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H I G H L I G H T S  

• This study illustrates causal relationships of innovative strategies for solar energy projects. 
• An extension of group decision-making and spherical fuzzy numbers is proposed. 
• Dynamicity is the most critical TRIZ-based factor. 
• Composite materials have an important impact in this scenario. 
• Solar panels should be designed to receive sunlight at different times vertically.  
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A B S T R A C T   

The transportation sector is also of great importance in terms of carbon emission problem. Significant amount of 
carbon dioxide is emitted into the atmosphere due to the use of fossil fuels in transport vehicles. Electric vehicles 
play a key role to overcome this problem. However, high cost is an important handicap in choosing electric 
vehicles, especially in road transport. Therefore, electric vehicles charged with solar energy can also contribute 
significantly to the solution of this problem. In this study, it is aimed to generate inventive problem-solving map 
of innovative carbon emission reduction strategies for transportation investment projects. Hence, this study il-
lustrates causal relationships of innovative strategies for solar energy projects. Therefore, the influencing and 
influenced items can be defined. An extension of group decision-making (GDM) and spherical fuzzy numbers is 
proposed regarding solar energy projects. These principles are weighted by spherical fuzzy methodology. The 
main contribution of this study is to present significant strategies to increase the effectiveness of the solar energy 
investment projects with a novel hybrid decision-making methodology. Therefore, the analysis results have a 
positive contribution to the solution of carbon emission problem in the transportation industry. The findings 
explain that dynamicity is the most critical TRIZ-based factor that improves the effectiveness of solar energy 
projects because it has the greatest weight (0.267). Composite materials have an important impact in this sce-
nario with the weight of 0.255. It is recommended that solar panels should be designed so that they can receive 
sunlight at different times vertically. Flexible structured solar panels should be considered that can change 
position according to the angle of the sun during the day. Thus, more electrical energy can be obtained.   

1. Introduction 

Carbon emission, in its most general definition, means the release of 
carbon gas into the atmosphere. It is possible to talk about many serious 
disadvantages of carbon gas. High carbon emissions increase acid rain. 
This situation threatens the health of living things. On the other hand, 
carbon emission also accelerates the global warming process. As a result, 

many problems such as hunger and famine occur. One of the most 
important causes of global warming is the use of fossil fuels [92]. In 
addition to this, uncontrolled population growth, increase in global 
energy demand and decrease in green areas are other important issues 
that cause carbon emissions. The use of renewable energy significantly 
helps to reduce the carbon emission problem. 

The transportation sector is also of great importance in terms of 
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carbon emission problem. As a result of the use of fossil fuels in transport 
vehicles, very significant amounts of carbon gas are emitted into the 
atmosphere [97]. Therefore, important actions must be taken in order to 
minimize carbon emissions in the transportation sector [48]. In this 
context, electric vehicles can be preferred, especially in road transport. 
Thanks to these vehicles that are more sensitive to the environment, it is 
possible to reduce the aforementioned problem [55]. On the other hand, 
the most important disadvantage of electric vehicles is their high costs. 
This is one of the most important handicaps in choosing electric vehicles, 
especially in road transport. Therefore, there is a need for actions that 
will contribute to the reduction of costs in the use of electric vehicles 
[37]. Electric vehicles charged with solar energy can also contribute 
significantly to the solution of this problem. Especially with the help of 
the technological improvements, there is a significant decrease in the 
cost of solar energy projects [58,42]. This situation has a powerful 
impact to overcome high-cost problem of these projects [50,104]. 

Solar energy refers to the energy that emanates from the conversion 
of hydrogen to helium and propagated in space as light. Solar panels are 
used to generate electricity from solar energy [44]. Initially in this 
process, photons from the sun are held on the panels. When these pho-
tons fall on the solar cells that are located on the panels, a voltage arises 
between the upper layer of the panel and the lower layer. Thus, a current 
flowing through the system to which the panel is connected can be ob-
tained [71,24,12]. Solar energy is generally used where it is produced 
[2]. However, solar energy also has disadvantages [87,105]. Since solar 
radiation is less during the night and winter months, electricity must be 
stored [63,6]. High costs of solar power plants are accepted as an 
important disadvantage. This situation leads to hesitation among in-
vestors for solar energy projects [102]. 

It is very difficult to identify which issue should be given priority to 
increase the effectiveness of these projects. To address this issue, a 
specific evaluation should be conducted with an effective methodology. 
The TRIZ (Teoriya Resheniya Izobretatelskikh Zadatch) technique has 
been preferred in the literature to find effective strategies [51]. More 
than 3 million patents around the world were examined, and it was 
realized that the ideas taken into consideration in solving the problems 
are actually formed by repeating similar themes [34]. In this framework, 
first, the problems in patent examinations are analyzed, and 39 engi-
neering parameters that affect the performance of a product are deter-
mined. Subsequently, these parameters are evaluated in a 39X39 matrix, 
named as contradiction matrix [80]. In this matrix, the left side ex-
presses the improvement of these parameters, while the worsening of 
these parameters is taken into account on the right. For these combi-
nations, a strategy (or strategies) is defined out of 40 different innova-
tive TRIZ solutions [45]. 

In this study, it is aimed to generate inventive problem-solving map 
of innovative carbon emission reduction strategies for transportation 
investment projects. For this purpose, causal relationships of innovative 
strategies are identified for solar energy projects. Therefore, the influ-
encing and influenced items can be defined. The main reason is that 
electric vehicles charged with solar energy can also contribute signifi-
cantly to the solution of carbon emission problem in the transportation 
industry. In this context, a novel model is generated to identify key 
strategies regarding solar energy projects. Fuzzy preferences are 
computed in the first stage. Within this context, principles are defined by 
considering the TRIZ technique. Later, preferences are generated 
regarding the principles by considering GDM. The factors are weighted 
with the spherical fuzzy decision-making trial and evaluation laboratory 
(DEMATEL). 

This proposed model has some novelties. Firstly, the analysis results 
have a positive contribution to the solution of carbon emission problem 
in the transportation industry. The transportation sector has high impact 
on this problem mainly because of using fossil fuels in the transport 
vehicles. Therefore, electric vehicles are taken into consideration in this 
industry to handle this problem. Nevertheless, the main barrier in this 
process is the high cost. Electric vehicles can be charged with solar 

energy. Due to this situation, the analysis results of this study show the 
important issues to increase the effectiveness of solar energy projects. In 
the literature, there are limited studies that focused on the solar energy 
investments to overcome this problem for the transportation industry. 
Hence, it has a positive contribution to minimize carbon emission 
problem in this industry. In other words, the analysis results increase the 
performance of the solar energy projects that can be considered in the 
electric vehicles. This situation helps to handle carbon emission problem 
more effectively. 

Moreover, a detailed criteria list is created in this study for the 
effectiveness of solar energy investment projects that can be accepted as 
a key novelty of this study. While generating these factors, lots of 
different studies in the literature are evaluated. These items can also be 
taken into consideration for other renewable energy important projects, 
such as wind and geothermal. Another important novelty of this model is 
considering TRIZ technique while defining the principles. This approach 
provides specific innovative solutions according to the type of the 
problems [8]. This situation prevents wasting time in this process [4]. In 
other words, the solutions can be defined more effectively and appro-
priately. Hence, it can be possible for the companies to increase their 
competitive powers by considering this technique [43]. Moreover, the 
criteria list proposed in this study has a leading effect for both re-
searchers and investors. While considering these factors, solar energy 
investors can sole many problems more efficiently. 

In addition to this issue, another significant novelty of this study is 
considering the incomplete preferences (IP) methodology to examine 
the evaluations of the decision makers [86;46]. Because all decision 
makers may not have opinions to evaluate some criteria, this missing 
information can be populated with the help of this method [29]. 
Therefore, more effective evaluations can be conducted [66]. Further-
more, considering GDM to calculate the fuzzy preferences is another 
novelty of this proposed model. Decision makers may have some 
opposite opinions with respect to some principles [103,21]. This situa-
tion decreases the effectiveness of the decision-making process. Thus, by 
considering this methodology, this issue can be minimized [93]. 

Spherical fuzzy numbers include membership, non-membership, and 
hesitancy [30;38]. Because of this situation, it can be said that more 
reliable results can be achieved in comparison with classical fuzzy sets 
[101]. Finally, making calculations with the DEMATEL approach is 
another advantage of this evaluation. There are many different MCDM 
models in the literature to weight different criteria. However, DEMATEL 
has some superiorities to other alternatives. For example, an impact- 
relation map can also be generated by the DEMATEL model [26]. 
Thus, causality analysis can be performed [100,15]. In other words, the 
influencing and influenced items can be defined. Therefore, more spe-
cific recommendations can be generated to solve the problem. 

The rest of the manuscript is organized as follows. Literature review 
is taken place in the second part. The third part includes necessary in-
formation about the methodology. Analysis results are given in the 
fourth section. The final section includes the conclusion and discussion. 

2. Literature review 

In this section, relevant studies in the literature regarding solar en-
ergy projects are briefly reviewed. In this framework, some researchers 
have highlighted the importance of using quality materials [81]. By 
considering quality materials in the generation of these projects, the loss 
of energy can be minimized. Fontaine [27] made an evaluation 
regarding the sustainability of solar energy. For this purpose, the 
resource construction processes of local photovoltaic projects in France 
were examined. The quality of the materials is very significant for the 
sustainability of the solar energy project. Schindler et al. [77], Andreani 
et al. [9], and Wilkins et al. [90] also focused on this situation in 
different solar energy construction projects to understand the main in-
dicators to improve the performance. They concluded material quality 
can significantly improve the performance of these investments. 
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Some studies have identified that effective cost evaluation plays a 
very crucial role. Solar energy projects have high initial costs, and this 
situation is accepted as the most significant disadvantage of these in-
vestments. Due to this issue, effective cost management techniques 
should be implemented in the constructions of these projects [47]. Imam 
and Ayadi [36] recommended that governments must provide cost in-
centives. In this context, feed-in tariffs can be the most effective financial 
support mechanism. Additionally, the authors also claimed that low- 
interest loans should be provided to solar energy investors. This in-
creases the financial flexibility of investors. Corona et al. [19] and Raza 
et al. [73] suggested that necessary importance should be given to 
technological improvement in this area so that high-cost problems can 
be handled more easily. 

Some researchers have argued that solar energy projects should be 
reliable. In other words, the performance of these projects should not be 
questionable. Solar energy investments are complex projects with 
detailed processes. Therefore, for this complex system to work effec-
tively, the construction must be established effectively. In this way, both 
investors and customers will be able to use the facility confidently. 
Ramírez-Del-Barrio et al. [72] evaluated solar energy projects in Chile to 
provide the energy demand with the productive process. They reached a 
conclusion that there should be a high level of community involvement 
in order to increase the effectiveness of these projects. It can also be 
possible to increase the reliability. Assaf and Shabani [11] proposed a 
novel hybrid renewable energy alternative with the combination of solar 
and hydrogen. They discussed that for the success of these projects, full 
reliability of the constructions is a crucial factor. Additionally, Cheng 
et al. [17] tried to analyze solar energy projects by considering the 
renewal point technique and the Semi–Markov processes theory. They 
also underlined the significance of the reliability for the effectiveness of 
these projects. 

Furthermore, solar energy projects should be user-friendly so that 
efficiency can be improved. Solar energy projects include very complex 
processes. Because of this issue, in the construction process, the steps are 
designed effectively. Meyer et al. [60] focused on the details of the 
mechanisms in solar panels and discussed that necessary implementa-
tions should be made for the easy usage of these projects. Savvides et al. 
[76] and Achuthan et al. [1] made an evaluation for the construction of 
solar energy projects and underlined the importance of similar issues. 
Some studies have also stated the importance of repairability (Sing et al., 
2018). In other words, any problems in these panels should be easily 
repaired in a very short time. The main reason is that a long duration of 
repair reduces the efficiency of the process [98]. 

In addition, adoptability factor is also important in this regard. In 
solar energy markets, there are rapid developments in technology that 
have a positive contribution to the cost reduction of these projects 
[16,52,58]. Hence, solar energy projects should be designed effectively 
so that they can easily adapt to these developments. Shao et al. [78] 
performed a study to understand innovative and sustainable construc-
tion methods for solar energy projects. Rural areas in western China 
were analyzed in their study. They determined that traditional models 
may not be helpful. The main reason is that technology is rapidly 
increasing in this area. Therefore, solar energy projects should be 
designed so that they can adopt to changes in this area. High amount of 
electricity can have a positive influence on the income of the projects 
[13]. Owing to this condition, in the construction process of these pro-
jects, necessary importance should be given to increase the capacity 
[65]. In this way, effectiveness of these projects can be increased [39]. 

We identified certain important issues through our literature review. 
There is a significant number of studies on solar energy projects. In these 
studies, some factors that affect the efficiency of these structures are 
emphasized. There is a need for a study that presents more specific 
suggestions to increase the effectiveness of projects. Therefore, a new 
model is proposed in this manuscript to increase the efficiency of solar 
energy investments. 

3. Methodology 

This part gives information about the approaches used in the eval-
uation. In this study, an integrated methodology including the incom-
plete preferences, group decision making with consensus, Spherical 
fuzzy sets, and DEMATEL is proposed to evaluate the complex decision- 
making approach for the solar energy-based transportation investment 
projects. In some cases, the decision makers may not provide the rele-
vant linguistic evaluations for each criterion and decision matrix 
because of the missing data and the experiences of the experts. So, the 
incomplete preferences can be completed methodologically by using the 
remaining evaluations properly [7,33]. Again, the consistency of the 
decision makers is one of the most important issues in the fuzzy decision- 
making approach [18;67]. The most appropriate evaluation and pref-
erence relations can be set with the consensus in group decision making 
process by using the feedback mechanism. [32,33]. Another important 
issue is to define the right member and non-membership degrees to 
evaluate the fuzzy-based complex decision-making models. Spherical 
fuzzy sets and DEMATEL are among the most prominent techniques to 
illustrate the impact-relation maps of the criteria with hesitancy degrees 
of the fuzzy preferences [31;53,94]. The methodology and the compu-
tation procedures of the integrated approach are given respectively in 
the following sub-sections. 

3.1. IP in Decision-Making 

A preference relation can be shown as P =
(

pij

)
, pij =

(
xi, xj

)
, 

∀i, j ∈ {1,⋯, n}. It is a n × n matrix and pij ∈ S. The linguistic term set is 
given as S =

{
S0, S1,⋯, Sg− 1, Sg

}
; g represents the number of linguistic 

preferences [95]. In the evaluation process, experts sometimes may not 
have necessary opinion to define the linguistic priorities for xi over xj. In 
this scenario, IPs can be taken into consideration to complete these 
missing values [57]. Regarding the estimation of linguistic preference 
epik (i ∕= k), the Eqs. (1)–(4) are presented. In this process, an iterative 
estimation procedure is implemented. With the help of this issue, 
incomplete values can be estimated [74,62]. 

(epik)
j1
= Δ

(
Δ− 1(pij)+Δ− 1(pjk) − Δ− 1(Sg/2)

)
, (1)  

(epik)
j2
= Δ

(
Δ− 1(pjk)− Δ− 1(pji) + Δ− 1(Sg/2)

)
, (2)  

(epik)
j3
= Δ

(
Δ− 1(pij)+Δ− 1(pkj) − Δ− 1(Sg/2)

)
, (3)  

epik = Δ
(

1
3
(
Δ− 1( epik

1)+ Δ− 1( epik
2)+ Δ− 1( epik

3) )
)

. (4)  

3.2. GDM with consensus 

The lack of consensus among experts is a limitation in GDM. There is 
a possibility for experts to make different evaluations for a subject. This 
situation creates a problem for the performance of this process [49]. 
Group decision-making processes can be implemented with consensus to 
handle this complexity. In this process, the feedback mechanism is 
applied [96]. Eq. (5) gives information about the preference matrix [84]. 

P = (Pik)andPik = μp(xi, xk), (∀i, k ∈ {1,⋯, n} ) (5) 

Where, P represents fuzzy preference relations, and μp : X × X→[0,1]
is the membership function. 

Additionally, corresponding fuzzy preferences among the criteria 
(CP) can be calculated as in Eq. (6) so that the consistency levels of 
factors can be identified [83]. 
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CPik =

∑n
j=1;i∕=k∕=j(CPik)

j1
+ ⋯ + (CPik)

j(n− 1)

(n − 1)*(n − 2)
(6) 

Eqs. (7) and (8) show the consistency level (CL). 

CLik = 1 −
(

2*|CPik − Pik|

(n − 1)

)

(7)  

CLi =

∑n
k=1;i∕=k(CLik + CLki)

2(n − 1)
(8) 

The global consistency level (GCL) is defined by using Eq. (9) [91]. 

GCL =

∑n
i=1CLi

n
(9) 

Next, the similarity matrixes and results are identified by formulas 
(10) and (11). In these equations, ϕ indicates the aggregation function. 
eh and el represent the decision makers, (h < l), ∀h, l = 1,⋯,m. 

SMhl
ik = 1 −

⃒
⃒Ph

ik − Pl
ik

⃒
⃒ (10)  

SMik = ϕ
(
SMhl

ik

)
(11) 

Global consensus degrees (CR) are calculated by Eq. (12). 

CR =

∑n
i=1

∑n

k=1;k∕=i
(SMik+SMki)

2(n− 1)

n
(12) 

Eq. (13) helps calculate the consensual degrees [23]. 

Zh
ik = (1 − δ)*CLh

ik + δ*

(∑n
l=h+1SMhl

ik +
∑h− 1

l=1 SMlh
ik

n − 1

)

(13) 

In this equation,δ refers to the parameter, and it can be between 
0 and 1. When it is greater than 0.5, it means that more importance is 
given to the consensus. This value is defined as 0.75. Pc

ik explains “col-
lective fuzzy preference relations” as in Eqs. (14)–(16). σ indicates a 
permutation of {1,⋯,m}, Zσ(h)

ik ≥ Zσ(h+1)
ik , ∀h = 1,⋯,m − 1. 〈Zσ(h)

ik , Pσ(i)〉

explains a two-tuple with Zσ(h)
ik as the hth largest value in 

{
Z1

ik,⋯,Zm
ik

}

[91]. 

Pc
ik = Φw

( 〈
Z1

ik,P
1
ik〉,⋯, 〈Zm

ik ,Pm
ik〉
)
=
∑m

h=1
wh*Pσ(h)

ik (14)  

wh = Q(h/n) − Q(h − 1)/n) (15)  

(r) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0ifr < a
r − a
b − a

ifa ≤ r ≤ b

1ifr > a

(16) 

The details of the proximity levels (PPh
ik) and the relation (Prh) can be 

demonstrated by formulas (17) and (18) [83]. 

PPh
ik = 1 −

⃒
⃒Ph

ik − Pc
ik

⃒
⃒ (17)  

Prh =

∑n
i=1

∑n

k=1;k∕=i
(PPh

ik+PPh
ki)

2(n− 1)

n
(18) 

The consensus control level (CCL) is calculated with Eq. (19). 

CCL = (1 − δ)*GCL+ δ*CR (19) 

CCL can be used to identify the final consensus result, which is 
compared to the critical value of 0.85. Feedback implementation is used 
to make necessary revisions. Several rounds are applied to reach this 
objective while changing the preference relations. EXPCH, ALT, and APS 
are calculated with the help of Eqs. (20)–(22) [84]. 

EXPCH =
{

h
⃒
⃒(1 − δ)*CLh + δ*Prh < γ

}
(20)  

ALT =

{

(h, i)

⃒
⃒
⃒
⃒
⃒
eh ∈EXPCH∧(1 − δ)*CLh

i +δ*
∑n

k=1;k∕=i(PPh
ik +PPh

ki)

2(n − 1)
< γ

}

(21)  

APS =
{
(h, i, k)

⃒
⃒
(
h, i) ∈ ALT ∧ (1 − δ)*CLh

ik + δ*PPh
ik < γ

}
(22)  

3.3. Spherical fuzzy sets 

The increasing complexity of the problems aimed to be solved by 
decision-making methods has led to the need to enhance the method-
ologies that are used [101]. Spherical fuzzy sets are one of the important 
techniques for this purpose. The hesitancy degree is considered in this 
process (Gündoğdu and Kahraman, 2020); μ, ν, and π represent the pa-
rameters [53]. Spherical fuzzy sets are denoted as AS and the details are 
given in Eqs. (23) and (24). 

AS =

{〈

u, (μAS
(u), vAS

(u), πAS
(u)) |u ∈ U

}

(23)  

0≤ μ2
AS
(u)+ v2

AS
(u)+ π2

AS
(u) ≤ 1, ∀u ∈ U (24) 

Different degrees of spherical fuzzy sets are illustrated in Fig. 1 [89]. 
AS = (μAS

, vAS
, πAS

) and BS = (μBS
, vBS

, πBS
) show spherical fuzzy sets 

from two universes of X1 and X2. Eqs. (25)–(28) explain the details of the 
calculation process.   

Fig. 1. Spherical Fuzzy Sets.  

AS ⊕ BS =

{(

μ2
AS
+ μ2

BS
− μ2

AS
μ2

BS

)1
2

, vAS
vBS

,

((

1 − μ2
BS

)

π2
AS
+

(

1 − μ2
AS

)

π2
BS

− π2
AS

π2
BS

)1
2
}

(25)   

G. Kou et al.                                                                                                                                                                                                                                     



Applied Energy 311 (2022) 118680

5

λ*AS=

⎧
⎨

⎩

(

1−
(

1− μ2
AS

)λ
)1

2

,vλ
AS
,

((

1− μ2
AS

)λ

−

(

1− μ2
AS
− π2

AS

)λ
)1

2
⎫
⎬

⎭
,λ>0

(27)  

AS
λ
=

⎧
⎨

⎩
μλ

AS
,

(

1 −
(

1 − v2
AS

)λ
)1

2

,

((

1 − v2
AS

)λ

−

(

1 − v2
AS
− π2

AS

)λ
)1

2
⎫
⎬

⎭
,λ>0

(28) 

The aggregated values are identified by considering the spherical 
weighted arithmetic mean (SWAM) number as in formula (29) [40].   

There is a wide literature regarding Spherical fuzzy sets. For 
instance, Yuan et al. [99] focused on the key indicators of the green 
nuclear energy investments. In this context, different factors are evalu-
ated by considering Spherical fuzzy DEMATEL methodology. In addition 
to this study, Liu et al. [50] tried to examine occupational health and 
safety risk assessment with the help of Spherical fuzzy TODIM. More-
over, Menekşe and Akdağ [56] used Spherical fuzzy ELECTRE technique 
to evaluate internal audit planning. Furthermore, Olugu et al. [64] in-
tegrated spherical fuzzy Delphi and TOPSIS techniques with the aim of 
defining significant indicators for sustainable maintenance management 
in the oil and gas industry. Additionally, Sharaf et al. [79] considered 
spherical fuzzy TODIM approach for green occupational health and 
safety equipment supplier selection. Also, Doğan [22] used spherical 
fuzzy AHP regarding process mining technology selection. 

3.4. Dematel 

DEMATEL is mainly applied to find the importance levels of the 
criteria. The main advantage is the generation of the impact relation 
map [95,82]. By expert evaluations, the direct relation matrix (A) is 
generated. The details are given by Eq. (30). aij gives information about 
the impact of item i on factor j [35,41]. 

A =

⎡

⎢
⎢
⎢
⎢
⎣

0 a12 a13 ⋯ a1n
a21 0 a23 ⋯ a2n
a31 a32 0 ⋯ a3n
⋮ ⋮ ⋮ ⋱ ⋮

an1 an2 an3 ⋯ 0

⎤

⎥
⎥
⎥
⎥
⎦

(30) 

This matrix is normalized by using Eqs. (31) and (32) [88]. 

B =
A

max1≤i≤n
∑n

j=1aij
(31)  

0 ≤ bij ≤ 1 (32) 

The total relation matrix (C) can be constructed by the normalized 
matrix (B) and the identity matrix (I) as in Eq. (33) [75] 

C = B(I − B)− 1 (33) 

D and E are determined by formulas (34) and (35). They represent 
the sum of the rows and columns. In these equations, eij represents the 
elements of the total relation matrix [69]. 

D =

[
∑n

j=1
eij

]

nx1

(34)  

E =

[
∑n

i=1
eij

]

1xn

(35) 

Finally, the weights of the factors are calculated by considering the 
value of D + E. The value of D-E is considered to evaluate the causal 
relationship between the items. The threshold value (α) is calculated 
with Eq. (36) [100]. 

α =

∑n
i=1
∑n

j=1

[
eij
]

N
(36)  

3.5. Proposed model of this study 

The details of this model are shown in Fig. 2. 
Criteria are selected based on TRIZ principles. This technique gives 

an opportunity to reach the appropriate results in a quick manner 
[85,68,25]. Furthermore, IP methodology is considered to analyze the 
experts’ evaluations. For some subjects, all experts may not have 
necessary opinions to evaluate some criteria [14,74,95]. The main 
advantage of this methodology is that this missing information in this 
process can be completed. In addition, considering GDM to calculate the 
fuzzy preferences also provides some advantages. Regarding some fac-
tors, experts may have the opposite opinions [96]. This situation creates 
some problems in this process [49]. The effectiveness of this process can 
be improved by consensus methodology [103,93]. Because spherical 
fuzzy sets include membership, non-membership, and hesitancy, it can 
be possible to reach more reliable results [5,3,70]. For instance, the 
impact-relation map can be created with this methodology so that cause- 
effect relationships can be examined [102,95,15]. 

4. Details of the analysis 

The computation stages are detailed in the following subsections. 

AS ⊗ BS =

{(

μAS
μBS

, (v2
AS
+ v2

BS
− v2

AS
v2

BS

)1
2

,

((

1 − v2
BS

)

π2
AS
+

(

1 − v2
AS

)

π2
BS

− π2
AS

π2
BS

)1
2
}

AS ⊗ BS

=

{(

μAS
μBS

, (v2
AS
+ v2

BS
− v2

AS
v2

BS

)1
2

,

((

1 − v2
BS

)

π2
AS
+

(

1 − v2
AS

)

π2
BS

− π2
AS

π2
BS

)1
2
}

(26)   

SWAMw

(

AS1, ..,ASn

)

= w1AS1 +⋯+wnASn =

⎧
⎨

⎩

[

1 −
∏n

i=1

(

1 − μ2
ASi

)wi
]1

2

,
∏n

i=1
vwi

ASi
,

[
∏n

i=1

(

1 − μ2
ASi

)wi

−
∏n

i=1

(

1 − μ2
ASi

− π2
ASi

)wi
]1

2
⎫
⎬

⎭
(29)   
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4.1. Computation of the IPs 

With respect to the carbon emission problem, the transportation 
sector plays a key role. The main reason is that using fossil fuels in 
transport vehicles leads to significant amount of carbon dioxide emis-
sion. In order to solve this problem, electric vehicles can be taken into 
consideration. Nevertheless, high cost is a crucial barrier in choosing 
electric vehicles, especially in road transport. Owing to this situation, 
electric vehicles charged with solar energy can also contribute signifi-
cantly to the solution of this problem. Parallel to this issue, this study 
illustrates causal relationships of innovative strategies for solar energy 
projects. The first step identifies the important factors for solar energy 
projects. These items are defined based on the TRIZ technique. These 
characteristics are explained in Table 1. 

There are six important factors for solar energy projects. First, loss of 
energy has a key importance in this regard. The design of solar energy 
projects should minimize the loss. Additionally, these projects should be 
reliable. In other words, the performance of these projects should not be 
questionable. The projects should be user friendly so that efficiency can 
be increased. Repairability is another crucial item that affects the per-
formance of solar energy investments. In case of a possible problem in 
these projects, it is very important that this issue can be easily repaired. 

Otherwise, investors may have to bear very high costs. Long duration of 
repair also reduces the efficiency of the process. Adaptability is also an 
essential issue in this context. Rapid developments are occurring in 
technologies for solar energy projects. These new developments 
contribute significantly to the reduction of the costs in these projects. 
Therefore, the solar energy projects should be able to be easily adapted 
to these developments. Finally, solar energy projects should generate a 
high amount of electricity, as high capacity contributes positively to the 
performance of these projects. 

The second step is related to the appointment of the decision makers 
for collecting the evaluations. For this purpose, four different decision 
makers are selected to evaluate the factors. These people have at least 
17 years of experience. They are experts on the subjects of solar energy, 
strategy development, technology, construction, and manufacturing. 
These people are top managers in large-scale solar energy companies. 
Hence, it can be understood that these people have sufficient knowledge 
to evaluate the significant indicators of solar energy projects. After 
selecting the characteristics of solar energy projects, the characteristics 
are evaluated by the expert team. In this process, 40 different TRIZ 
principles are considered, which are explained in the appendix part. 
These six factors are compared to each other in this evaluation so that 
the contradiction matrix (CM) can be generated as in Table 2. 

Table 2 shows the comparison of six different factors. The left side of 
this table gives information about the improvement of the factors. The 
right side explains the worsening characteristics. Within this framework, 
experts provide TRIZ-based solutions while comparing the six different 
factors with each other. As a result, four different TRIZ-based strategies 
are created; the details are given in Table 3. 

Table 4 defines four different TRIZ-based principles for the perfor-
mance of solar energy projects. First, prior counteraction gives infor-
mation about periodically testing the counteraction of panels to avoid 
breakdown. Second, dynamicity explains the changes of the location or 
angle to attain optimal performance of sunlight. Periodic action includes 

Fig. 2. Algorithm of the proposed model.  

Table 1 
Selected Characteristics.  

Characteristics Supported Literature 

Loss of energy (FR 1) Fontaine [27],Imam and Ayadi [36] 
Reliability (FR 2) Ramírez-Del-Barrio et al. [72],Assaf and Shabani [11] 
Convenience of Use (FR 3) Savvides et al. [76] 
Repairability (FR 4) Yang et al. (2019) 
Adaptability (FR 5) Shao et al. [78] 
Capacity (FR 6) Jin et al. [40]  
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the identification of the best frequency of maintenance for solar projects. 
Composite materials refers to deciding the most appropriate cell mate-
rial alternatives for solar modules. The third step of this stage includes 
the collection of the linguistic preferences for these principles. Seven 
different linguistic scales are used. Later, the decision makers evaluate 
these factors. Some DMs cannot provide evaluations of the comparison 
of some criteria. Because of this situation, IP methodology is used to 
complete them. Within this scope, Eqs. (1)–(4) are used. For decision 
maker 1, ep12 and ep21 are missing. With the help of this methodology, 
first, ep12 is estimated. The iteration is detailed by Eqs. (37)–(40). 

(ep12)
31
= Δ

(
Δ− 1(sg13)+Δ− 1(sg32) − Δ− 1(S3)

)
= 5(VH) (37)  

(ep12)
32
= Δ

(
Δ− 1(sg32)− Δ− 1(sg31) + Δ− 1(S3)

)
= 3(M) (38)  

(ep12)
33
= Δ

(
Δ− 1(sg13)+Δ− 1(sg23) − Δ− 1(S3)

)
= 4(H) (39)  

ep12 = Δ
(

1
3
(
Δ− 1( ep12

1)+ Δ− 1( ep12
2)+ Δ− 1( ep12

3) )
)

= 4(H) (40) 

Regarding ep21, the details of the iteration are given in Eqs. (41)– 
(44). 

(ep21)
31
= Δ

(
Δ− 1(sg23)+Δ− 1(sg31) − Δ− 1(S3)

)
= 4(H) (41)  

(ep21)
32
= Δ

(
Δ− 1(sg31)− Δ− 1(sg32) + Δ− 1(S3)

)
= 3(M) (42)  

(ep21)
33
= Δ

(
Δ− 1(sg23)+Δ− 1(sg13) − Δ− 1(S3)

)
= 2(S) (43)  

ep21 = Δ
(

1
3
(
Δ− 1( ep21

1)+ Δ− 1( ep21
2)+ Δ− 1( ep21

3) )
)

= 3(M) (44) 

For decision maker 3, the missing values are ep32 and ep41. First, the 
iteration of ep32 is shown by Eqs. (45)–(48). 

(ep32)
41
= 5(VH) (45)  

(ep32)
42
= 4(H) (46)  

(ep32)
43
= 3(M) (47)  

ep32 = 4(H) (48) 

The iteration of ep41 is identified by considering Eqs. (49)–(52). 

(ep41)
31
= 2(S) (49)  

(ep41)
32
= 1(W) (50)  

(ep41)
33
= 3(M) (51)  

ep41 = 2(S) (52) 

The missing values of decision maker 4 are ep12, ep21, ep23, and ep32. 
The first iteration is related to ep23 and ep32 and explained in Eqs. (53)– 
(60). 

(ep23)
41
= 3(M) (53)  

(ep23)
42
= 4(H) (54)  

(ep23)
43
= 2(S) (55)  

ep23 = 3(M) (56)  

(ep32)
41
= 3(M) (57)  

(ep32)
42
= 2(S) (58)  

(ep32)
43
= 4(H) (59)  

ep32 = 3(M) (60) 

Table 2 
CM.   

Worsening Items 

Improving Items Characteristics FR 1 FR 2 FR 3 FR 4 FR 5 FR 6 
FR 1 – 19 9,15 15 40  
FR 2 9 – 9,15,19 15 19 40 
FR 3 9 15 – 9 19  
FR 4 19,40 15 15,19 –   
FR 5 9 15 19 40 –  
FR 6  9,15,19 19 40 15,19 –  

Table 3 
TRIZ-based strategic principles.  

Number 
ofStrategies 

Selected Strategies 
(SGs) 

Supported Literature 

9 Prior Counteraction 
(SG1) 

Andreani et al. [9],Wilkins et al.  
[90] 

15 Dynamicity (SG2) Corona et al. [19],Raza et al.  
[73] 

19 Periodic Action (SG3) Savvides et al. [76],Achuthan 
et al. [1] 

40 Composite Materials 
(SG4) 

Chen et al. [15]  

Table 4 
Completed linguistic evaluations of decision makers.  

Decision Maker 1 Decision Maker 2 

Principles SG1 SG2 SG3 SG4 Principles SG1 SG2 SG3 SG4 
SG1  H H M SG1  S S H 
SG2 M  M H SG2 S  M H 
SG3 H H  H SG3 W VH  M 
SG4 M S M  SG4 W VH VH  
Decision Maker 3 Decision Maker 4 
Principles SG1 SG2 SG3 SG4 Principles SG1 SG2 SG3 SG4 
SG1  VH M M SG1  M M M 
SG2 M  M H SG2 M  M M 
SG3 S H  H SG3 M M  H 
SG4 S H M  SG4 M S M   
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Finally, Eqs. (61)–(68) state the details of the iteration regarding ep12 
and ep21. 

(ep12)
31
= 3(M) (61)  

(ep12)
32
= 3(M) (62)  

(ep12)
33
= 3(M) (63)  

ep12 = 3(M) (64)  

(ep21)
31
= 3(M) (65)  

(ep21)
32
= 3(M) (66)  

(ep21)
33
= 3(M) (67)  

ep21 = 3(M) (68) 

With the help of these iterations, the missing values can be estimated. 
Linguistic scales are listed as no influence (N), weak influence (W), 
somewhat influence (S), medium influence (M), high influence (H), very 
high influence (VH), extremely influence (E). The completed linguistic 
evaluations of the decision makers are given in Table 4. 

4.2. Defining the fuzzy preferences using group decision making with 
consensus 

Fuzzy preferences are constructed for the principles by using Eq. (5). 
In the second step, the consistency levels of the principles are calculated 
by considering Eqs. (7) and (8). The results are presented in Table 5. 

By using Eq. (9), GCL is calculated as 0.89. In the third step, simi-
larity matrixes (SMs) are defined for each decision maker. In this 
framework, Eqs. (10) and (11) are taken into consideration (Table 6). 

After that, the collective similarity matrix (CSM) is generated by 
formula (12). As a result, CR is calculated as 0.83. The results are pre-
sented in Table 7. 

In the fourth step, the consensual degrees are identified. Within this 
framework, formula (13) is used. Table 8 provides the results. 

Next, the collective fuzzy preference relations (FPRs) are calculated 
with Eqs. (14)–(16). Table 9 explains the details. 

Proximity levels (PLs) are calculated by Eqs. (17) and (18). Table 10 
presents the results. 

CCL is computed as 0.84, which is lower than 0.85. Hence, in the 
sixth step, the feedback mechanism is used. FPRs for the second round 
are given in Table 11. 

CCL is defined as 0.83. Since it is lower than 0.85, the next round is 
applied. The details are given in Table 12. 

CCL is calculated as 0.87, which is higher than 0.85. Thus, consensus 
can be obtained. 

4.3. Illustrating causal relationships 

First, the spherical fuzzy relation matrix is constructed in this stage. 
The normalized values are obtained with the boundaries of 
0≤ μ2

p (u)+v2
p(u)+π2

p(u) ≤ 1 for different degrees. Second, the defuzzi-
fied values are defined as in Table 13. 

Third, this matrix is normalized by Eqs. (31) and (32). The values are 
stated in Table 14. 

Finally, the weights of the factors are identified as in Table 15. For 
this purpose, Eqs. (33)–(35) are used. 

The table shows that dynamicity (SG2) is the most critical principle 
that affects the effectiveness of solar energy projects. Composite mate-
rials (SG4) also play an important role. Prior counteraction (SG1) and 
periodic action (SG3) have the lowest weights. Causal relationship is 
identified by considering the threshold value (α) detailed in Eq. (36). 
The details are shown in Fig. 3. 

Fig. 3 shows that prior counteraction (Principle 1) has an impact on 
the other three principles. Periodic action (Principle 3) is the most 
influenced principle. Another important point is that dynamicity 
(Principle 2) and composite materials (Principle 4) mutually affect each 
other. Moreover, these two principles affect periodic action (Principle 3) 
and are affected by prior counteraction (Principle 1). 

5. Conclusion and discussion 

In this study, we aimed to derive innovative strategies to increase the 
performance of solar energy projects. Dynamicity is the most significant 
factor that improves the effectiveness of these projects. Composite ma-
terials also have an important impact on this situation. It is recom-
mended that solar panels be positioned so that they can receive sunlight 
at different times vertically. The solar panel can operate at the highest 
efficiency when it is fully directed to the sun. However, it is still debated 
in which direction and at what degree angle the solar panel should be 
positioned. In this framework, it is seen that different variations are 
made by companies. This situation shows that there is no consensus on 
this issue. The sun is at different positions in different time zones 
throughout the year. The sun is also constantly shifting during the day. 
Therefore, the angle of the solar panel is of vital importance to make the 
most of the sunlight. In today’s applications, it is aimed to obtain 
maximum efficiency from the sun by calculating the most optimal angle 
of inclination. While looking at the results of the study, it should be 
aimed to create flexible structured solar panels that can change position 
according to the angle of the sun during the day. It will be possible to 
position it at a right angle to the sun, which is constantly changing 
during this day. This will contribute to generating more electrical 
energy. 

Merin et al. [59] presented a study for wind and solar hybrid power 
systems. They reached the conclusion that to increase the effectiveness 
of these projects, it is necessary to make maximum use of sunlight. In 
this context, it is necessary to pay particular attention to this issue 
during the construction process of these projects. Similar to this study, 

Table 5 
Experts’ Consistency Levels.  

DM1 (CL1:0.90) DM2 (CL2:0.78) 

CL1 SG1 SG2 SG3 SG4 CL2 SG1 SG2 SG3 SG4 
SG1 – 0.87 0.87 0.82 SG1 – 0.62 0.76 0.80 
SG2 0.93 – 0.96 0.87 SG2 0.91 – 0.93 0.84 
SG3 0.93 0.91 – 1.00 SG3 0.82 0.67 – 0.89 
SG4 0.91 0.80 0.93 – SG4 0.67 0.78 0.64 – 
DM3 (CL3:0.91) DM4 (CL4:0.95) 
CL3 SG1 SG2 SG3 SG4 CL4 SG1 SG2 SG3 SG4 
SG1 – 0.84 0.93 0.82 SG1 – 0.96 0.98 0.93 
SG2 0.91 – 0.98 0.87 SG2 0.98 – 1.00 0.96 
SG3 0.87 0.98 – 0.91 SG3 0.96 1.00 – 0.89 
SG4 0.96 0.93 0.98 – SG4 0.93 0.89 0.96 –  
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Asim et al. [10] focused on the efficiency enhancement of solar panels by 
considering the photodiode. They identified that more energy genera-
tion is possible with the help of solar tracking. This situation can be very 
helpful for the solar panels to maintain a perpendicular profile to the 
rays of the sun. Gangwar et al. [28] investigated performance assess-
ment of solar power systems. For this purpose, they conducted an 
analysis by considering the Fibonacci number and Golden Ratio. They 
determined that each solar panel connected in solar trees should be in a 
different direction so that maximum amount of sunlight can be received 
throughout the day. 

Another important point is that composite materials should be 
preferred in solar energy projects. It is important to use safe and durable 
goods. Composite materials refer to robust and light materials, and these 
materials are also resistant to heat and fire. In addition, it is considered 
an important advantage that these materials do not rust. These products 
should be preferred in the installation of solar panels. These consider-
ations will increase the effectiveness of solar energy investments. 
Therefore, development of technological infrastructure is very impor-
tant. In order to achieve this goal, research and development studies 
should be increased. In this way, it will be possible to determine which 
new and quality materials should be used in solar panels, which can 
have a significant contribution in minimizing the costs of these projects. 
Some researchers in the literature have discussed the importance of 
considering composite materials for the construction of solar panels. For 
example, Mirzaev et al. [61], Das et al. [20], and Mehdi et al. [54] 
evaluated the performance of solar panels. Different cases were taken 
into consideration to identify the significant issues that affect the per-
formance of these projects. They underlined the importance of using 

composite materials for the construction of solar panel systems. These 
materials can help minimize the cost of these projects so that effec-
tiveness can be increased. 

Transportation sector has an increasing impact on the carbon emis-
sion problem because of using fossil fuels in transport vehicles. Electric 
vehicles can be taken into consideration in order to solve this problem. 
However, high cost is a crucial barrier in choosing electric vehicles, 
especially in road transport. Owing to this situation, electric vehicles 
charged with solar energy can also contribute significantly to the solu-
tion of this problem. In this context, the analysis results presented in this 
study pave the ways to increase efficiency and effectiveness of the solar 
energy investment projects. While improving solar energy projects, 
electric vehicles charged with solar energy can be increased. With the 
help of this situation, it can be possible for transportation sector to have 
a positive influence on the environment. Liu et al. [106] and Anser et al. 
[107] also identified that carbon emission problem should be reduced 
for the long-term improvement of the economies. Additionally, Wang 
et al. [108], Yin et al. [109] and Simionescu et al. [110] also discussed 
that technological improvements play a key role for the effectiveness of 
the investments. 

The main limitation of this study is that it focuses only on solar en-
ergy projects. Further studies are recommended for other renewable 
energy alternatives. For example, a new study can be conducted to 
evaluate these factors for wind turbines. These studies can provide so-
lutions to investors to minimize their costs and use their budget effec-
tively and eventually have more environment friendly energy usage and 
decreasing carbon emission. This study did not include a case study. 
Therefore, industrial applications were not proposed. On the other hand, 

Table 6 
SMs.  

DM1-DM3 DM1-DM4 
SM13 SG1 SG2 SG3 SG4 SM14 SG1 SG2 SG3 SG4 

SG1  0.80 0.80 1.00 SG1  0.80 0.80 1.00 
SG2 1.00  1.00 1.00 SG2 1.00  1.00 0.80 
SG3 0.60 1.00  1.00 SG3 0.80 0.80  1.00 
SG4 0.80 0.60 1.00  SG4 1.00 1.00 1.00  
DM2-DM3 DM2-DM4 
SM23 SG1 SG2 SG3 SG4 SM24 SG1 SG2 SG3 SG4 
SG1  0.40 0.80 0.80 SG1  0.80 0.80 0.80 
SG2 0.80  1.00 1.00 SG2 0.80  1.00 0.80 
SG3 0.80 0.80  0.80 SG3 0.60 0.60  0.80 
SG4 0.80 0.80 0.60  SG4 0.60 0.40 0.60   

Table 7 
CSM.  

SM P1 P2 P3 P4 

P1   0.70  0.80  0.90 
P2  0.90   1.00  0.90 
P3  0.70  0.80   0.90 
P4  0.80  0.70  0.80   

Table 8 
Consensual Degrees.  

DM1 DM2 

Z1 SG1 SG2 SG3 SG4 Z2 SG1 SG2 SG3 SG4 
SG1  0.77 0.77 0.91 SG1  0.61 0.74 0.80 
SG2 0.93  0.99 0.92 SG2 0.83  0.98 0.91 
SG3 0.68 0.88  0.95 SG3 0.66 0.72  0.82 
SG4 0.83 0.70 0.88  SG4 0.67 0.59 0.61  
DM3 DM4 
Z3 SG1 SG2 SG3 SG4 Z4 SG1 SG2 SG3 SG4 
SG1  0.66 0.88 0.91 SG1  0.79 0.89 0.93 
SG2 0.93  0.99 0.92 SG2 0.94  1.00 0.84 
SG3 0.77 0.89  0.93 SG3 0.79 0.80  0.92 
SG4 0.84 0.73 0.89  SG4 0.83 0.72 0.89   

Table 9 
Collective FPRs.  

Pc SG1 SG2 SG3 SG4 

SG1   0.72  0.80  0.89 
SG2  0.91   0.99  0.90 
SG3  0.71  0.83   0.92 
SG4  0.80  0.69  0.83   
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for the future studies, different methodologies can be taken into 
consideration. For instance, researchers can use Pythagorean fuzzy sets 
in the analysis process. This situation provides an opportunity to make 
comparative evaluation. Similarly, interval type-2 and q-rang Orthopair 
fuzzy sets can also be considered to handle uncertainty more effectively. 
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Table 11 
FPRs of the second round.  

DM1 DM2 

P1 SG1 SG2 SG3 SG4 P2 SG1 SG2 SG3 SG4 
SG1 – 0.70 0.70 0.50 SG1 – 0.76 0.76 0.70 
SG2 0.83 – 0.88 0.70 SG2 0.30 – 0.50 0.70 
SG3 0.70 0.70 – 0.70 SG3 0.10 0.90 – 0.50 
SG4 0.50 0.66 0.72 – SG4 0.10 0.90 0.90 – 
DM3 DM4 
P3 SG1 SG2 SG3 SG4 P4 SG1 SG2 SG3 SG4 
SG1 – 0.90 0.50 0.86 SG1 – 0.50 0.50 0.50 
SG2 0.50 – 0.50 0.70 SG2 0.82 – 0.87 0.82 
SG3 0.65 0.70 – 0.70 SG3 0.50 0.50 – 0.70 
SG4 0.30 0.70 0.50 – SG4 0.50 0.63 0.73 –  

Table 13 
Defuzzified relation matrix.  

Principles SG1 SG2 SG3 SG4 

SG1  0.000  0.380  0.278  0.377 
SG2  0.234  0.000  0.314  0.312 
SG3  0.140  0.306  0.000  0.221 
SG4  0.181  0.324  0.373  0.000  

Table 10 
PLs.  

DM1 (Pr1 : 0.75) DM2 (Pr2 : 0.63)

PP1 SG1 SG2 SG3 SG4 PP2 SG1 SG2 SG3 SG4 
SG1  0.98 0.90 0.61 SG1  0.58 0.50 0.81 
SG2 0.59  0.51 0.80 SG2 0.39  0.51 0.80 
SG3 0.99 0.87  0.78 SG3 0.39 0.93  0.58 
SG4 0.70 0.61 0.67  SG4 0.30 0.79 0.93  
DM3 (Pr3 : 0.70) DM4 (Pr4 : 0.67)
PP3 SG1 SG2 SG3 SG4 PP4 SG1 SG2 SG3 SG4 
SG1  0.82 0.70 0.61 SG1  0.78 0.70 0.61 
SG2 0.59  0.51 0.80 SG2 0.59  0.51 0.60 
SG3 0.59 0.87  0.78 SG3 0.79 0.67  0.78 
SG4 0.50 0.99 0.67  SG4 0.70 0.61 0.67   

Table 12 
FPRs for the third round (consensus-based fuzzy preference relations).  

DM1 DM2 

P1 SG1 SG2 SG3 SG4 P2 SG1 SG2 SG3 SG4 
SG1 – 0.70 0.70 0.78 SG1 – 0.76 0.76 0.70 
SG2 0.83 – 0.88 0.70 SG2 0.30 – 0.50 0.70 
SG3 0.70 0.70 – 0.70 SG3 0.10 0.90 – 0.50 
SG4 0.50 0.66 0.72 – SG4 0.71 0.90 0.90 – 
DM3 DM4 
P3 SG1 SG2 SG3 SG4 P4 SG1 SG2 SG3 SG4 
SG1 – 0.90 0.50 0.86 SG1 – 0.73 0.80 0.77 
SG2 0.50 – 0.50 0.70 SG2 0.82 – 0.87 0.82 
SG3 0.65 0.70 – 0.70 SG3 0.50 0.50 – 0.70 
SG4 0.72 0.70 0.72 – SG4 0.50 0.63 0.73 –  

Table 14 
Normalized relation matrix.  

Principles SG1 SG2 SG3 SG4 

SG1  0.000  0.367  0.268  0.364 
SG2  0.226  0.000  0.303  0.302 
SG3  0.136  0.295  0.000  0.214 
SG4  0.175  0.313  0.360  0.000  
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