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Abstract: The Vietnamese government has decided to use and promote the development of more
renewable energy sources, particularly wind energy. When implementing a wind energy project,
choosing a wind turbine supplier is an important decision and investors must find the optimal
supplier through evaluating many qualitative and quantitative criteria that affect each other sym-
metrically. Therefore, the process used for selecting a wind turbine supplier in wind power projects
is a multi-criteria decision-making process. Many approaches have been applied for this decision
process, some of which are based on multicriteria decision-making (MCDM) methods, whether
applied individually or in combination with other MCDM models. In this study, the researchers
proposed a decision-making model based on spherical fuzzy sets for wind turbine supplier selection
in wind power energy projects. In this paper, Vietnam is used as a case study. The recommended
turbine suppliers for installations can finally be generated after the calculations in the final stage
of this research. The contribution of this research is developing a fuzzy MCDM model for suitable
turbine suppliers in wind power energy projects. The results of this study can be used as references
for experts in deciding on a suitable wind turbine supplier in other countries as well as in other
renewable energy projects.

Keywords: fuzzy theory; MCDM model; spherical fuzzy sets; wind turbine supplier selection;
renewable energy

1. Introduction

With more than 3200 km of coastline and a total marine area of about 1 million km?,
Vietnam has huge potential for investment in offshore wind energy projects. The annual
average wind speed at an altitude of 100 m can reach 9-10 m/s in many sea areas of
Vietnam. Only in the sea areas around Phu Quy or Bach Long Vi islands does the potential
installed capacity reach up to 38 GW [1]. With a resource potential amongst the highest
in the world and a rapidly increasing electricity demand, Vietnam is poised to become a
leader in offshore wind power in Southeast Asia within the next decade.

Wind energy, along with other clean energy sources, is widely applied. Environmental
pollution is becoming an increasingly serious problem. One of the best ways to reduce
emissions into the environment and lower pollution is to use clean energy [2]. Developing
wind energy is a high priority of the Vietnamese government.

Wind energy can be described as the process by which natural wind is absorbed and
transformed to generate mechanical energy, or electrical energy, for daily usage. To exploit
wind energy, we need to deploy and install wind turbines [3]. Modern wind turbines are
divided into two types: horizontally orientated wind turbines and vertically orientated
wind turbines. Conventional horizontal axis wind turbines usually have two or three
blades. Wind turbines have three blades that operate on a vertical wind mechanism, and
these blades face the wind directly. Wind turbines can be built on land or near the coast
in aquatic areas—e.g., the ocean or large reservoirs [4]. Thus, an important component
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of wind energy projects is the wind turbine itself. Currently, there are many suppliers of
wind turbines. Deciding on a suitable supplier has great influence on the completion time
and operational efficiency of wind energy projects. Thus, this is a complex decision that
requires the consideration of multiple factors.

The selection of a wind turbine supplier in wind power energy projects is a multi-
criteria decision-making process. MCDM methodologies are best describedas methods
used for making decisions when multiple criteria (or objectives) need to be considered
together in order to determine an overall ranking of the options [5,6].

The authors of this study propose an MCDM model based on spherical fuzzy sets
for wind turbine supplier selection in wind power energy projects. After determining the
evaluation criteria and options, two MCDM methods, Spherical Fuzzy Analytic Hierarchy
Process (SF-AHP) and Weighted Aggregated Sum Product Assessment (WASPAS), were
used in this study in the final evaluation and selection of a wind turbine supplier. Finally,
an application is presented to demonstrate the potential use of the proposed methodology.

2. Literature Review

Decision analysis is an important tool for solving issues that involve multiple actors,
criteria, and objectives. Hsing Chen Lee et al. [7] used MCDM models for ranking renewable
energy sources. In this research, the authors used four MCDM models: WSM, VIKOR,
TOPSIS, and ELECTRE. The results of this research can provide valuable information
to energy decision makers and act as a reference for Taiwan’s power policy. Abhishek
Kumar et al. [8] also provide insight into various MCDM techniques for renewable energy
applications.

Murat Colak et al. [9] integrated fuzzy MCDM models for the prioritization renewable
energy options. In their work, the authors applied an analytic hierarchy process (AHP)
based on interval type-2 fuzzy sets and persistent fuzzy TOPSIS methodologies. Arash
Sadeghi et al. [10] utilized a fuzzy MCDM model to evaluate four alternative renewable
energies: solar energy, geothermal energy, hydropower energy, and wind energy. The
authors used fuzzy AHP and fuzzy TOPSIS for ranking the four options in their research.

Tien-Chin Wang et al. [11] applied a fuzzy MCDM model including fuzzy FAHP and
data envelopment analysis (DEA) to determine a solar panel supplier for a solar power
energy project in Taiwan. The results of this study presented a new fuzzy MCDM method
for supplier selection in an unclear and uncertain environment. Sarmad Ishfaq et al. [12]
discussed three important MCDM models: AHP, TOPSIS, and the VlseKriterijumska Opti-
mizacija I Kompromisno Resenje (VIKOR). All three methods were utilized in the selection
process for the best renewable energy options for Pakistan. Giilcin Biiytikdzkan et al. [13]
implemented hesitant fuzzy linguistic term sets (HFLTS) to effectively evaluate a renewable
energy sources strategy problem.

S. K. Saraswat et al. [14] applied Geographical Information System (GIS) and MCDM
approaches for the assessment of solar and wind farm locations in India. Their findings
can be used for the growth of policies related to renewable energies and the evaluation of
the suitability of already-planned projects. Yunna Wu et al. [15] proposed a fuzzy MCDM
model based on cumulative prospects to determine the suitability of renewable power
sources. This study provided valuable findings for deciding the most suitable renewable
power source, under unclear criteria, by giving public risk-taking investors different options.
Mohsen Ramezanzade et al. [16] presented a hybrid fuzzy MCDM model in which VIKOR,
distance from the average solution, and additive ratio assessment methods are used to rank
renewable energy projects in a fuzzy environment.

Lee et al. [17] proposed an MCDM model which combines interpretive structural mod-
eling (ISM) and a fuzzy analytic network process (FANP) to select suitable turbines when
building a wind farm. The most appropriate turbines for installation can be determined
after the calculations. The results can be shown to decision makers when determining the
most suitable wind turbines. Nansheng Pang et al. [18] constructed a model for wind tur-
bine unit determination by fuzzy preference programming (FPP) with an analytic network
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process (ANP). The results showed that the 2.5 W unit produced by Goldwind would give
the best evaluation value, which is aligned with the expanding market share of permanent
magnet direct-drive wind turbines. Meng Shao et al. [19] reviewed MCDM applications for
renewable energy site selection. The authors focused on two types of criteria and methods
in the five site selection stages. The results show that hybrid GISs and MCDMs are the most
popular tools in this research area. Yunna Wu et al. [20] extended fuzzy TODIM-based
two-stage decision-making frameworks for the optimal location selection of offshore wind-
PV-seawater pumped storage power plants. Francisco G. Montoya et al. [21]. demonstrated
the power of the application of multi-objective evolutionary algorithms (MOEAs) to wind
turbine selection problems (WTS).

As this literature review shows, MCDM is a minor deviation from operational research
dealing with determining optimal results in complex situations including various indexes,
conflicting objectives, and multiple criteria. This popular tool in the field of energy planning
is receiving attention due to the flexibility it provides for decision makers in finalizing
decisions while considering all the criteria. However, there are very few studies using
MCDM based on spherical fuzzy sets to develop a decision support system in wind
power energy projects that supports project managers in evaluating and selecting optimal
solutions. Thus, we propose a fuzzy MCDM model for wind turbine supplier selection in
this research.

3. Methodology
3.1. Research Graph

The Fuzzy MCDM procedure creates an optimal supplier selection model, as shown
in the steps and diagram (see Figure 1 below).

Figure 1. Research Graph.
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Step 1: Problem identification

Firstly, the sets of criteria that are influential in wind turbine supplier selection are
defined by experts and when reviewing the literature.

Step 2: Apply spherical fuzzy AHP

The individual criteria weightings in the second evaluation stage are determined by
the spherical fuzzy AHP model.

Step 3: Applying WASPAS for Alternative Determination

The WASPAS method is the weighted sum model (WSM) and the weighted product
model (WPM) combined. Thus, the WASPAS model is applied for ranking all turbine
suppliers listed in this stage.

3.2. Theory of Spherical Fuzzy Sets

Gundogdu et al. recently developed the spherical fuzzy sets theory as a fusion of
Pythagorean fuzzy sets [22] and Neutrosophic sets [23]. The theory was developed based
on the notion that a decision maker’s hesitancy can be defined independently of related
and non-related degrees, as well as the idea that a decision maker can generalize other
extensions of fuzzy sets by determining a relationship function on a spherical platform [24].

The universe of U spherical fuzzy sets A s is defined as follows:

As = {x, (nz,(x), v7,(x), g (Olx et )
where:
Hag (x) = Uy — [0,1], Ugs(x) :U; — [0,1], and T (x) : Uy — [0,1]

and:
2 2 2 i
0< 59 (x) + o5, (x) + T3, (x) <1withVx € U (2)

The degree of membership is mu y As (x), the degree of non-membership is v As (x),

and the hesitancy of x to Ag is 77 s (x).
In this way, Gundogdu and Kahraman [24] define and show the traditional arithmetic
operations of spherical fuzzy sets.

3.3. Model of the Spherical Fuzzy Analytic Hierarchy Process (SF-AHP)

Gundogdu and Kahraman [24] created the SF-AHP approach, which is an extension
of AHP that also uses spherical fuzzy sets. SF-AHP is used in this work to determine the
weight of the individual selection criteria. Gundogdu and Kahraman’s SF-AHP approach
consists of 5 stages [24]:

Stage 1: Create a hierarchical structure for the model.

A three-tiered hierarchical framework is built. The model’s aim, based on a score
index, is to achieve Level 1. Level 2 of the structure determines the score index based on a
set of n criteria. Level 3 defines a collection of m alternatives for A, where m > 2.

Stage 2: Create suitable direct comparison matrices for the criterion using spherical
fuzzy decisions according to Gundogdu and Kahraman's [24] language terms as shown in
Table 1.

The indices of scores (SI) for each option are calculated using Equations (3) and (4).

Sl = \/‘100* [(ms - %)2 = (o4, ”55)2]

These apply to the options of absolute highest importance, very high importance, high
importance, slightly more importance, and equal importance.

®)
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Table 1. Linguistic lexicons of importance [24].

(u, v, ) Score Index
Aabsolute highest importance (AH) (0.9,0.1,0.0) 9
Very high importance (VH) (0.8,0.2,0.1) 7
High importance (HI) (0.7,0.3,0.2) 5
Slightly more importance (SM) (0.6,04,0.3) 3
Equally importance (EI) (0.5,04,04) 1
(SL) (0.4,0.6,0.3) 1/3
Low importance (LI) (0.3,0.7,0.2) 1/5
Very low importance (VL) (0.2,0.8,0.1) 1/7
Absolutely lowest importance (AL) (0.1, 0.9, 0.0) 1/9

1 _ ! 4)

i \/’100 . [(VAS “m) = (o - %)Z]

These apply to the options of slightly lower importance, low importance, very low
importance, and absolutely lowest importance.

Stage 3: Examine each pairwise comparison matrix for consistency. The linguistic
words in the pairwise comparison matrices are translated to the score indices that corre-
spond to them. Then, we use the traditional consistency check with a CR threshold of
10%:

CI
CR = i ®)

The Consistency Index (CI) is computed as follows:

Apax — 1

Cl= 1

(6)
where A,y is the matrix’s maximum value and 7 is the number of criteria.

The Random Index (RI) is calculated using a variety of criteria [25].

Stage 4: Calculate the spherical fuzzy weights of the criteria and options.

The following equation is used to calculate the weight of each choice in relation to
each criterion:

., ASn) = wiAg1 +...—|—wnA5,/1
n w112 n , n
BT e

)w,] 1/2> @)

w; n
2 ! 2 2
(1_7’11‘\51‘) - ‘Hl(l_yz“s;‘ A
1=

i=1 i=1

where w = 1/n.

Stage 5: Using ascending layer sequencing, calculate the overall weights.

By modifying the spherical weights at each level of the ascending structure, the
ultimate ranking of the options can be computed. At this point, there are two viable options
for carrying out the computation.

The first method is to de-fuzzify the criterion weights using the score function in
Equation (8):

®)
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The criteria weights are then normalized using Equation (9) and spherical fuzzy
multiplication is used in Equation (10):

. s(®)

T ELs(@®) ’

—s\ 1/2 _ —s —s\ 1/2
A oS, A 2 \Y wi 2 \Yi 2 2 \Yi
Asij—wj*Asi—<(1(1ygs) ) oy ((1;%) —(1—ygs—ngs) ) ) (10)
with Vi. N
Equation (11) is used to determine the final ranking score (F) for each option A;:

(11)

n
F= ZASij =As; +As, +... + As,
j=1
The second option is to continue the calculation without de-fuzzifying the criterion
weights. The spherical fuzzy global weights are computed as follows:

n
Asi], = Ag, * Ag, % ... % Ag, (12)
j=1

The conclusive decision value of each option is then computed using Equation (11).

3.4. WASPAS Method

The WSM approach is incredibly basic, easy to apply, and simple to comprehend. It
computes an alternative’s overall score as the weighted sum of the attribute values. This is
the most well-known and commonly utilized approach [26]. WPM was created to prevent
options with low attribute values. It computes the score of each choice as a product of
the scale rating of each attribute’s strengths multiplied by the importance weight of that
attribute [27].

The WASPAS method’s computational technique may be clearly described as follows:

Stage 1: The choice matrix is normalized.

The strategy of normalizing the decision matrix for the WASPAS approach is depen-
dent on whether the choice criteria are advantageous or not. Normalization of the decision
matrix, for the beneficial choice criterion, is accomplished as seen in Equation (13):

Gim — =12 mj=1,2 ..., m (13)
1= max g 2,0, mj=1,2,...,

As demonstrated in Equation (14) for non-beneficial choice criteria:

xl-]- . .
- ,i=1,2,...,mj=1,2,..., 14
1ij min Xx;; Z v " .

Stage 2: Based on the WSM technique, compute the relative significance of the ith
choice as follows:

n
j=1
Stage 3: WPM evaluates the performance index of the ith alternative, as shown in
Equation (16):
n
st =TT()" (16)
j=1

Stage 4: Using Equations (15) and (16), we design a WASPAS model to determine the
total relative significance. The relative importance sum, or, more accurately, the general
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criterion of the weighted synthesis of the addition and multiplication processes, is as

follows:
n

n
F=ASt+(1-MS? =AY g xwi+(1-MN]](3;)" (17)
= =1
where A is the coefficient and A € [0, 1]. When there is no choice for the coefficient, its value
issetto A = 0.5.
The options are rated based on a performance index, with the best option receiving
the most weight.

4. Case Study

There are favorable factors in the Vietnam market for wind power investors to find
great opportunities. Besides its natural potential, the Government is also showing strong
support for wind power development and subsidizes wind power projects to reduce finan-
cial risk, allowing investors to test and set up new operations. According to wind energy
survey data from the German Agency for International Cooperation (GIZ), the Mekong
Delta region has wind potential that is easy to exploit and convenient for investors [28,29].
Therefore, there are many wind energy projects already underway in this area.

In this research, the author has proposed an MCDM based on spherical fuzzy sets for
wind turbine supplier selection in wind power energy projects. All criteria are used for
assessing wind turbine suppliers and are defined by 15 Experts (wind turbine mechanical
engineers, renewable energy scientist, etc ... .) and the literature review, shown in Table 2

and Figure 2.

Table 2. Criteria used for supplier selection.

Criteria Subcriteria Researchers Expert Opinions
. . . Amy H.ILeeetal. [17],
Machine Feature (MF) gi?ga(ﬁgi)d wind turbine and Power A. Ayca Supciller et al. [30] X
Abdel-Monem et al. [31]
Available of maintenance (MF2) X
. - . A. Ayca Supciller et al. [30],
Turbine efficiency and Turbine speed (ME3) Abdel-Monem et al. [31] X
Amy H.ILeeetal. [17],
Environmental (EN) Area use (EN1) A. Ayca Supciller et al. [30] X
Abdel-Monem et al. [31]
Environmental impact (EN2) Abdel-Monem et al. [31] X
. . A. Ayca Supciller et al. [30]
Fuss/air and water pollution (EN3) Abdel-Monem et al. [31] X
Technological (TE) Time of Allocation (TE1) X
Capacity of System integration (TE2) Amy HILeeetal. [17] X
Amy HI.Lee etal. [17],
Monetary (MO) Investment cost (MO1) Nansheng Pang et al. [18], X
A. Ayca Supciller et al. [30]
Amy HI.Lee etal. [17],
Operation and Maintenance cost (MO2) A. Ayca Supciller et al. [30] X
Abdel-Monem et al. [31]
Profit (MO3) A. Ayca Supciller et al. [30], X
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Suitable

Turbines Supplier Selection

Machine Feature (MF) Environmental (EN) Technological (TE) Monetary (MO)
Operations of wind turbine Area use (EN1)
and Power Ratio (MF1) ) ) Investment cost (MO1)

Environmental impact Time of Allocation (TE1) ] )
Available of maintenance . Operation and Maintenance
(MF2) (EN2) Capacity of System cost (MO?2)
- . integration (TE2)
Turbine  efficiency  and Fuss/air and water pollution Profit (MO3)
Turbine speed (MF3) (EN3)
WTO01 WTO02 WTO03 WT04 WTO05

Figure 2. The structure between criteria, sub criteria and turbine suppliers.

In the second section of this research, SF-AHP is applied for calculating the weight of
all criteria. Results from the SF-AHP model is shown in Table 3.

Table 3. Results from the SF-AHP model.

Criteria SF Weights Crisp Weights
MF1 0.45787 0.50362 0.34068 0.07735
ME2 0.39865 0.58105 0.29996 0.06742
MF3 0.39710 0.56956 0.31904 0.06647
EN1 0.45418 0.54697 0.27133 0.07908
EN2 0.45272 0.53935 0.28534 0.07834
EN3 0.48999 0.51121 0.27478 0.08589
TE1 0.53767 0.47257 0.26500 0.09541
TE2 0.60210 0.40643 0.25678 0.10810
MO1 0.60043 0.39756 0.27625 0.10709
MO2 0.64200 0.36365 0.25403 0.11587
MO3 0.65927 0.33444 0.25955 0.11897

In the next stage, these spherical fuzzy weights will be defuzzied into script weights
using the average weight criteria of the WASPAS model for ranking wind turbines. The
weighted normalized matrix and exponentially weighted matrix are shown in Tables 4 and 5.

In this research, the authors proposed a hybrid model of the SF-AHP and WASPAS
concepts to develop a decision support system in wind turbine supplier selection processes.
A SF-AHP was applied to determine the weight of all criteria in the first stage, and the
WASPAS model was then used for ranking all potential suppliers in the final stage. The
aggregated utility function value Q; was calculated using weighted sum mode Q;; (WSM)
and weighted product model Q1 (WSM), as can be seen in Table 6. From the results in
Figure 3, the top three turbine suppliers were WT01, WT05, and WT04, with scores of
0.9233, 0.8809, and 0.8802, respectively. Thus, supplier 01 (WTO01) is the optimal supplier.
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Table 4. Weighted normalized matrix.

WTO01 WTO02 WTO03 WT04 WTO05
MF1 0.06876 0.07735 0.06876 0.06016 0.06016
MF2 0.05244 0.06742 0.05993 0.05993 0.06742
ME3 0.05909 0.05170 0.06647 0.05909 0.04431
EN1 0.06151 0.07908 0.07908 0.07030 0.06151
EN2 0.07834 0.06093 0.05223 0.07834 0.06093
EN3 0.08589 0.07515 0.07515 0.08589 0.08589
TE1 0.09541 0.06361 0.07421 0.07421 0.09541
TE2 0.08408 0.09609 0.09609 0.10810 0.10810
MO1 0.10709 0.08329 0.07139 0.09519 0.07139
MO2 0.11587 0.08690 0.10138 0.11587 0.11587
MO3 0.11897 0.07932 0.09253 0.07932 0.11897
Table 5. Exponentially weighted matrix.
WTO01 WTO02 WTO03 WT04 WTO05
MF1 0.99093 1.00000 0.99093 0.98075 0.98075
MEF2 0.98320 1.00000 0.99209 0.99209 1.00000
MF3 0.99220 0.98343 1.00000 0.99220 0.97341
EN1 0.98032 1.00000 1.00000 0.99073 0.98032
EN2 1.00000 0.98050 0.96873 1.00000 0.98050
EN3 1.00000 0.98860 0.98860 1.00000 1.00000
TE1 1.00000 0.96205 0.97631 0.97631 1.00000
TE2 0.97320 0.98735 0.98735 1.00000 1.00000
MO1 1.00000 0.97345 0.95751 0.98747 0.95751
MO2 1.00000 0.96722 0.98465 1.00000 1.00000
MO3 1.00000 0.95291 0.97054 0.95291 1.00000
Table 6. Final value from WASPAS.
Options Qi1 Qi2 Q;
WT01 0.9274 0.9223 0.9233
WTO02 0.8208 0.8124 0.8141
WTO03 0.8372 0.8304 0.8318
WT04 0.8864 0.8787 0.8802
WTO05 0.8900 0.8786 0.8809

ranking performance of WASPAS for varying A values is exhibited in Table 7.

Table 7. Rankings of robots for varying A values.

It is shown that, besides Equation (17) being the general method for the results of the
coefficient A, a fixed value in the range of 0.1, 0.2, 0.3, ... , 1.0 can be used. Therefore, in the
first part of the sensitivity analysis, a modification in the coefficient A was conducted. The

A=01 A=0.2 A=0.3 A=04 A=05 A=0.6 A=0.7 A=0.38 A=09 A=1
WTO01 0.8687 0.8694 0.8700 0.8707 0.8713 0.8720 0.8726 0.8733 0.8739 0.8746
WTO02 0.8221 0.8230 0.8239 0.8247 0.8256 0.8265 0.8274 0.8282 0.8291 0.8300
WTO03 0.8365 0.8373 0.8380 0.8388 0.8396 0.8404 0.8411 0.8419 0.8427 0.8434
WTO04 0.8836 0.8841 0.8846 0.8851 0.8856 0.8861 0.8865 0.8870 0.8875 0.8880
WTO05 0.8367 0.8376 0.8385 0.8394 0.8403 0.8412 0.8421 0.8430 0.8439 0.8447
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0.9233
0.9400
0.9200
0.9000 0.8802 0.8809
0.8800
0.8600 0.8318
0.8400 0.8141
0.8200
0.8000
0.7800
0.7600
0.7400
WTO01 WTO02 WTO03 WT04 WT05

Figure 3. Potential suppliers ranking using the WASPAS model.

Table 6 shows the relative calculated values of the options according to the value of
the coefficient A. Note that the values of the coefficient A do not affect the change in the
rank of the alternative. This research has led to the successful creation of a hybrid MCDM
model, using SF-ANP and WASPAS, to determine the supplier evaluation and selection
procedure in renewable energy projects.

5. Conclusions

According to the Global Wind Atlas, it is estimated that more than 39% of Vietnam’s
waters and 8% of its land area has an average annual wind speed of over 6 m/s at an
altitude of 65 m [32]. The south has an average annual wind speed of over 7 m/s. This
corresponds to wind resource potentials of 512 GW and 110 GW. The technical potential
of onshore wind power is about 42 GW, which is suitable for large-scale wind power
projects [29].

This research proposed a novel MCDM model based on spherical fuzzy sets for wind
turbine supplier selection in wind power energy projects. The suggested fuzzy MCDM
method combines SF-AHP and WASPAS models to rank turbine suppliers for wind power
projects. SF-FAHP is used to calculate the weight of criteria. WASPAS uses these obtained
values to rank the turbine suppliers. Based on experts’ opinions and the literature, a set of
criteria for evaluating turbine suppliers has been considered, including machine features
and environmental, technological, and monetary factors. The findings suggest that supplier
WTO01 is the most suitable. The most significant contributions and successes in this study
can be described as follows:

> The proposed model is the first turbine evaluation and selection model in the wind
power energy project in Vietnam using expert interviews and literature reviews.

> Second, this is the first study to provide a case study on evaluating suppliers for the
renewable energy sector that utilizes a combination of SF-AHP and WASPAS models.

> The results of this study can be a valuable guide in assessing and selecting equipment
suppliers, not only for wind power energy projects but also for decision makers and
investors in other renewable energy projects.

For further research on this topic, the study may be expanded to other MCDM ap-
proaches such as TOPSIS, data envelopment analysis (DEA), the Combined Comprise
Solution (CoCoSo) method, etc.
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