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Abstract: Over the past few decades, Vietnam has been one of the fastest growing economies in Asia,
experiencing a GDP growth rate of more than 6% per year. The energy industry plays an important
role in Vietnam’s continuous development, so access to reliable and low-cost energy sources will
be an important factor for sustainable economic growth. Achieving the goal of reducing global
greenhouse gas emissions, as set out in the Paris agreement on climate change, will depend heavily
on the development roadmap of emerging economies, such as Vietham. Currently, developing
hydroelectric plants is Vietnam’s optimal choice in order to meet its target of renewable energy
development. Hydroelectricity in Vietnam is favorable thanks to the high average annual rainfall,
about 1800-2000 mm, and the dense river system, with more than 3450 systems. In addition to
providing electricity, hydropower plants are also responsible for cutting and fighting floods for
downstream areas in the rainy season, at the same time providing water for production and people’s
daily needs in the dry season. This work proposes the application of a multicriteria decision-making
(MCDM) model to select the best option for the installation of river hydroelectric plants in Vietnam.
The use of MCDM techniques in environmental decision-making, including selecting between various
alternatives, is important when this involves complex decisions in several disciplinary fields. The most
widely used of these techniques are the fuzzy analytical network process (FANP) and the technique
for order of preference by similarity to ideal solution (TOPSIS). As a result, Nghe An (LOCO05) is
found to be the optimal solution for selecting river portions where hydroelectric plants are viable
in Vietnam.

Keywords: optimization techniques; hydroelectric; renewable energy; MCDM; fuzzy theory;
FANP; TOPSIS

1. Introduction

Since the start of the 215 century, the global economy’s constant expansion has driven world
energy demand to record levels. While thermal energy from fossil fuels provides the world with
most of its need—nearly 79.68% [1]—the lack of long-term sustainability and finite nature of these
sources encourages the search for more sustainable and renewable energy sources. Among many forms
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of renewable energy, hydroelectric power is a proven technology, representing 15.90% of all energy
generated [2]. However, while hydroelectric power is renewable, it is not without flaws. Damming
rivers can cause great environmental and social damage. In addition to the immediate loss of local flora
and fauna, building hydroelectric dams causes the displacement of people, a decline in the number
of fish (or even the extinction of certain species), and may negatively impact the surrounding food
systems and water quality [3]. Sustainable development is defined as development that can satisfy
current demand without sacrificing the ability of future generations to satisfy their own needs [4].
The goal of sustainable development is described as the balance between a triple bottom line of
social, environmental, and economic elements [5]. As such, it is important to consider social and
environmental criteria along with traditional economic criteria when planning for hydroelectricity
projects, in order to ensure their sustainability. Hydroelectric power plays an important part in the
economic and social development of many countries along the Mekong river. One of the large capacity
hydroelectric plants being exploited in Vietnam is Ban Chat hydroelectric plant (Figure 1).

Figure 1. Ban Chat hydroelectric plant in Vietnam [6].

Among these countries, Vietnam considers hydroelectric power to be the focus of its energy security
and production strategy, instead of other sources such as nuclear power or thermal power [7]. However,
there are many obstacles to developing hydroelectric projects in Vietnam, including environmental,
social, economic, and political problems that need to be considered [7].

According to scientists, hydropower accounts for a large proportion of Vietnam'’s electricity
production structure and plays an important role in national energy security. In addition to generating
electricity, hydropower plants are also responsible for cutting and fighting floods for downstream
areas in the rainy season, and at the same time supplying water to downstream areas to meet people’s
needs in the dry season. However, according to the Asian Development Bank’s (ADB) assessment of
electricity planning, the risk to biodiversity is very serious because the hydroelectric dams are located
near sensitive and high biodiversity areas. Thus, choosing an optimal location for hydroelectric plants
is a multicriteria decision-making (MCDM) problem that requires the decision-maker to incorporate
both quantitative and qualitative factors. MCDM refers to making the best choice from a finite set of
decision alternatives, in terms of multiple, usually conflicting criteria [8].
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The aim of this paper is to propose a hybrid MCDM model for hydroelectric location evaluation
and selection in Vietnam. In the first stage of this research, all criteria affecting the hydroelectric plant
location evaluation and selection process were defined by experts and a literature review. As many of
these criteria were qualitative, it was necessary to solve this problem in a fuzzy environment. Thus, a
fuzzy analytical network process (FANP) was used to determine the weight of all the criteria. In the
final stage, a technique for order of preference by similarity to ideal solution (TOPSIS) was then applied,
to rank all the potential plant locations.

The next part of this paper presents literature reviews to support the building of the MCDM model,
methods of determining the parameters of the FANP model, and the TOPSIS model. Discussions and
conclusions are presented at the end of the paper.

2. Literature Review

Many literatures have applied an MCDM approach in various fields and disciplines over the
years. One of the most popular uses of MCDM is for solving location selection problems and many
studies have employed MCDM in energy plant location decisions [9-11]. Farahani and Asgari [12]
developed a model for selecting the optimal location of warehouses in a military logistics system.
The authors used a TOPSIS model to assess the quality of potential locations, based on a given
set of criteria, then used a multiple objective set covering model to obtain the optimal locations.
Zak and Weglinski [13] introduced a two-stage procedure for a logistics center location selection
problem, based on ELimination Et Choice Translating Reality I1I/V (ELECTRE III/V). In the first stage
of the procedure, a macro-analysis of the regions was performed and multiple criteria affecting the
selection process, including sustainability criteria, were obtained. Then, ELECTRE III/V was employed
to obtain a complete ranking of the potential locations. Choudhury et al. [14] proposed a hybrid
MCDM model, using the analytic hierarchy process (AHP) technique and a multivariant adaptive
regression spline (MARS) through a polynomial neural network to find the optimal locations of surface
water treatment plants.

Among many MDCM techniques, the TOPSIS and FANP models are frequently employed in
solving location selection problems. Suder and Kahraman [15] employed a fuzzy TOPSIS model for
selecting the optimal location of a university faculty office. Hanine et al. [16] proposed a hybrid model,
using the FAHP (fuzzy analytical hierarchy process) and fuzzy TOPSIS models, to evaluate and select
a location for a solid waste landfill site. In this research, the fuzzy AHP model was employed to
calculate the weight of the selected criteria and model the linguistic ambiguity, whereas the fuzzy
TOPSIS model was used to obtain the ranking of potential locations, with respect to the criteria.
Hanine et al. [17] proposed a geophysical information system (GIS)-FAHP-TOPSIS method for location
selection problems. In this paper, the authors incorporated a geophysical information system into a
hybrid FAHP-TOPSIS multicriteria decision making model to create a method for selecting a landfill
site of industrial wastes. Erkeyman et al. [18] developed a fuzzy TOPSIS model for selecting an optimal
location for a logistics center in the northeast region of Turkey. In this research, the authors used
geographical, physical, socio-economic, and cost factors to form the criteria. Then, a fuzzy TOPSIS
model was used to obtain the rankings for three potential alternatives based on these criteria.

Location problems are one of many popular topics in energy production planning and MCDM
models are often used to solve these problems. Wang et al. [19] proposed a hybrid MCDM model to assist
decision-makers in the evaluation and selection of a solid waste energy plant in Vietnam. The proposed
model was built by combining the FANP and TOPSIS techniques. Demirel and Vural [20] suggested
FANP as a plausible technique to solve a multicriteria solar energy plant location selection problem.
Samanlioglu and Ayag [21] introduced a hybrid FAHP-PROMETHEE II model to evaluate solar power
plant potential locations in Turkey. In this paper, FAHP was employed to calculate the weights of
criteria, while F-PROMETHEE 1I provided the rankings of potential solar power plant locations,
with respect to the criteria. Jeong and Ramirez-Gomez [22] combined a geographic information
system multicriteria decision analysis (GIS-MCDA) and fuzzy decision-making trial and evaluation
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laboratory (F-DEMATEL) technique to evaluate potential sites for biomass power plants. In this
research, the authors used the F-DEMATEL to determine the weights of the criteria, which included
environmental, socio-economic, and geophysical constraints. Then, the optimal locations with regards
to these criteria are obtained through the use of a weighted linear combination technique.

3. Methodology

In order to build an effective location selection model, the implementation process was carried
out in the main steps as shown in Figure 2:

Defining problem

Collecting and analyzing data

Develop criteria

Discussing with Experts

W
Appling FANF model for defining weight

b4

Applving TOPSIS model

W
Conclusion

Figure 2. Research graph.

3.1. Fuzzy Theory

The triangular fuzzy numbers (TFN) can be defined as (k, h, g),withk, hand g (k <h < g)
being the parameters that specify the smallest likely value, the promising value, and the largest possible
value in TEN. TFN are shown in Figure 3 and can be described as:
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) if x <h,
x=k .
x\_ ) nx if k<xc<h,
”(M)_ 5 if h<x<g &)
7 lf x> g’
A fuzzy number is given as:
M= MW, M) = [k+ (h-K)y, g+ (h-g)yly € [0,1] @)

where o(y) and i(y) represent the left side and the right side of a fuzzy number, respectively. The below
shows basic calculations which involve two positive TEN, (kq, 11, g1) and (kp, ha, g2).

(ki, h1, §1) + (ka, 2, $2) = (k1 4+ ko, by +h2, 81 + $2)
(ki, h1, §1) = (ko, ha, §2) = (k1 ko, h1 —h2, §1 — §2)

(ki, h1, 1) X (ko, ho, §2) = (k1 X ka, h1 X hp, g1 X g2) ©)
ki,
Ek;,h—;ég = (k1/ka, /M2, 81/82)

3.2. Fuzzy Analytic Network Process (FANP) Method

The fuzzy analytic network process (FANP) is commonly used as an alternative to the fuzzy
analytical hierarchy process (FAHP) to determine priority weights from fuzzy comparison matrices,
due to its simplicity in comparison with FAHP. For instance, Guneri et al. [23] employed FANP for
a shipyard location selection process, while incorporating the extent analysis method introduced by
Chang [24]. Assume that X = {x1, x2,x3 ....x,} is an object set and O = {01, 02,03, ....0,} is a set of
goals. According to Chang [24], the process takes each object from the object set and performs an
extent analysis of each goal (g;) of the object. Therefore, m, the extent analysis values of each object,
can be written as followed:

Mg, Mg,... .My, i=12,...,n )

where M] [(j=1,2,....,m) are the TEN. Chang’s extent analysis process is described as follows:
Step 1: The fuzzy synthet1c extent value of the i object is calculated as:

m nom -1
:Z‘Méi® ZZ;sz] )

=1 i=1 j=1

The fuzzy addition operation of m extent analysis values of the object matrix (Z M] ) is
j=1

iMéi = [i vj, iuj,izj, ] (6)

/=1 j=1 /=1

calculated as:

-1

. n m
The fuzzy additional operation of Mél( j=12,....,m)values (L. L M] .| ) are performed as:
i=1j=1

ZZM [Z o Y Y ] @)

i=1 j=1
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Then, the inversion of the vector in (5) is calculated as:

-1
n m
; 1 1 1
M| = , , . 8
Z‘Z '] ( i Vi L i Ying Zi) ®

i=1 j=1 i=1 i=1

Step 2: The degree of possibility of My = (v, u2,2p) = My = (v1,u1,21) is calculated as:

V(M 2 My) = supysx[min(uw, (x),), (m, (v) )] ©
Which can be rewritten as follows:

1 if up >y
V(M > My) = hgt(My N Ma)= upm,(d) = 0 ifvr2z (10)
—=2__ otherwise
(uz=z2)—(u1-v1)
where d is the ordinate of the highest intersection point D between i, and p,. To compare M; and
M, we need both the degree of possibility of (M; > M;) and (Mz > M;).
Step 3: The degree of the possibility that a convex fuzzy number is greater than ¢ convex fuzzy
number, with M;(i = 1,2,...,¢), is calculated as:

V(M > Ml,Mz,...,Mk) = V[(M > Ml) and (M > Mz) }
and, (11)
M>M;)=minVIM>M;),i=1,2,..., ¢

Under the assumption of d’(A;) = minV(S; > S.), for c = 1,2,...n and c#l, the weight vector is
calculated as:
W = (d'(A1),d (A2),...d (An)T, (12)

where A; are n elements.
Step 4: Finally, the normalized weight vectors are calculated as:

L d'(A)
A) = S aia (13)
W = (d(A1),d(A2), ..., d(A))T (14)

3.3. Technique for Order Preference by Similarity to Ideal Solution (TOPSIS)

The TOPSIS method was introduced by Hwang et al. [25]. A typical TOPSIS procedure can be
described as follows [26,27]:
Step 1: Construct a normalized decision matrix:

—_— (15)
2
v i1 X

where x;; and ¢;; are original and normalized scores of a decision matrix, respectively.
Step 2: The normalized weight matrix is determined as follows:

eij =

Sl‘]‘ = wjeij (16)

where w; is the weight for the j criterion.
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Step 3: Determine the PIS O matrix and NIS O ~ matrix:
(17)

Step 4: Identifying the gap between the performance values of each option with the positive ideal
solution (PIS) matrix and negative ideal solution (NIS) matrix:
Distance to PIS.

S;r = Z]ril(s:r —sij)z; i=1,2,...,m (18)

Distance to NIS.

S, = th1<sij —si_)z; i=1,2,...,m (19)

where DiJr is the distance to the PIS and Dy is the distance to the NIS for the i option.
Step 5: Determine the preference value (Pv;) for each option:

S
Py = ——— i=1,2 .., m 20
B 20)
1 1
Pv; values are used to benchmark and determine the ranking of the potential options.

A

pa(x)

M)
0 k h g

Figure 3. Triangular Fuzzy Number.

4. Case Study

Due to the geographical location of Vietnam, located in a tropical climate, with hot and humid
rain, the country has access to relatively rich hydroelectric resources. The topographic distribution
stretching from the north to the south, with a coast more than 3400 km long and an elevation change
from sea level to more than 3100 m, has created a tremendous source of potential energy, generated by
the terrain variation [28].

Many evaluation studies have shown that Vietnam can exploit hydroelectric power sources at
about 25,000-26,000 MW, equivalent to about 90-100 billion kWh of electricity. However, the potential
of hydroelectricity can be exploited even more: from 30,000 MW to 38,000 MW and an exploitable
power of 100-110 billion kWh [28].

In order to serve the needs of industrialization and modernization, this period is very important
for exploiting the country’s hydroelectric energy. The largest hydropower projects built and completed
during this period were Son La Hydroelectricity (2400 MW), Lai Chau Hydroelectricity (1200 MW),
and Huoi Quang Hydroelectricity (560 MW) [28].

Recently, the process of inter-reservoir operation for hydropower steps was established and signed
by the prime minister to issue decisions for all river basins with hydropower steps. By 2018, a total of
80 large and medium hydropower projects had come into operation, with a total installed capacity of
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15.999 MW [28]. It can be said that, to date, many large hydro projects with capacities of over 100 MW
have been generated. Vietnam’s rivers network is shown in Figure 4.
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Figure 4. Vietnam's rivers network [29].

Therefore, the study of potential locations to invest in the construction of hydropower plants is
essential in order to ensure a stable supply of energy for the socio-economic development of Vietnam.
The river system of Vietnam is dense and distributed over many different territories. The potential for
small hydroelectricity is concentrated mainly in the northern mountainous areas, the south-central
areas, and the central highlands. Hydropower is still the most utilized renewable energy source,
contributing about 40% of the total national electricity capacity. The potential of small hydroelectricity
is huge, with more than 2200 rivers and streams with a length of over 10 km, 90% of which are small
rivers and streams. These offer a favorable basis for developing small hydroelectricity [30].

To prove the research model is feasible, ten potential locations and fourteen criteria were considered.
The names of the ten locations and their symbols in the MCDM model are shown in Table 1.

Table 1. Name and symbol of ten location.

No Location Symbol
1 Lai Chau LOC01
2 Son La LOCO02
3 Ha Giang LOCO03
4 Yen Bai LOC04
5 Nghe An LOCO05
6 Kon Tum LOC06
7 Dak Lak LOC07
8 Lam Dong LOCO08
9 Bac Can LOC09

—_
o

Hoa Binh LOC10
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After conducting a literature review and consulting experts, fourteen criteria were selected to
assess each potential location, including: protected fauna, fish population, flow regime, landscape
quality, public opposition to project, water quality, vegetation, soil fragility and erosion, accumulation
or synergy with other projects, project cost, rated power, distance of power house from grid line,
distance of power house from village, and distance of power house from road. All the criteria are
shown in Figure 5.

Protected Fauna (CR1}) _

Water quality (CR2)

Fish population (CR3)

Landscape quality (CR4)
Vegetation (CR5)
Flow Regime (CR6)
Soil fragility and erosion (CR7)
OPTIMAL LOCATION
Public opposition to project (CRS)

Accumulation or synergy with other projects (CR3)

Project cost (CR10)

Rated power (CR11)

Distance of power house from grid line (CR12)

Distance of power house from road (CR13)

Distance of power house from village (CR14)

Figure 5. Criteria affecting location selection.

The input data of the FANP model are determined by the opinions of experts. The fuzzy
comparison matrix of goal from the FANP model is shown in Table 2.

Table 2. Fuzzy comparison matrices for GOAL.

Criteria A1l A2 A3 A4 A5

Al (1,1,1) (1,1,1) 34,5) 1,2,3) (34,5)

A2 (1,1,1) (1,1,1) 1,1,1) (1,2,3) 34,5)
A3 (1/5,1/4,1/3) (1/4,1/3,1/2) 1,1,1) (1/2,1/3,1/4) (1,1/2,1/3)
A4 (1/3,1/2,1) (1/3,1/2,1) 4,3,2) (1,1,1) 2,34)

A5 (1/5,1/4,1/3) (1/5,1/4,1/3) (3,2,1) (1/4,1/3,1/2) (1,1,1)

The fuzzy numbers were converted to real numbers by using the TEN. During the defuzzification,
the authors obtained the coefficients « = 0.5 and 3 = 0.5. Here, « represents the uncertain environment
conditions, and [ represents the attitude of the evaluator is fair.

g0.5,0.5(Ta1a3) = [(05 X 1.5) + (1 — 0.5) x 25| =2
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f0.5(LA1, A4)=(2-1)x05+1=15
f0.5(UA1, A4)=3-(3-2)x05=25
g0.5,0.5(aA4,A1) = 1/2

The remaining calculations for other criteria are as in the above calculation. The real number
priority when comparing the main criteria pairs is shown in Table 3.

Table 3. Real number priority.

Criteria Al A2 A3 A4 A5
Al 1 1 4 2 4
A2 1 1 3 2 4
A3 1/4 1/3 1 1/3 1/2
A4 1/2 1/2 3 1 3
A5 1/4 1/4 2 1/3 1

For calculating the maximum individual value as following:
Ql=(1x1x4x2x4)1/5=2
Q2=(1x1x3%x2x4)1/5=1.9
Q3=(1/4x1/3x1x1/3x1/2)1/5=0.43
Q4=(1/2x12x3x1x3)1/5=1.18
Q5=(1/4x1/4x2x1/3x1)1/5=0.5

Q = 6.01
2
1.9
Wy = m =0.32
0.43
1.18
w4 = m =0.20
0.5
1 1 4 2 4 0.33 1.65
1 1 3 2 4 0.32 1.58
1/4 1/3 1 1/3 1/2 x| 007 |=| 037
1/2 1/2 3 1 3 0.20 0.98
1/4 1/4 2 1/3 1 0.08 0.45
1.65 0.33 5
1.58 0.32 49
037 /| 007 |[=| 52
0.98 0.20 4.9

0.45 0.08 5.6
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Based on number of main criteria, the authors found that n = 5; Amax and CI are calculated as

following:

4. 244 .
max:S—l— 9+55+ 9—1-56:5'12

/\mux —-n _ 5.12 - 5
n-1  5-1
To calculate the CR value, we found that RI = 1.12, withn = 5.

Cl = =0.03

_ 008 = 0.0268

R=%1~ 102

Because CR = 0.0268 < 0.1, there is no need to re-evaluate. The weights of criteria are shown in
Table 4.

Table 4. The weights of criteria.

No Symbol  Weight

1 CR1 0.0425
2 CR2 0.1017
3 CR3 0.0847
4 CR4 0.1023
5 CR5 0.1023
6 CR6 0.0534
7 CR7 0.0427
8 CRS8 0.0284
9 CR9 0.0932

10  CR10 0.0415
11  CR11 0.0906
12 CR12 0.0704
13 CR13 0.0748
14 CR14 0.0715

To identify potential locations, the TOPSIS model was applied in the final phase of the study.
Calculation results are shown in Table 5.

Table 5. Results from TOPSIS Model.

Alternatives  Si+ Si- Pv;

LOCO01 0.0204 0.0177 0.4654
LOC02 0.0174 0.0161 0.4799
LOCO03 0.0166 0.0169 0.5038
LOC04 0.0161 0.0195 0.5479
LOCO05 0.0126 0.0247 0.6617
LOC06 0.0178 0.0184 0.5083
LOCO07 0.0193 0.0201 0.5106
LOCO08 0.0209 0.0129 0.3804
LOC09 0.0228 0.0173 0.4313
LOC10 0.0159 0.0210 0.5701

The TOPSIS model is based on the concept that the chosen alternative should have the shortest
geometric distance from the positive ideal solution (PIS) and the longest geometric distance from the
negative ideal solution (NIS), which results in Nghe An (LOC05) being the most optimal location from
the potential alternatives (Table 5 and Figure 6).
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TOPSIS Result
0.04

0.035

0.03
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0.02 \ //\
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Score
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Al A2 A3 A4 A5 A6 A7 A8 A9 A10
Alternative
e S+ Si-

Figure 6. PIS and NIS values.

5. Discussion

Hydropower has always been an important part of Vietham’s national energy production
structure and energy security. Hydropower dams are not only responsible for generating much-needed
electricity—they also play an important part in controlling floods in rainy seasons and act as valued
water reservoirs in dry seasons. However, while hydroelectric is a proven source of renewable energy,
hydroelectric dams can cause serious environmental and social damage, such as the displacement of
communities, declining number of fish, crippled food systems, and lower water quality [3].

Therefore, to ensure the goal of sustainable hydroelectric production is reached, it is necessary
to improve the decision-making process by strengthening coordination among stakeholders, as well
as improving quality in the participation of stakeholders. As most of the environmental and social
problems of hydroelectric production are directly linked to a plant’s location, it is important that
economic, social, and environmental criteria are considered in the hydroelectric dam location selection
process. Thus, this decision-making process can be considered as a multi-criteria decision process,
in which the decision-maker must consider both qualitative and quantitative factors. In the proposed
model, there are fourteen economic, social, and environmental criteria, including: fauna protection,
fish population, flow regime, landscape quality, public opposition to project, water quality, vegetation,
soil fragility and erosion, accumulation or synergy with other projects, project cost, rated power,
distance of power house from grid line, distance of the powerhouse from village, and distance of the
powerhouse from road. In the case study, input data were applied to the proposed model, which
resulted in Nghe An (LOCO05) being the most optimal location from the potential alternatives (Table 5).

The proposed MCDM model will assist researchers and decision-makers in identifying the
optimal locations for building hydroelectric plants, while incorporating important economic, social,
and environmental criteria. This research can also be used to support similar location selection
processes in other countries and industries where sustainability is an important factor.

6. Conclusions

In Vietnam, hydroelectric power accounts for a high proportion of the electricity production
structure. Currently, although the electricity industry has developed to diversify power sources,
hydropower still accounts for a significant proportion of these.
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Large hydroelectric projects can cause negative environmental and social impacts. These projects
require very large reservoirs and may lead to the loss of a large area of land, most of which
is agricultural. Thousands of households may need to be relocated and resettled, a cultural
area within the burial area of the lake may be disturbed, and greenhouse gas emissions (mainly
methane) generated by flooded organisms in the lake may be affected. To sustainably exploit and
develop hydroelectricity, everything—including planning, investment projects, technical designs,
construction work, and operation management—absolutely must strictly comply with specific
procedures. In addition, it is necessary to ensure the quality of the construction, as well as the
response scenario for dams and natural disaster mitigation for the community. Thus, hydroelectric
plant location selection is an MCDM problem that decision-makers must evaluate in terms of both
qualitative and quantitative factors. This is the reason why the author proposes a fuzzy MCDM model
for hydroelectric plant location selection in this work. For building this proposed model, the author
considered fourteen criteria that related to the decision-making process.

The research implemented fuzzy theory and the ANP and TOPSIS models for selecting the most
suitable location. The implementation, using a case study, shows that the proposed model is feasible.
The combined model can also be studied in conjunction with other models to diversify options.
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