstable
linguistic term clusters. Fuzzy AHP and fuzzy DEMATEL
methods are considered for the evaluation of the criteria.
On the other hand, alternatives are ranked by considering
both fuzzy TOPSIS and fuzzy VIKOR approaches. Similarly,
Wang et al. [70] aimed to select the most profitable renewable
energy alternatives with the help of the IT2 fuzzy DEMATEL
and IT2 fuzzy TOPSIS. Rani et al. [71] tried to select the opti-
mum renewable energy investment projects with the help of
fuzzy TOPSISmethodology. In addition, Alkan andAlbayrak
[72] ranked renewable energy sources for regions in Turkey.
For this purpose, fuzzy COPRAS and fuzzyMULTIMOORA
are taken into consideration. Moreover, Solangi et al. [73]
intended to select the appropriate renewable energy resources
in Pakistan. In the analysis process, an integrated Delphi-
AHP and fuzzy TOPSIS approach is taken into consideration.

D. PERT ANALYSIS
Businesses aim to have more efficient activities in terms of
both time and cost. In this context, effective planning should
be made and the performance of the activities in the process
should be checked periodically. In other words, to sustain
a large project effectively, all steps in the process must be
designed in a successive logic. In this way, it is possible to
use time effectively. In addition, it may be easier to control the
effectiveness of each stage. The important point here is that
in order to start some of the steps in the process, others may
need to be completed. Therefore, the processes of the project
must be defined correctly [74]. PERT analysis includes the
effective evaluation and correct analysis of a project. If the
exact completion time of a project’s activities is not known,
time estimation can be made for this project thanks to PERT
analysis. In this way, it will be understood whether the project
can be completed in a certain time frame [75]. There are many
different issues that affect the effectiveness of a project. Some
of these issues can be anticipated before starting the project
[76]. However, some unpredictable issues can prevent the
project from being completed on time. As can be understood
from here, it is not possible to know the exact duration of the
activities that make up the project. Therefore, it is obvious
that PERT analysis is a realistic approach. The one with
the longest duration among the stages in PERT analysis is
called the critical path [77]. Many researchers in the liter-
ature considered PERT analysis for different purposes. For
instance, Huynh and Nguyen [78] evaluated common risks
in software project scheduling by considering this technique.
Yilmaz and Yilmaz [79] aimed to find the optimal capacity
for sustainable refrigerated storage buildings by using this
approach. Pagalday et al. [80] also used PERT technique for
the aim of evaluating after sales services.

E. THE LITERATURE REVIEW RESULTS
It is possible to reach some significant issue as a result of
the literature review. Firstly, the renewable energy investment
projects provide important advantages for the sustainable
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development of the countries, such as decreasing carbon
emission and increasing energy independency. Because of
these factors, governments provide some subsidies to attract
the attention of the investors. Hence, it is important to provide
innovative strategies for these investors. PERT technique is
also very appropriate to measure the effectiveness of NSD
process for these projects. However, in PERT approach, activ-
ity and immediate predecessors for NSD process are mainly
selected by the authors subjectively. Therefore, there is a
need for a new study which considers NSD process of the
renewable energy investments with an objective evaluation.
In this study, a 3-stage hybrid fuzzy MCDM model is pro-
posed to generate appropriate strategies regarding the NSD
process of renewable energy investment projects. In the first
stage, 10 different NSD steps are weighted by using IVSF
DEMATEL. In the second stage, 26 different paths of NSD
process are identified. In this framework, impact relation map
results of IVSFDEMATEL are taken into consideration.With
the help of this issue, activity and immediate predecessors for
NSD process in PERT technique are determined objectively.
On the other side, the third stage includes the ranking of the
renewable energy alternatives with IVSF DEMATEL. There-
fore, it is believed that owing to the objective and effective
methodology, NSD process of renewable energy investment
projects can be evaluated more appropriately.

III. METHODOLOGY
This section includes the details of the methods used in the
analysis process. For this purpose, the linguistic 2-tuple infor-
mation, hesitant fuzzy linguistic term sets, interval-valued
intuitionistic Spherical fuzzy sets, DEMATEL and TOPSIS
approaches are explained. Finally, the proposed model of this
study is identified.

A. LINGUISTIC 2-TUPLE INFORMATION
Linguistic 2-tuple information considers the concept of sym-
bolic translation. The details are given in the following 2 dif-
ferent definitions [28].
Definition 1: The symbolic translation is denoted by si ∈

S =
{
s0, . . . , sg

}
and it can take the value of [−0.5, 0.5).

The difference of the information between an amount of
information β ∈ [0, g] and the closest value in {0, . . . , g}
is supported by this translation. Within this framework, the
index of the closest linguistic term is indicated regarding the
closest value [81]

In addition, 2-tuples are indicated as (si, αi), si∈ S and αi ∈
[−0.5, 0.5]. Moreover, the definition regarding this concept
is stated below [29].
Definition 2: When β ∈ [0, g] indicates that value which

supports the result of a symbolic aggregation operation, 2-
tuples can be obtained by considering the equations (1) and
(2) [81].

1 : [0, g]→ S × (−0.5, .0.5) (1) (1)

(β) = (si,α) , with
{
si i = round (β)
α = β − i α ∈ [−0.5, 0, 5)

(2)

FIGURE 1. 2-tuple linguistic information and sets.

In these equations, α gives information about the value of the
symbolic translation. On the other side, si gives information
about the closest index label to β.
Proposition: There is always a function of1−1 which can

return its equivalent numerical value β ∈ [0, g] from a 2-tuple
[81]

Proof: The equation (3) can be taken into consideration
for this regard.

1−1 : S×[−0, 5, 0.5)→ [0, g] , 1−1 (si, α) = i+ α = β

(3)

The details of 2-tuple linguistic term sets can be demonstrated
as in Figure 1.

B. HESITANT FUZZY LINGUISTIC TERM SETS (HFLTS)
For the explanation of HFLTS, two different definitions can
be identified.
Definition 3: A linguistic term set can be defined as S =
{s0, · · · , sτ }. The equation (4) indicates theHFLTS (HS ) [82].

HS =
{
si, si+1, · · · , sj

}
, sk ∈ S, k ∈ {i, · · · , j} (4)

On the other side, GH = (VN ,VT , I ,P) gives information
about the context-free grammars which are detailed below
[33].

VN =
{

〈primary term〉, 〈composite term〉,
〈unary term〉, 〈binary term〉, 〈conjunction〉

}
,

VT =
{

lower than, greater than, at least,
a tmost, between, and, S0, S1, . . . , St

}
,

I ∈ VN ,

= {I ::= 〈primaryterm〉 | 〈compositeterm 〉 ,

〈compositeterm〉 ::= 〈compositeterm〉〈primaryterm 〉∣∣∣∣ 〈binaryrelation〉 〈primaryterm〉〈conjunction〉 〈primaryterm〉 ,
〈primaryterm〉 ::= S0 |S1 |. . . |St ,

〈unaryrelation〉 ::= lowerthan |greaterthan

|atleast |atmost,

〈binaryrelation〉 ::= between,

〈conjunction〉 ::= and}
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Moreover, these expressions can be transferred to the HFLTS
with the help of the definition 4 [34].
Definition 4: EGH shows the transformation functionwhich

converts the comparative linguistic expressions ll ∈ Sll to
HFLTS with the equation (5) [83].

EGH : Sll → Hs (5)

Additionally, ll can be modelled while considering the trape-
zoidal fuzzy membership functions as in the equation (6).
In this equation, a, b, c and d demonstrate the trapezoidal
fuzzy numbers [35].

(Hs) = T (a, b, c, d) (6)

C. INTERVAL-VALUED INTUITIONISTIC SPHERICAL FUZZY
SETS
Intuitionistic fuzzy set can be shown as I and it is detailed
in the equation (7). In this equation, µI (ϑ) : U → [0, 1]
and nI (ϑ) : U → [0, 1] represent the membership and non-
membership degrees and they can be defined as 0 ≤ µI (ϑ)+
nI (ϑ) ≤ 1 [30].

I =
{
〈ϑ,µI , (ϑ), nI , (ϑ)〉

ϑεU

}
(7)

On the other side, the degrees of belongingness and non-
belongingness ofϑ can be demonstrated asµI (ϑ) and nI (ϑ).
The upper and lower values ofµI (ϑ) are indicated asµIU (ϑ)
and µIL (ϑ). Moreover, nIU (ϑ) and nIL (ϑ) give information
about the upper and lower values of nI (ϑ). Hence, the intu-
itionistic fuzzy set can also be indicated as in the equations
(8) and (9) [31].

I =
{
ϑ, [µIL (ϑ) , µIU (ϑ)] ,

[nIL (ϑ) , nIU (ϑ)]
ϑεU

}
(8)

0 ≤ µIU (ϑ)+ nIU (ϑ) ≤ 1 µIL (ϑ) ≥ 0, nIL (ϑ) ≥ 0

(9)

Additionally, the equation (10) demonstrates the unknown
degree.

τI (ϑ) = 1− µI (ϑ)− nI (ϑ) (10)

Furthermore, the elements of IVIF set can be shown in
the equation (11). In this equation, a, b, c, d represent
µIL (ϑ) , µIU (ϑ), nIL (ϑ) , nIU (ϑ) [32].

Spherical fuzzy sets (ÃS ) consider the hesitancy degree
of fuzzy set. Within this framework, the squared sum of
membership, non-membership, and hesitancy are denoted as
µ, ν, and π , respectively [25]. The equations (11) and (12)
identify the details of this process.

ÃS =
{
〈u , (µÃS (u) , vÃS (u) , πÃS (u))| u ∈ U

}
(11)

0 ≤ µ2
ÃS
(u)+ v2

ÃS
(u)+ π2

ÃS
(u) ≤ 1 (12)

In addition, Figure 2 also illustrates this situation.
ÃS =

(
µÃS

, vÃS , πÃS

)
and B̃S =

(
µB̃S

, vB̃S , πB̃S

)
give

information about two Spherical fuzzy sets from two different

FIGURE 2. Illustration of Spherical fuzzy sets.

universes of X1 and X2 [26]. The details of them are given in
the equations (13)-(16).

ÃS ⊕ B̃S =
{(
µ2
ÃS
+ µ2

B̃S
− µ2

ÃS
µ2
B̃S

) 1
2
,

vÃS vB̃S ,
((

1− µ2
B̃S

)
π2
ÃS

+

(
1− µ2

ÃS

)
π2
B̃S
− π2

ÃS
π2
B̃S

) 1
2
}

(13)

ÃS ⊗ B̃S =
{(
µÃS

µB̃S
, (v2

ÃS
+ v2

B̃S
− v2

ÃS
v2
B̃S

) 1
2
,((

1−v2
B̃S

)
π2
ÃS
+

(
1−v2

ÃS

)
π2
B̃S
− π2

ÃS
π2
B̃S

) 1
2
}
(14)

λ ∗ ÃS =

{(
1−

(
1− µ2

ÃS

)λ) 1
2

,

vλ
ÃS
,

((
1− µ2

ÃS

)λ
−

(
1− µ2

ÃS
− π2

ÃS

)λ) 1
2
}
,

λ > 0 (15)

ÃλS =

{
µλ
ÃS
,

(
1−

(
1− v2

ÃS

)λ) 1
2

,

((
1− v2

ÃS

)λ
−

(
1− v2

ÃS
− π2

ÃS

)λ) 1
2
}
,

λ > 0 (16)

Furthermore, Spherical fuzzy numbers based on IVIFSs can
be illustrated as in the equations (17) and (18).

IS =

{
〈ϑ,[ϑLP (ϑ),µ

U
P (ϑ)],[v

L
P(ϑ),v

U
P (ϑ)],[π

L
P (ϑ), π

U
P (ϑ)]〉

ϑεU

}
(17)

0 ≤
(
µUP (ϑ)

)2
+

(
vUP (ϑ)

)2
+

(
πUP (ϑ)

)2
≤ 1 (18)
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Additionally, the equation (19) gives information about the
elements of interval-valued spherical fuzzy sets (IVSFSs).
In this equation, a, b, c, d, ef indicate µLP (ϑ) , µ

U
P (ϑ) ,

vLP (ϑ) , v
U
P (ϑ) , π

L
P (ϑ) , π

U
P (ϑ).

IS = 〈[a, b], [c, d], [e, f ]〉 (19)

Finally, the defuzzified values of IVSFSs are calculated with
the help of a score function as in the equation (20) [27].

Score(ÃS ) =
(
µÃS
− πÃS

)2
−

(
vÃS − πÃS

)2
(20)

D. DEMATEL
DEMATEL methodology can be considered to find the
importance levels of different factors. Additionally, impact
relation map between these items can also be generated with
the help of this approach. Hence, the cause-and-effect anal-
ysis of the factors can be identified [19]. In the first stage,
the direct relation matrix (A) is created by using the evalua-
tions of the experts. The equation (21) indicates the details of
this matrix. In this equation, the influence of criterion i on the
criterion j is shown as aij.

A =


0 a12 a13 · · · a1n
a21 0 a23 · · · a2n
a31 a32 0 · · · a3n
...

...
...

. . .
...

an1 an2 an3 · · · 0

 (21)

Later, this matrix is normalized with the equations (22) and
(23).

B =
A

max1≤i≤n
∑n

j=1 aij
(22)

0 ≤ bij ≤ 1 (23)

The next step is related to the generation of the total relation
matrix (C). For this purpose, the equation (24) is taken into
consideration. The term I represents the identity matrix in this
equation [20].

C = B (I − B)−1 (24)

Furthermore, the sums of rows and columns (D and E) are
calculated by using the equations (25) and (26).

D =

 n∑
j=1

eij


nx1

(25)

E =

[
n∑
i=1

eij

]
1xn

(26)

In order to compute the weights of the criteria, D+E is
considered. Additionally, the causal relationship can be iden-
tified with the help of D-E. Also, threshold value (α) is also
considered in the generation of impact relation map and this
value is calculated as in the equation (27) [21].

α =

∑n
i=1

∑n
j=1

[
eij
]

N
(27)

E. TOPSIS
TOPSIS approach is used to rank the alternatives. In this
framework, the distances from the negative and positive ideal
solutions are taken into consideration [22]. The normalized
values are defined in the first step as in the equation (28).

rij =
Xij√∑m
i=1 X

2
ij

(28)

In the second step, these values are weighted with the help of
the equation (29).

vij = wij × rij (29)

In this equation, w gives information about the significance
weight. Additionally, the third step includes the calculation
of the positive (A+) and negative (A−) ideal solutions [23].
These values are calculated as in the equations (30) and (31).

A+ =
{
v1j, v2j, . . . , vmj

}
=
{
max v1jfor∀j ∈ n

}
(30)

A− =
{
v1j, v2j, . . . , vmj

}
=
{
min v1j for ∀j ∈ n

}
(31)

The next step is related to the identification of the distances to
the best (D+i ) and the worst alternative (D−i ) by considering
the equations (32) and (33) [24].

D+i =

√√√√ n∑
j=1

(
vij − A+j

)2
(32)

D−i =

√√√√ n∑
j=1

(
vij − A−j

)2
(33)

In the final step, the relative closeness to the ideal solution
(RCi) is calculated as in the equation (34) to rank the alterna-
tives.

RC i =
D−i

D+i + D
−

i
(34)

F. PROPOSED MODEL
By considering the methods explained in this section, a novel
model is generated. Figure 3 shows the details of this new
model.

Figure 3 gives information that this model has three dif-
ferent stages. The first stage is related to the construct-
ing the immediate predecessors of new service development
process for renewable energy investment projects. Firstly,
10 different items of NSD process are defined for renewable
energy investments projects. Next, 4 different experts are
appointed for the linguistic evaluations and evaluations are
collected from this people based on hesitant fuzzy linguistic
term sets. After that, the collective envelopes based on 2-
tuple linguistic information are defined. Later, the interval
valued Spherical Fuzzy evaluations are calculated, and the
defuzzificated values of relation matrix are generated. These
values are normalized in the next step. Finally, the weights
of the criteria are calculated by using IVIFS DEMATEL.
Moreover, in the second stage, the critical paths are identified
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FIGURE 3. Algorithm of proposed model.

TABLE 1. New service development process for renewable energy
investment projects.

TABLE 2. The details of the experts (E).

for NSD process. Within this framework, first, NSD-based
renewable energy investment project network is developed.

TABLE 3. Linguistic scales and fuzzy preference numbers.

The hesitant linguistic evaluations for duration are obtained
in the second step. With the help of them, the estimated
values for activity duration are computed. Next, the weights
of NSD process are calculated according to the paths and
duration. Furthermore, the third stage of this model includes
the ranking of the renewable energy alternatives. At first,
the evaluations are collected for the alternatives. After that,
the 2-tuple values of collective linguistic evaluations for
decision matrix are identified. In the next step, the interval
valued Spherical fuzzy decision matrix is created. Later,
the defuzzificated values of decision matrix are computed.
In the final step, the renewable energy alternatives are
ranked according to different scenarios with the help of the
IVIFS TOPSIS.

There are many different novelties of this proposed model.
The first important novelty of this model is considering
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TABLE 4. Context-free grammar evaluations of the experts.
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TABLE 4. (Continued.) Context-free grammar evaluations of the experts.

hybrid methodology. In other types of models, only one
MCDM technique is considered to rank the alternatives [16].
In this process, the weights of the criteria are defined by
the researchers subjectively. Nonetheless, with respect to the
hybridMCDMmodel, MCDM approaches are considered for
both weighting the criteria and ranking the alternatives [17].
Thus, the main benefit of hybrid MCDM model is making
objective evaluations in all stages [18]. Another important
novelty of this model is considering DEMATEL approach to
list of activity and immediate predecessors for NSD process.
In most of the studies that consider PERT analysis, these
factors are defined by the authors in a subjective manner.
However, in this study, these paths are identified by consider-
ing the impact relation map of DEMATEL analysis [19], [20].
It is obvious that more effective paths can be defined in this
way [21]. Furthermore, the main advantage of TOPSIS is
considering the distances to both positive and negative ideal
solutions [22]. Hence, by ranking renewable energy alterna-
tives with this methodology in this study, more appropriate
results can be achieved [23], [24]. Additionally, using Spheri-
cal fuzzy sets in the analysis process contributes tomakemore
effective evaluations because they consider bothmembership,
non-membership and hesitancy parameters [25]–[27]. On the
other side, the data can be fuzzified more accurately with the
help of 2 tuple linguistic evaluation [28]. Owing to this issue,
the loss of the information can be minimized [29]. Further-
more, the positive and the negative indications of an element’s
values can be differentiated more effectively with the help of
the IVIF sets [30]–[32]. Additionally, ranking the renewable
energy alternatives by considering different scenarios is very
helpful to generate appropriate investment strategies for dif-
ferent conditions. Finally, using hesitant fuzzy linguistic term
sets provides opportunity to express the hesitant information
more comprehensively [33]–[35].

IV. ANALYSIS RESULTS
The results of proposed hybrid hesitant 2-tuple IVSF decision
making approach are given in the stages to analyze the critical

paths of new service development process for renewable
energy investment projects as follows.

STAGE 1: CONSTRUCTING THE IMMEDIATE
PREDECESSORS OF NEW SERVICE DEVELOPMENT
PROCESS FOR RENEWABLE ENERGY INVESTMENT
PROJECTS
In this stage, there are 8 different steps. Firstly, the new
service development process is defined for renewable energy
investments projects.Within this framework, 10 different new
service development stages emphasized by Alam and Perry
[57] and Alam [84] are determined as criteria. The details of
these items are given on Table 1.

The step two includes the appointment of the experts for
the linguistic evaluations. The details of 4 different experts
are demonstrated in Table 2.

Table 2 explains necessary details of the experts, such as
experience, title, and education. These experts consist of peo-
ple who have at least 17-year experience in this area. Addi-
tionally, they are top level managers. By considering these
factors, it is obvious that these experts have wide knowledge
to evaluate the criteria. In step 3, the evaluations are collected
among the criteria based on hesitant fuzzy linguistic term
sets. In this scope, the linguistic scales and fuzzy preference
numbers are considered as in Table 3.

The context-free grammar evaluations among criteria are
collected from the experts based on hesitant linguistic term
sets. Hierarchical directions are considered among the crite-
ria to construct the immediate predecessors for PERT-based
factors. Accordingly, the results are shown in Table 4.

Additionally, the linguistic limits of decision makers are
employed for each pairwise comparison in Table 5.

Moreover, in the step 4, the collective envelopes based on
2-tuple linguistic information is determined. For this purpose,
2-tuple values of collective linguistic evaluations formember-
ship and non-membership degrees are defined in Table 6.

The fifth step is related to the calculation of the interval
valued Spherical Fuzzy evaluations. The normalized values
are obtained with the boundaries of 0≤ µ2

p (u) + v2p (u) +
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TABLE 5. Boundaries of linguistic term sets.

π2
p (u) ≤ 1 for the member, non-membership, and hesitant

degrees of interval valued Spherical fuzzy sets. Table 7 gives
information about the relationmatrix based on interval valued
Spherical fuzzy sets.

Furthermore, in the sixth step, the defuzzificated values of
relation matrix are constructed. The defuzzifaction procedure

is applied and the averages of lower and upper values are
considered for the membership, non-membership, and hesi-
tant degrees are the defuzzified direct relation matrix for the
criteria is given in Table 8.

In the seventh step, the relation matrix is normalized.
Table 9 represents the normalized relation matrix.
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TABLE 6. 2-tuple values of collective linguistic evaluations.

TABLE 7. Relation matrix based on interval valued spherical fuzzy sets.

The final step in this stage is related to the definition of
the predecessors with the total relation matrix. The average
value of total relation matrix is defined as the threshold and
the higher value than the threshold shows that there is an
impact on the other criteria. In other word, the criteria listed
in rows effects the criteria stated in columns hierarchically.
The threshold is computed as the value of 0.254. The impact
results are indicated with bold in Table 10.

In addition, with the help of the values in Table 10, the pre-
decessors for the criteria are identified as in Table 11. In this
framework, the criteria, which have an impact on a factor,
are defined as immediate predecessors. For instance, on Table
10, it can be seen that C1, C2 and C3 have an influence on

C4. Hence, the activities A, B and C are determined as the
predecessors of the activity D.

STAGE 2: COMPUTING THE CRITICAL PATHS FOR NEW
SERVICE DEVELOPMENT PROCESS
This section has 5 different steps. Firstly, NSD-based renew-
able energy investment project network is constructed. Invest-
ment project network is constructed with several alterna-
tive paths by using the immediate predecessors of new ser-
vice development process in renewable energy investment
projects. Figure 4 illustrates the project network with several
activities of new service development process.
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FIGURE 4. NSD-based renewable energy investment project network.

TABLE 8. Defuzzified direct relation matrix.

TABLE 9. Normalized direct relation matrix.

TABLE 10. The impact map.

In addition, the hesitant linguistic evaluations for duration
are collected. Collective linguistic evaluations from the deci-

TABLE 11. The list of activity and immediate predecessors for new
service development process.

sion makers are obtained to evaluate the duration of each
activity by using Table 12.

TABLE 12. Linguistic scales and fuzzy preference numbers for duration.

Moreover, in Table 13, the collective hesitant linguistic
evaluations are presented for the activity duration.

The third step is related to the calculation of the estimated
values for duration. In this context, the linguistic evalua-
tions are computed by using 2-tuple hesitant IVSF decision
making. For this issue, similar procedures in the first stage

VOLUME 9, 2021 3959



F. Cheng et al.: Hybrid Hesitant 2-Tuple IVSF Decision Making Approach to Analyze PERT-Based Critical Paths of NSD Process

TABLE 13. Collective hesitant linguistic evaluations for activity duration.

are applied and the results of IVSFSs as well as the esti-
mated values with the defuzzified preferences are presented
in Table 14.

TABLE 14. Estimated values for activity duration.

On the other side, the fourth step explains the calculation
of the weights of new service development process by paths.
Within this framework, the values of D and E are computed
from the total relation matrix and the values of D+E are con-
sidered as the weights of new service development process.
Table 15 shows the weighting results for the criteria.

Table 15 states that idea screening (C3) is the most signif-
icant factor for NSD process of the renewable energy invest-
ments because it has the highest weight (0.121). Additionally,
it is also identified that the formation of cross-functional
team plays a very crucial role in this regard with the weight
of 0.113. However, test marketing and commercialization
have the lowest weights (0.091 and 0.078). Renewable energy
investments are projects that have high initial costs and
involve complex processes. For this reason, it is obvious that
the most attention should be paid to the idea generation stage
in order to ensure efficiency from these publications. In this
context, it should be aimed to make the most creative invest-

TABLE 15. The weights of NSD process.

ment decision possible by obtaining ideas from different seg-
ments such as employees, customers and academics. 26 paths
are determined with the different combinations based on the
immediate predecessors of activities. The overall weights
of new service development process are normalized for the
activities of each path. The weights of criteria defining the
activities by the paths are represented in Table 16.

The fifth step is related to the listing the weighted results
of durations by paths. The activity weights of each path are
multiplied with the estimated preference values of activities
for the weighted preference results of durations by the paths.
The weighted preference results are listed in increasing order
to rank the path durations. The results are given in Table 17.

In Table 17, 5 critic paths are determined to rank the renew-
able energy alternatives in terms of new service development
process. Path 6 is the shortest path by duration while Path
15 has the longest duration that is also called as critical path.
Path 7 is the longest path by activity number whereas Path
24 and 26 have the least activity numbers.

STAGE 3: RANKING THE RENEWABLE ENERGY
ALTERNATIVES BY PATH SCENARIOS
This stage includes 5 different steps. In the first step, the
evaluations are collected for the alternatives on the criteria
based on hesitant fuzzy linguistic term sets. For this purpose,
Linguistic scales and fuzzy preference numbers are consid-
ered as in Table 18.

The context-free grammar evaluations are obtained for
the renewable energy alternatives in terms of the criteria.
The evaluation results of renewable energy alternatives are
illustrated by considering all activities of new service devel-
opment process. The linguistic results including all activities
for decision matrix are seen in Table 19.

Moreover, the linguistic limits for decision matrix are
determined in Table 20.

On the other side, the second step is related to the defini-
tion of the 2-tuple values of collective linguistic evaluations
for decision matrix. The results for membership and non-
membership degrees are given in Table 21.

Additionally, the step 3 includes the calculation of the
interval valued Spherical fuzzy decision matrix. The normal-
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TABLE 16. The activity weights (W) by paths (P).

ized values are obtained with the boundaries of 0≤ µ2
p (u)+

v2p (u) + π
2
p (u) ≤ 1 for the member, non-membership, and

hesitant degrees of interval valued Spherical fuzzy sets. The
results are shown in Table 22.

On the other side, in the step 4, the defuzzificated values
of decision matrix are calculated. The defuzzifaction proce-
dure is applied and the averages of lower and upper values
are considered for the membership, non-membership, and
hesitant degrees are the defuzzified decision matrix is given
in Table 23.

The final step is related to the ranking of the renew-
able energy alternatives by scenarios. Within this context,
the ranking process is applied with 2-tuple hesitant IVSF
TOPSIS.
Scenario 1 (Ranking the Alternatives by Using All Activi-

ties of New Service Development Process):

In this scenario, all items of new service development
process are used in Table 23. In other words, in this scenario,
without path analysis, all ten different steps are taken into
account. And then, normalized, and weighted decision matri-
ces are constructed in Tables 24 and 25, respectively.

The values of D+ and D- as well as CCi are computed for
ranking the alternatives. Table 26 shows the ranking results
for scenario 1.

Table 26 gives information that solar energy is the
most appropriate investment alternative while considering
all items of NSD process. Similarly, hydropower is also
found as another significant investment opportunity. How-
ever, biomass and wind have the last ranks.
Scenario 2 (Ranking the Alternatives by Using Path 6):
This scenario consists of the activities entitled ‘‘A’’, ‘‘D’’,

‘‘G’’, ‘‘H’’, ‘‘I’’ and ‘‘J’’. Path 6 is also the shortest path by
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TABLE 17. Duration list of new service development process by paths.

TABLE 18. Linguistic scales and fuzzy preference numbers for
alternatives.

duration. According to this scenario, the ranking results are
presented in Table 27.

Table 27 indicates that geothermal is the best renewable
energy investment alternative while considering the shortest
path by the duration. Moreover, solar energy has the second-
best alternative in this regard. It is understood that in case

of the time constraint, investors should give priority to the
geothermal energy projects.
Scenario 3 (Ranking the Alternatives by Using Path 7):
This scenario considers the longest path by activity num-

ber. The results are seen in Table 28.
Table 28 demonstrates that solar is the most significant

renewable energy investment alternative when the longest
path by activity number is taken into consideration. Addition-
ally, hydropower and geothermal are other important alter-
natives for this purpose. Another important issue is that the
ranking results of scenarios 1 and 3 are the same. Scenario
1 includes all 10 steps of NSD process whereas in scenario 3,
the path with the highest number of activities is considered.
The main difference between these two scenarios is that
service design and process/system design (activity F) is not
used in scenario 3. Hence, it is obvious that this step can be
ignored for NSD process of renewable energy investments.
With the help of this situation, it can be possible to save time
so that more efficient results can be achieved.
Scenario 4 (Ranking the Alternatives by Using Path 15):
The longest path by duration (critical path) is taken into

consideration in this scenario. The results are indicated
in Table 29.

Table 29 states that solar and hydropower are the best
renewable energy investment alternatives when the longest
path by duration is considered.
Scenario 5 (Ranking the Alternatives by Using Paths

24 and 26):
The shortest path by activity number is evaluated within

this framework. The results are demonstrated in Table 30.
Table 30 gives information that solar energy is the ideal

investment opportunity for both paths 24 and 26. However,
geothermal is the second-best alternative for path 24, but
hydropower takes the second place for path 26. The main dif-
ference between these two paths is that path 24 considers the
formation of cross-functional team (activity E) whereas the
idea screening (activity C) is used in path 26. Therefore, it is
obvious that when the investment company has a sufficient
number of qualified personnel, it should focus on geothermal
energy projects. However, hydropower energy will be better
investment alternative when the company does not have these
personnel

V. CONCLUSION
In this study, it is aimed to examine PERT-based critical
paths of NSD process regarding renewable energy investment
projects. For this purpose, a novel hybrid MCDM model
has been generated which includes 3 different stages. The
first stage is related to the finding the significance weights
of 10 different steps in NSD process. Within this context,
2-tuple hesitant interval-valued intuitionistic Spherical fuzzy
IVSF DEMATEL methodology is taken into consideration.
Moreover, the second stage includes the definition of 26 dif-
ferent critical paths for NSD process. Furthermore, the third
stage focuses on the ranking the renewable energy alterna-
tives by path scenarios with 2-tuple hesitant IVSF TOPSIS.
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TABLE 19. Context-free grammar evaluations for decision matrix.

The main contribution of this study is to generate appropriate
investment strategies for renewable energy projects by evalu-
ating different NSD paths with a novel hybrid fuzzy MCDM
model. It is concluded that idea screening is the most impor-
tant criterion for NSD process of the renewable energy invest-
ments. In addition, it is also defined that investors should also
focus on the formation of cross-functional team. The ranking

results also show that solar energy is the most appropriate
investment alternative while considering all items of NSD
process, the longest path by activity and the longest path
by duration. Similarly, hydropower is also found as another
significant investment opportunity. However, it is also seen
that geothermal is the best renewable energy investment alter-
native while considering the shortest path by the duration.

VOLUME 9, 2021 3963



F. Cheng et al.: Hybrid Hesitant 2-Tuple IVSF Decision Making Approach to Analyze PERT-Based Critical Paths of NSD Process

TABLE 20. Boundaries of linguistic term sets for decision matrix.

TABLE 21. 2-tuple values of collective linguistic evaluations for decision matrix.

This situation gives information that in case of the time con-
straint, investors should give priority to the geothermal energy
projects. Another important conclusion is that the ranking
results of the scenario of considering all 10 items of NSD
process (scenario 1) and the scenario of using the longest path
by activity number are the same. Themain difference between
these two scenarios is that service design and process/system

design (activity F) is not taken into consideration in scenario
3. Thus, it can be concluded that with respect to the NSD
process of renewable energy investments, this step can be
ignored. This situation can have a positive contribution on the
efficiency and effectiveness of the renewable energy invest-
ment projects with the help of saving time. For the future
studies, the subject of the renewable energy technologies can
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TABLE 22. Decision matrix based on interval valued spherical fuzzy sets.

be taken into consideration. With the help of these techno-
logical improvements, the high initial cost problem of these
projects can be minimized. Thus, by making this study, it can
also be possible to generate innovative strategies to improve
renewable energy investments.

TABLE 23. Defuzzified decision matrix.

TABLE 24. Normalized decision matrix.

TABLE 25. Weighted decision matrix.

VI. LIMITATIONS AND IMPLICATIONS
While considering PERT-based critical paths, it is con-
cluded that solar energy is the most appropriate renewable

TABLE 26. Ranking the alternatives for scenario 1.

TABLE 27. Ranking the alternatives for scenario 2.

TABLE 28. Ranking the alternatives for scenario 3.

TABLE 29. Ranking the alternatives for scenario 4.

energy investment alternative in most of the scenarios. With
the increasing environmental awareness around the world,
the importance of renewable energy alternatives has increased
significantly in recent years. This situation has also attracted
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TABLE 30. Ranking the alternatives for scenario 5.

the attention of investors. However, one of the most impor-
tant problems in renewable energy investments is the very
high initial cost. This stated situation also makes investors
uneasy. Thanks to the developments in technology in recent
years, the costs of solar energy investments have started to
decrease significantly. Considering this situation, it has been
concluded that it would be more profitable for investors to
focus on solar energy projects during the NSD process. With
decreasing costs, it will be possible to increase the profitabil-
ity and efficiency of solar energy projects. This will provide
investors with a significant competitive advantage.

Many different researchers underlined the similar conclu-
sions in their studies. Creutzig et al. [85] focused on the
effectiveness of the solar energy investments. They identified
that solar energy projects have a significant influence on the
reduction of carbon emission. However, in previous years,
many investors became reluctant to make investments on
these projects because of high initial costs. Nevertheless,
they also stated that especially in the last years, there is a
significant development in the solar energy technology. This
situation has a decreasing impact on the costs. Dobrotkova
et al. [86] made evaluations regarding the cost analysis of
the solar energy investments. They reached a conclusion that
technological innovation leads to decline in costs of solar
energy projects. Kabir et al. [87] tried to examine the future
of the solar energy investments. They discussed that with
the help of the technological development, the cost of the
solar energy projects will decline. Hence, in the future, it is
expected that solar energy investments will increase in a
significant percentage.

One of the biggest problems in renewable energy invest-
ments is that uninterrupted electrical energy cannot be
obtained. The reason for this is that natural factors such as
sun and wind are not at the same level at all times of the
day. This situation causes changes in the amount of energy
obtained. The important point here is that the excess energy
obtained in times when the sun and wind are excessive must
be stored. On the other hand, the storage of excess electricity
generated from renewable energies also causes significant
costs. Especially thanks to new technological developments,
it has become possible to store the excess electrical energy

obtained from solar energy. Therefore, it would be appropri-
ate for investors to focus on this issue in new products to
be developed. As this stated situation will reduce the cost
in the energy storage process, it will contribute to obtain-
ing uninterrupted electricity in a more efficient way. Wang
et al. [88], Lehtola and Zahedi [89] and Mofijur et al. [90]
focused on the effectiveness of the solar energy investment
projects. Theymainly discussed the importance of cost reduc-
tion for these projects. Owing to the technological improve-
ment, the storage cost of solar energy projects can decrease.
This situation attracts the attentions of the solar energy
investors.

On the other hand, long periods of time may be needed
to make a profit from solar energy investments. The analysis
results obtained in this study also show that the most efficient
renewable energy alternative is solar energy projects, consid-
ering the longest path in the NSD process. On the other hand,
it has been determined that geothermal energy will be more
suitable for investors when there is a shorter expectation. The
biggest advantage of geothermal energy is that it is possible to
obtain uninterrupted electricity. The main reason is that this
type of energy is not affected much by climatic conditions.
In this way, the problem of storing excess energy can be min-
imized. This contributes to the cost advantage of geothermal
energy. Due to these positive aspects, geothermal energy is a
more beneficial alternative to other renewable energy types,
especially when it is aimed to achieve positive results in the
short term.

It is thought that the results obtained in this study will
guide investors and academics. It is aimed to contribute to
investors to make effective investment decisions under dif-
ferent conditions, especially by considering different sce-
narios in the analysis process. However, the most important
limitation of this study is that it only focuses on NSD in
renewable energy projects. It is also important to make an
analysis of the developing renewable energy technologies in
new studies. In this way, it will be possible to guide renewable
energy investors from different angles. Additionally, some
new methodology can also be considered in the analysis
process, such as Pythagorean fuzzy sets [91].
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