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Abstract: The application of multiple criteria decision-making (MCDM) techniques in real-life
problems has increased in recent years. The need to build advanced decision models with higher
capabilities that can support decision-making in a broad spectrum of applications, promotes
the integration of MCDM techniques with applicable systems, including artificial intelligence,
and Geographic Information Systems (GIS). The Analytic Hierarchy Process (AHP) and Technique
for Order of Preference by Similarity to Ideal Solution (TOPSIS) are among the most widely adopted
MCDM techniques capable of resolving water resources challenges. A critical problem associated
with water resource management is dam site selection. This paper presents a comparative analysis of
TOPSIS and AHP in the context of decision-making using GIS for dam site selection. The comparison
was made based on geographic and water quality criteria. The geographical criteria are geology, land
use, sediment, erosion, slope, groundwater, and discharge. The water quality criteria include Soluble
Sodium Percentage, Total Dissolved Solid, Potential of Hydrogen, and Electrical Conductivity of
water. A ratio estimation procedure was used to determine the weights of these criteria. Both methods
were applied for selection of optimal sites for dams in the Sistan and Baluchestan province, Iran.
The results show that the TOPSIS method is better suited to the problem of dam site selection for
this study area. Actual locations of dams constructed in the area were used to verify the results of
both methods.

Keywords: dam site selection; water resources; MCDM,; topographical conditions; morphological
conditions; TOPSIS; AHP; Geographic Information System; Sistan and Baluchestan

1. Introduction

The economic merits of dams outweigh the detriments and costs, thus providing a good reason
for construction of dams around the world. Selection of the best location for construction a dam is one
of the most complex and controversial decisions in water supply management [1]. Just as an optimal
site selection can enhance the security of the reservoir in a region and groundwater regeneration,
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a bad site selection can undermine them. A well-selected site will not only provide direct benefits,
but its careful design can also provide the additional benefit of a recreational area surrounding the
reservoir. Conversely, a poorly selected site could cause detrimental influences such as negative
biophysical, socio-economic, and geopolitical impacts, often through the loss of ecosystem services
provided by fully functioning aquatic systems [2-5]. Thus, for selection of dam sites, it is necessary to
conduct a precise study over the interest area considering factors affecting this selection. However, this
procedure is costly and time consuming. With advances in computing and information technologies,
determining competitive solutions in terms of cost, time, and a variety of other objective variables is
greatly facilitated.

A powerful tool that plays a noticeable role in this process is the Geographical Information System
(GIS) and its applications in hydrology. GIS, which can integrate large layers of data, is a computer-based
system handling the attribute data as well as spatial data where geographical information is a key
characteristic [6-8]. The use of such technology as GIS in this sector compared to buildings and other
infrastructure is still behind and this has still remained as a challenge in the lifecycle management
of dams. In addition to GIS, Multiple Criteria Decision-making (MCDM) helps decision-makers
select between alternative solutions, in this case sites for construction of dams, where there are many
criteria [9]. Two of the most widely used MCDM techniques are known as Analytic Hierarchy Process
(AHP) [10] and Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) [11-14].
The integration of MCDM and other data analysis tools such as GIS have been commonly used by
past researchers, particularly in dam site selection studies [15-18]. It should be noted that GIS is
powerfully used in dam site selection [19-21]; however, its ability in a certain region may differ from
other locations. The AHP approach is an effective tool for system analysis and solves decision problems
by reducing complex decisions to a series of pairwise comparisons. AHP is an effective multiple criteria
decision-making technique that has been used to solve decision problems in a variety of fields [22,23].
Furthermore, AHP includes an effective technique for checking the consistency of the decision-maker’s
evaluations, thus decreasing the bias in the decision-making process [24]. The TOPSIS method is
based on the idea that the best alternative has the shortest distance from the ideal solution and the
farthest distance from the negative ideal solution. The ideal solution is assumed to be an alternative
that has the best values for all considered criteria whereas the negative ideal solution is identified with
a hypothetical alternative that has the worst criteria values [11]. Many papers have been published in
the field of dam site selection using MCDM techniques for choosing a feasible location for building a
dam. However, the authors are not aware of any comparative study between the TOPSIS and AHP
techniques for solving dam site selection problems.

A wide range of studies have been conducted regarding risk or performance analysis on multiple
watersheds, dams or tunnels all around the world with a diverse hydro-climatological regimes [25-33].
Anane et al. (2012) carried out a study to prioritize the best locations for irrigation with treated
wastewater (TWW) in Tunisia [34]. Potential feasible locations were identified based on resources
conflicts, cost effectiveness, land suitability, social acceptance and environment factor. Several
researchers have applied fuzzy systems on decision-making methods [35-39]. Using fuzzy AHP
combined with GIS, they were able to map and prioritize the appropriate sites for different purposes.
Reliable data and advanced technologies are two necessary elements for efficient management of
transportation networks and their transit corridors [40-42]. Soil properties and groundwater level
should be investigated in design phase of the road transportation network to have a high-quality
subgrade. As such, there have been a significant progress in development of the standards for data
transfer between different software packages and technologies [43]. Choudhary and Shankar (2012)
considered location selection for thermal power plants as a multi-criteria decision problem and applied
a STEEP-fuzzy AHP-TOPSIS framework to rank the alternative locations and select the most suitable
for a thermal power plant in India [44]. Their study considered five major criteria, including social,
technical, economic, environmental, and political. The weight of qualitative and quantitative criteria
that impact the location selection process was determined by the fuzzy AHP. The alternative locations
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were ranked based on their overall performance using the TOPSIS technique. Kim et al. (2012) used the
TOPSIS method in a fuzzy environment to rank the best out of ten sites for treated wastewater (TWW)
in a South Korean urban watershed [35]. They considered four main criteria, including technical,
social, economic and environmental criteria. The uncertainty of weighting values and input data
were considered using triangular fuzzy numbers, and data were collected using individual interviews.
The results showed that the fuzzy TOPSIS approach provided different rankings of the best sites for
TWW compared to a traditional MCDM technique, highlighting the need for fuzzy-based MCDM.
In 2012, a study was conducted by Minatour et al. in the western part of Iran using the AHP technique
to help choose an appropriate location for an earth dam [45]. In this study, nine categories of criteria
and eleven sub criteria were considered based on their ranked importance for locating the earth dam
site. The criteria used were: topographic conditions, economic development, health of dam site, river
flow regime, annual yield, volume of reservoir, annual volume of sediment, probable maximum flood,
average annual evaporation, access to materials and facilities, overall cost, water quality, dam body
and reservoir, probable dam break, environmental, social, and political. According to the criteria in the
dam site selection, using the experiences and opinions of experts, and existing information and data,
four feasible alternatives were proposed and prioritized using the AHP technique. The most optimal
site was selected and then approved by the experts involved in the project [45]. In another study;,
Sengiil et al. (2014) developed a model using the Fuzzy TOPSIS method to rank renewable energy
supply systems in Turkey [36]. The Interval Shannon’s Entropy methodology was used to determine
weight values for the criteria. Criteria data were obtained from the literature and from official sites in
Turkey. The results of this research offer energy policymakers and decision-makers optimal alternative
solutions for resource allocation in Turkey.

Zyoud et al. (2016) used AHP and TOPSIS methods within a fuzzy environment to create a
framework for water loss management in developing countries [37]. They proposed a hierarchical
structure of the decision problem that consisted of four levels: overall objective; main criteria;
evaluation criteria; and options. In this study, the weightings of criteria were determined by fuzzy
AHP, and fuzzy TOPSIS was also used to rank options in terms of their potential to meet the overall
objective based on the evaluations and preferences of decision-makers. It was assumed that the most
important option was a pressure management and control strategy. Additionally, employing advanced
techniques and establishment of district metered areas were determined to be the second and third
most important, respectively. Moreover, based on sensitivity analysis results, the strongest and weakest
options were less sensitive to changes in the weights of the evaluation criteria. Ozcan et al. (2017)
applied the AHP and TOPSIS methods for maintenance strategy selection in hydroelectric power
plants in Turkey [46]. In their study, a combined AHP-TOPSIS methodology was used for choosing the
most critical equipment. Nine items of equipment of critical importance for hydroelectric power plants
were determined. A Goal Programming (GP) model was proposed to obtain maintenance strategy
combinations for the equipment. The results showed that there was an improvement of 77.1% in
failure frequency of the power plant resulting from employing the wrong maintenance strategy on
critical equipment compared to the period when the model was not used. Esavi et al. (2012) compared
the AHP and Fuzzy-AHP methods for underground dam site selection in a hydrologic catchment
in Iran [47]. They concluded that the Fuzzy-AHP shows higher capability and more flexibility in
selecting the appropriate underground dam location. An intercomparison between AHP and TOPSIS
techniques was carried out by Oniit and Soner (2018) to select an optimal transshipment site in Istanbul,
Turkey [48]. They used fuzzy sets to account for uncertainties in different criteria and they derived
criteria weights based on a pair-wise comparison using the AHP method. Mulliner et al. (2016)
conducted a comprehensive analysis of five different MCDM techniques, including TOPSIS and AHP,
to assess sustainable housing affordability using different economic, social and environmental criteria
in Liverpool, UK [49]. Their results show that overall ranking of alternatives varies from method to
method, and there is no perfect technique for this problem. Hence, where possible, applying a selection
of different methods to the same problem is ideal. Balioti et al. (2018) applied the AHP and TOPSIS
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methods with fuzzy logic to select the optimal type of spillway in a dam in Northern Greece [50].
They concluded that these tools are required to account for additional parameters beyond technical
and construction costs. Table 1 shows a quick review of recent research study on dam site selection
using AHP and TOPSIS techniques.

This paper presents a study based on the selection of suitable dam sites in southern parts of the
Sistan and Baluchestan province, Iran. Therefore, a comparative study of two MCDM models (TOPSIS
and AHP) is applied in the GIS environment to determine the proposed locations for dam construction.
For this purpose, based on the literature and similar research experiences, several criteria were used in
the selection procedure. Therefore, the main objectives of the present study are as follows:

e To propose several factors affecting the selection of dam site in Sistan and Balouchestan Province,
Iran, based on previous experiences around the world.

o To integrate MCDM and GIS in the study area for the purpose of dam site selection.

e To consider topographical and morphological conditions in dam site selection.

e  To compare the outputs of TOPSIS and AHP applications in dam site selection.

e  To help the decision-makers in the construction of new dams in the interest area.

This paper is organized as follows. At first, the area of the available dam sites is introduced.
Then, the data and methods for choosing the best locations for construction of dams is thoroughly
explained. Afterwards, results of implementing the TOPSIS and AHP techniques are discussed. Finally,
the conclusions and recommendations for the future researches is provided.

Table 1. A review on recent researches on dam site selection using AHP and TOPSIS.

Reference Year Site Selection for Applied Method
[47] 2012 Underground Dam AHP
[45] 2013 Dam AHP
[51] 2013 Dam TOPSIS
[52] 2013 Underground dam AHP
[53] 2014 Subsurface dams AHP
[54] 2015 Small underground dams AHP
[55] 2015 Dam AHP
[21] 2016 Dam AHP
[56] 2017 Dam AHP
[57] 2018 Dam AHP
[1] 2018 Dam TOPSIS

2. Methodology

2.1. Study Area

Sistan and Baluchestan Province covers an area of 181,785 km? and, with a population of
2.5 million, is the second-largest province of Iran. Nonetheless, it is one of the most thinly populated
provinces in the country. Sistan and Baluchestan Province includes a desert and semi-desert climate
and the average annual precipitation in this province is about 110 mm and its average temperature is
from 22 to 37 °C. This region is variable in terms of areas and heights. Also, because of the proximity of
the province to the Lut desert (Dasht-e-Lut), the province has a warm and arid climate with relatively
moderate winter. Temperature variations overnight, as well as high annual fluctuations and low
relative humidity, and annual rainfall are much less than the average rainfall in the country [58].

As shown in Figure 1, the study area is located in southern part of the province, covered an area
around 32,000 km?, and bounded by Pakistan and Makran Sea. It includes four cities namely Chabahar,
Sarbaz, Konarak, and Nikshahr. There are four perennial rivers, Sarbaz with an average flow rate of
7m3/s, Kajoo with average flow rate 5 m3 /s, Shi Kalak with average flow rate 0.3 m?3 /s and Kahir with
average flow rate 5.5 m?/s. The study area also contains five large existing dams, Kahir Dam (reservoir
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capacity: 314 x 106 m3), Zirdan Dam (reservoir capacity: 207 x 106 m?3), Shi Kalak Dam (reservoir
capacity: 10.5 x 106 m?), Land Dam (reservoir capacity: 10 x 106 m3) and Pishin Dam (reservoir
capacity: 167 x 106 m?®). In terms of climate, Sistan and Balouchestan province can be considered a
desert. There is virtually no rainfall all year long in Sistan and Baluchestan. These regions are arid and
semi-arid and continuity of multi-year droughts and low level of precipitation during recent years has
caused water shortages. Koppen and Geiger have classified this location as BWh [59].
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Figure 1. The location of the study area (blue area).
2.2. Data Description

Based on the literature and the experts” opinions, we considered the following criteria: Soluble
Sodium Percentage (SSP), Total Dissolved Solid (TDS), Potential of Hydrogen (PH), Electrical
Conductivity (EC) of water, Geology, Land use, Sediment, Erosion, Groundwater and Discharge.

The presence of suitable geological conditions at the dam site is one of the most important
parameters for locating the dams. For this reason, it is necessary to exclude sites that are ineligible in
terms of geology. To do this, we can use assign the least possible weight to areas that are suffer from
inappropriate geological conditions for dam construction. In addition, the rapid increase of population
and the related constructions, and deforestations have caused severe erosion of soil in most of the
interest watersheds. The corresponding erosion in the rivers exacerbates the accumulation of sediment
in water reservoirs. Therefore, it is necessary to remove the sites that are inappropriate in term of
erosion before the analysis steps are performed. For this purpose, areas with very low erosion are
selected as the best regions, and the worst area is allocated to the worst erosion rate.

The purpose of this research is to find the best places to construct a dam for drinking and irrigation
of agricultural areas. For this reason, water quality data should be weighed for this purpose and
weighed. In terms of agriculture, the most important qualitative criteria in agriculture classification are
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salinity and the amount of sodium. Because these two do not only affect the growth of the plant, it also
determines the degree of water eligibility for irrigation and its effect on soil permeability. The salinity
is measured using the standard of electrical conductivity and sodium with the standard solution of
sodium solution. Therefore, we collected the following data: SSP, TDS, PH, and EC of water in the
interest area.

2.3. Choosing Appropriate Sites Based on Topography and Valley Shape

A dam is naturally connected to an environment. Accordingly, the morphology of the river valley
plays a crucial role in the choice of a dam site. If we ignore the use of reservoirs for recreational
purposes, the main criterion influencing the dam location is reservoir capacity; thus, the best site will
be a narrow site where the valley widens upstream of the proposed dam. The objective is to find sites
which are located in a narrow valley and have a suitable volume of water available for irrigation and
drinking-water supply.

2.4. Creating a Prediction Surface for Datasets

Visiting every location in a study area to evaluate the height, size, or concentration of a
phenomenon is not usually practicable. Instead, scattered sample input point locations can be selected,
and a value can be predicted and assigned to all other locations. Creating an elevation surface from a
set of sample measurements in which each point represents a location where the elevation has been
measured is a typical use for point interpolation. There are many different methods which can be
used to interpolate values from a set of data points. All methods rely on the similarity of nearby
sample points to create the surface [60]. In this section, a comparative study is made between the
three most common spatial interpolation techniques including Inverse Distance Weighted (IDW),
Spline, and Kriging. These techniques are applied for each set of data points, including sediment,
groundwater, PH, SSP, TDS, EC and discharge. Then, the errors of all aforementioned techniques are
analyzed, and the best method is chosen based on the minimum Mean Absolute Deviation (MAD).
The mean absolute deviation is the average of all absolute errors and is given by:

n
MAD =n"" Y |y; — 0l 1)
i—1

where #; denotes predicted value, y; is observed value, n is the number of data points [61].
After calculating the MAD for all seven datasets, the best interpolation method is chosen based
on the minimum MAD and then a raster surface is created from each dataset. Interventionary studies
involving animals or humans, and other studies require ethical approval must list the authority that
provided approval and the corresponding ethical approval code.

2.5. TOPSIS

The TOPSIS technique was developed by Hwang and Yoon in 1981, and it is a pragmatic method for
dealing with real life MCDM problems [11]. It helps decision-makers and engineers compare and rank a
set of alternative decisions. In this method, ranking of alternatives is based on the shortest distance from
the ideal solution and the farthest from the negative ideal solution. The TOPSIS procedure comprises the
following steps [62]:

e  Step 1: Determination of the weight of criteria and construction of the decision matrix

The first and foremost step in the TOPSIS algorithm is creating a decision matrix and determining
the weight of criteria. Weighting the criteria, all of which in this study have been determined
in GIS layers, is one of the most important and complicated steps of the MCDM methods [63].
In this step, relative weights must be assigned not only to each criterion but to its quantitative
and qualitative values based on their importance. Since weighting the criteria is the main step in
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the decision-making process, a high precision is required to determine weights for each criterion
and its values. There are a variety of methods which have been proposed to determine weights in
MCDM methods. Tzeng et al. (1998) classified weighting approaches into subjective or objective [64].
The weights in the subjective methods are determined based on preference information of criteria,
subjective opinions and decision-maker’s knowledge. However, the objective approaches select the
weights of criteria based on a mathematical calculation. In this study, the Ratio Estimation procedure,
which is a subjective method, is adopted to decide the relative importance of weights of attributes and
criteria based on the opinion of experts. In this method, an arbitrary highest weight is assigned to the
most important criterion. Correspondingly, smaller weights are assigned to the remaining 8 criteria
with lower order until a score is assigned to the least important criterion. The ratio is calculated by
dividing each weight to the lowest weight. The ratio, therefore, is equal to w;/w", where w* is the
lowest score assigned to the least important criterion and w; is the score for the jth criterion. Finally,
the weights are normalized by dividing each one by the total [65]. In the next step, a decision matrix X
= (x;j) is constructed using GIS and the ratio estimation procedure, where x;; € R.

e  Step 2: Calculation of the normalized decision matrix

Generally, there are benefit attributes and cost attributes in an MCDM problem. To transform
various attribute dimensions into non-dimensional units and facilitate inter-attribute comparisons,
several known standardized equations are introduced to normalize each attribute value x;; in decision
matrix X = (x;;) . The following equation is the most frequently used method of calculating the

mxn
normalized value r;; [66]:

A Ui Uy ... Uy
1
A2 11 r12 ... g
R = (rij)mxn = : 21 T2 ... T2n )
Am
T’m1 T’mz . o rmn

where

rig = x;/ | ; (x;1)? 3)

For benefit attribute xl-]-,i eEM,jEN

rij = 1= (xi/4 ; (xi)) 4

For cost attribute xij,i € M,jeN.

All criteria, which have been introduced in the GIS layers, including Soluble Sodium Percentage
(SSP), Total Dissolved Solid (TDS), Potential of Hydrogen (PH), Electrical Conductivity (EC) of Water,
Geology, Land Use, Sediment, Erosion, Slope, Groundwater and Discharge, are transformed to
non-dimensional attributes using Equations (3) and (4).

e  Step 3: Calculation of the weighted normalized decision matrix
In the third step the weighted normalized value v;; is calculated by multiplying the normalized

decision matrix by the normalized weights of criteria:

’01']' = ZU] X 1’1']‘ (5)
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wherei=1,...,m;j=1,...,n,mis the number of attribute value in each criterion, n is the number of
. . . . . . . . W; L .
criteria, and wj is the normalized weight of the jth criterion, w; = ﬁ so that ) w; = 1, W]- is the
j=1""] j=1

original weight assigned to each criterion.
e  Step 4: Determination of the positive ideal solutions and negative ideal solutions

The positive ideal solution minimizes the cost criteria and maximizes the benefit criteria; on the
contrary, the negative ideal solution maximizes the cost criteria and minimizes the benefit criteria.
The equations are as follows:

At =[vf,..., 05, 0] (6)

A" =vy,...,0,...,0,] (7)
where A denotes the positive ideal solution and A~ denotes the negative ideal solution and

v].+ = m;ax{vij}i =1,2,...,m

_ : ) if the jth criterion is a beneficial criterion
v = min{v;;}i =1,2,...,m
1

= mjn{vij}i =12,...,m
_ ! . if the jth criterion is a cost criterion
v, = max{v;;}i =1,2,...,m

1

where v;; denotes the attribute values of each cell for the jth layer.

e  Step 5: Calculation of the separation of each alternative from the positive ideal solution and the
negative ideal solution

In this step, the separation of each alternative from the positive ideal solution and the negative
ideal solution is calculated and then two different GIS layers S:" and S~ are created. The equations are
as follows.

The separation from the positive ideal solution for each alternative is given as:

n n
+_ +| = +
Si = Z’vij—vj ‘ = ZDZJ (8)
j=1 =
The separation from the negative ideal solution for each alternative is given as:

n
S =)
j=1

n
vij—v;‘ = Z%D; (9)
]:

e  Step 6: Calculation of the relative closeness to the positive ideal solution

The relative closeness of the i-th alternative A; with respect to the positive ideal solution can be
calculated as:

G =($7)/(57+57) (10)

1
where 0 < C;’ <1,i=1,2,...,m.
e Step 7: Determination of the rank of the alternatives according to the relative closeness

In last step, the values of “the relative closeness to the positive ideal solution” layer created in
step 6 are determined for sites selected based on topographical conditions. A set of sites can now be
ranked by the descending order of the value of C;". The best sites are those that have higher values of
C;" and since they are closer to the positive ideal solution, they are preferable and must be chosen [67].
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2.6. Analytic Hierarchy Process

The Analytic Hierarchy Process (AHP), developed by Thomas Saaty [10], is an effective method
for dealing with complex decision-making. This method helps decision-makers set priorities between
alternatives, sub-criteria and criteria in the decision-making process and also helps them to make the
best decision [48]. The following are the main steps of the AHP methodology [10]:

e  Step 1: Determination of the objective, main-criteria, sub-criteria, alternatives and structure of
the hierarchy

This is the main part of the decision-making process, since structuring the decision problem as
a hierarchy is fundamental to the process of the AHP. The aim of this study is the rank-ordering of
selected sites, based on the mentioned criteria. Figure 2 shows the hierarchy structure for this process.

Rank ordering of alternatives

Total | |Soluble Sodiuny |Potential off | Flectrical
fow g Dissolved || Percentage | | Hydrogen | | Conductivity
water || flowrate | SI0pe | gorgTps)||  (SSP) (PH) (EC)

j i oo 1] olumetrid Ground
Geology| [Land usg Sediment |Erosion Ground

Figure 2. Hierarchy structure for dam site selection.

e  Step 2: The pairwise comparison of the criteria with respect to the goal

To calculate the weights for various criteria, the AHP method creates a pairwise comparison
matrix A (an m x m real matrix) as follows:

ajp a4 o Mk o Am
a1 dzp - A vt d2m

A— : : : : : : (1)
Al Am2 - Ak Omm

where aj; represents the importance of the j-th criterion relative to the k-th criterion. The j-th criterion
is less important than the k-th criterion provided that aj < 1. In contrast, the j-th criterion is more
important than the k-th criterion if aj; > 1. As long as two criteria have the same importance, the entry
aj is 1. The pairwise comparison is based on the advice of experts based on questions concerning
which criterion is more important with regard to the decision goal, and the relative importance between
two criteria is measured according to a numerical scale from 1 to 9 as generated by Saaty (1980) [10].
Once the matrix A is built, the normalization process is implemented simply by (i) calculating the
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geometric mean of the i-th row, and (ii) normalizing the geometric means of rows in the comparison
matrix. This can be represented as:

" 1/n
i=1,...,m
GM; = ajj T (12)
LI:{ l]] j=1,...,n
m
w; = (GMZ)/(Z GMi)i =1,...,m (13)

i=1
Finally, the criteria weight vector w is built.

e  Step 3: The pairwise comparison of the alternatives with respect to the criteria

The pairwise comparisons of the alternatives provide matrix S (an n x m real matrix), where m is
the number of criteria and 7 is the number of alternatives or sites.

511 S12 517 Sim
So1 S22 S2 cc Som
S — : : : : : : (14)
it Si2 0 Sij ot Sim
Snl Sp2 ct Spj  Sum

where sjj represents the value of the i-th alternative with respect to the j-th criterion, # is the number of
alternatives, m is the number of criteria. To construct matrix S, first, a pairwise comparison matrix is
built for each of the m criteria, called BU ), which is an n x n real matrix. Each entry bf,z) of the matrix
BU) represents the evaluation of i-th alternative in comparison to the k-th alternative with respect to
the j-th criterion. Once the matrix BU/) is built, the same two-step procedure described for the pairwise
comparison matrix A are conducted for the normalization process. Finally, the pairwise comparisons

of the alternative matrix S is built.
e  Step 4: Calculation of priority vectors

A vector v of global values is created by multiplying S and w, where S is the pairwise comparisons
of the alternatives matrix and w is the criteria weight vector.

v=SXw (15)
e Step 5: Calculation of the consistency ratio (CR)

In the AHP approach, the pairwise comparisons in a judgment matrix are considered to be
adequately consistent if the corresponding CR is less than 10% [10]. To calculate the CR coefficient,
a Consistency Index (CI) is defined which is computed as follows:

(CI) = (Amax — 1)/ (n—1) (16)

where A4y is the maximum eigenvalue of the pairwise comparison matrix.

According to Saaty’s theorem, for a given positive matrix A, the only positive vector x and only
positive constant c that satisfy Ax = cx, is a vector x that is a positive multiple of the Perron vector
(principal eigenvector) of A, and the only such c is the Perron value [68] (principal eigenvalue) of
A [69]. Saaty calculates A, by adding the columns of matrix A and then multiplying the resulting
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vector with the vector x. The CR coefficient is calculated by dividing the CI value by the Random
Consistency Index (RCI) as given in (Table 2).

If CR < 10%, achieved data is consistent

CR = CI/RCI = If CR > 10%, achieved data is inconsistent

(17)

Table 2. RCI values for different values of n.

n 1 2 3 4 5 6 7 8
RCI 0.00 0.00 0.52 0.89 1.11 1.25 1.35 1.40
n 9 10 11 12 13 14 15

RCI 1.45 1.49 1.52 1.54 1.56 1.58 1.59

e  Step 6: Analysis of the AHP scores

If the model is consistent, the best alternative will be chosen based on the matrix calculated in
Step 4.

3. Results

3.1. TOPSIS Outputs

To implement TOPSIS in our study, the first task consists of checking the routes of streams using a
Digital Elevation Model (DEM) layer and finding locations that are suitable for constructing a dam
based on the valley shape. At this step, 16 points (A to P) that meet the aforementioned conditions
are chosen. Then, the volume of water that can be stored in the basin is calculated for each selected
location based on the crest length. Also, the minimum storage volume and maximum crest length are
assumed to be 10 x 10 m® and 1.5 km, respectively. Table 3 shows the crest length and storage volume
based on the maximum possible height of the dam. Among the introduced points, ] does not satisfy
the above condition in terms of storage volume. Therefore, we do not consider this point as a potential
site for constructing a dam. Figure 3 displays the location of the remaining 15 points in the study area.

Then, the Mean Absolute Deviation (MAD) for the three interpolation methods is calculated.
The results for the sediment dataset are shown in Table 4, and it can be found that the exponential
kriging provides the lowest MAD and hence can be considered the best interpolation method for the
dataset. The applied methods for each criterion are shown in Table 5. All datasets show the lowest
MAD in the kriging method, which shows its superiority over the IDW and Spline methods. The weight
for each criterion is determined using the TOPSIS algorithm based on expert opinions. Table 6 shows
the weights for all the available criteria. As can be seen, volume flow rate and groundwater level are
considered the most and least important criteria, respectively.

According to the equations applied in step 4 in TOPSIS algorithm, the positive ideal solution (A™)
and negative ideal solution (A ™) are calculated for all criteria, and then a layer is created for each v;r
and v; . The positive ideal solution and negative ideal solution for each criterion are presented in
Table 7. The separation of each alternative from the positive ideal solution layer and the separation of
each alternative from the negative ideal solution layer are calculated based on Equations (8) and (9),
respectively. Figures 4 and 5 show these two separation layers.
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Figure 3. The location of potential sites (points A to P) for dam construction in the study area.

Table 3. The selected locations based on topographical and morphological conditions.

Location Name Rese(rlzl(::;)Area St(:;?exvi)ég)m ¢ Mazlfnll)l:‘ﬁ I{I;;ght Crest Length (m)
Al 4.88 285.53 50 365.0
B 3.00 214.57 90 781.3
C 3.39 24.16 90 766.1
D 12.09 150.93 100 1462.4
E 1.24 37.19 40 1335.9
F 1.42 47.06 60 791.2
G 10.50 919.93 190 1302.4
H?2 3.39 186.28 60 328.8
I 1.87 49.59 30 1479.8
] 0.36 5.24 30 212.3
K 5.24 266.63 150 11183
L3 3.94 225.96 80 876.7
M4 0.91 10.91 20 140.8
N5 7.50 17.21 60 396.8
e) 253 147.58 90 1488.3
P 35.12 186.03 70 1341.9

1 Kahir Dam. 2 Zirdan Dam. ® Land Dam. ¢ Shi Kalak Dam. 5 Pishin Dam.

Table 4. Mean Absolute Deviation (MAD) for three spatial interpolation techniques for sediment dataset.

Methods MAD
IDW 0.53
. Regularized 0.51
Spline Tension 0.49
Circular 0.37
Kriein Spherical 0.38
sNS Exponential 0.30

Gaussian 0.41
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Table 5. Different interpolation methods applied for each dataset.

Table 6. Weight of criteria based on expert opinion.

Applied Method Criterion
Exponential Kriging Discharge
Circular Kriging Groundwater
Exponential Kriging Sediment
Exponential Kriging PH
Exponential Kriging SSPp
Exponential Kriging TDS
Exponential Kriging EC

Criterion Straight Rank Ratio Scale Original Weight Normalized Weight
Discharge 1 9 9 0.155
Groundwater 6 1 1 0.017
Slope 2 8 8 0.138
Sediment 4 5 5 0.086
Land use 5 3 3 0.052
TDS 4 5 5 0.086
sSSP 4 5 5 0.086
PH 4 5 5 0.086
EC 4 5 5 0.086
Geology 3 7 7 0.121
Erosion 4 5 5 0.086
Sum 58

Table 7. The positive ideal solution and negative ideal solution for each criterion.

Criterion Positive Ideal Solution Negative Ideal Solution
Discharge 1.0 0.1
Groundwater 1.0 0.1
Slope 1.0 0.1
Sediment 1.0 0.1
Land use 1.0 0.1
TDS 1.0 0.1
SSP 0.5 0.1
PH 1.0 0.7
EC 0.7 0.1
Geology 1.0 0.1
Erosion 1.0 0.1

I secase
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Figure 4. Separation of each alternative from the positive ideal solution.
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Figure 5. Separation of each alternative from the negative ideal solution.

According to Equation (10), a new layer which indicates the relative closeness to the positive
ideal solution is created, as shown in Figure 6. The value of each pixel in this figure indicates how
suitable the location is for constructing a dam site. The maximum value shows the best location for
the construction, while the minimum value is an indication of the worst location to build a dam.
The left-hand side area, which is shown as a brighter color, is a preferable location for dam construction
compared to the northern part of the study area.
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Figure 6. Relative closeness to positive ideal solution.

As mentioned earlier, constructing a dam requires a narrow valley. Therefore, only the 15 points
selected are considered as potential dam site locations, and they are ranked based on the C;" value.
Table 8 shows the C;" value and ranking of these points.

According to the C; values calculated by the TOPSIS method, the ranking of five existing dams
from the most preferable to the least preferable was Kahir, Shi Kalak, Land, Zirdan and Pishin. If the
single best location were to be selected, then Kahir Dam must be chosen, since it has the highest C;
value. As shown in Table 8, four actual dams—XKahir, Shi Kalak, Land and Zirdan—are among the
top five locations in the study area. The B location is fourth in this ranking; however, it is not the
best site for construction of a dam on the Kahir river, since compared to B, the A location, which
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represents Kahir Dam, has a higher value of C;. Analysis results by the TOPSIS method indicate that
the Pishin Dam, represented by N in this study, is 11th among the 15 selected alternatives; hence, it
can be concluded that this dam does not satisfy the criteria mentioned in this study. However, there
are no other options fulfilling the topographical and morphological conditions on that river that can
be selected.

Table 8. Results of the rank for 15 selected sites based on the TOPSIS technique.

Site  Valueof C;  Ranking Site  Valueof C;  Ranking

A 0.8557 1 F 0.6479 9
M 0.8322 2 I 0.6390 10
L 0.8087 3 N 0.6238 11
B 0.7862 4 E 0.6048 12
H 0.7467 5 D 0.5000 13
C 0.7461 6 @) 0.4982 14
K 0.6752 7 P 0.4737 15
G 0.6540 8

3.2. AHP Outputs

The pairwise comparison matrix of criteria (Matrix A) is created using the AHP method to
calculate the weights for each criterion. As can be seen in Table 9, discharge, slope and geology are the
most important criteria, as they have the highest weights, and groundwater is the least important one,
among others. The pairwise comparisons of the alternatives (Matrix S) are built based on selected sites
and criteria (see step 3 in AHP algorithm for more details). Table 10 shows the S matrix. By multiplying
the alternative matrix (Table 10) and weight vector (Table 9), the priority vector v, which assigns values
to each site based on AHP method, is created, as shown in Table 11.

Using Equation (16) and Table 12, CI and RCI values for each matrix are obtained, respectively.
Finally, using Equation (17), CR values are calculated, as shown in Table 13. CR values are less than
10%, an indication of the consistency of all pairwise comparison matrices (see step 5 in AHP algorithm
for more details).

Ranking of the dams according to the calculations based on the AHP technique are as follows:
Land Dam, Shi Kalak Dam, Kahir Dam, Zirdan Dam and Pishin Dam. The best actual dam based on
the AHP method is the Land Dam, as presented in Table 13. Since there are two other alternatives,
B and C, on the Kahir river that have a higher score than Kahir Dam, A, it can be inferred that the
results achieved from the AHP technique, unlike TOPSIS, are not sufficiently accurate, but nevertheless,
results from the AHP method show that the Pishin Dam is 11th among the 15 selected alternatives.

Table 9. The criteria weight vector w.

Criteria Q! GW?2? Slope Sediment LandUse TDS SSP PH EC  Geo®  Erosion w
Q 1.00 9 1.13 1.8 3.00 1.8 1.8 1.8 1.8 1.29 1.8 0.155
GW 0.11 1 0.13 0.2 0.33 0.2 0.2 0.2 0.2 0.14 0.2 0.017
Slope 0.89 8 1.00 1.6 2.67 1.6 1.6 1.6 1.6 1.14 1.6 0.138
Sediment  0.56 5 0.63 1.0 1.67 1.0 1.0 1.0 1.0 0.71 1.0 0.086
Land use  0.33 3 0.38 0.6 1.00 0.6 0.6 0.6 0.6 0.43 0.6 0.052
TDS 0.56 5 0.63 1.0 1.67 1.0 1.0 1.0 1.0 0.71 1.0 0.086
SSP 0.56 5 0.63 1.0 1.67 1.0 1.0 1.0 1.0 0.71 1.0 0.086
PH 0.56 5 0.63 1.0 1.67 1.0 1.0 1.0 1.0 0.71 1.0 0.086
EC 0.56 5 0.63 1.0 1.67 1.0 1.0 1.0 1.0 0.71 1.0 0.086
Geo 0.78 7 0.88 14 2.33 14 14 14 1.4 1.00 1.4 0.121
Erosion 0.56 5 0.63 1.0 1.67 1.0 1.0 1.0 1.0 0.71 1.0 0.086

! Discharge. 2 Groundwater. 3 Geology.
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Table 10. The pairwise comparisons of the alternative matrix S.

16 of 23

Alternatives Discharge G‘;:tl;d Slope Sediment LS::I TDS sSSP PH EC Geology Erosion
A 0.106 0.056 0.064 0.061 0.029 0.093 0.053 0.067 0.078 0.034 0.085
B 0.105 0.051 0.066 0.062 0.029  0.009 0.053 0.067 0.078 0.207 0.074
C 0.100 0.050 0.067 0.064 0.057 0.047 0.053 0.067 0.044 0.207 0.074
D 0.032 0.025 0.066 0.072 0.086  0.047 0.053 0.067  0.044 0.034 0.083
E 0.053 0.070 0.067 0.070 0.057 0.009 0.053 0.067 0.078 0.034 0.070
F 0.047 0.068 0.067 0.070 0.086  0.093 0.053 0.067 0.078 0.034 0.068
G 0.055 0.054 0.067 0.069 0.086 0.093 0.053 0.067 0.078 0.034 0.068
H 0.077 0.057 0.067 0.068 0.057  0.093 0.053 0.067 0.078 0.034 0.042
I 0.016 0.120 0.067 0.075 0.086 0.093 0.263 0.067 0.078 0.034 0.090
K 0.046 0.088 0.067 0.076 0.086 0.093 0.053 0.067 0.078 0.034 0.091
L 0.090 0.104 0.067 0.066 0.057 0.093 0.053 0.067 0.078 0.103 0.083
M 0.095 0.064 0.067 0.064 0.086 0.093 0.053 0.067 0.078 0.103 0.053
N 0.112 0.061 0.067 0.037 0.029 0.047 0.053 0.067 0.044 0.034 0.091
O 0.035 0.067 0.066 0.072 0.086 0.047 0.053 0.067 0.044 0.034 0.019
P 0.031 0.064 0.066 0.072 0.086  0.047 0.053 0.067  0.044 0.034 0.010

Table 11. Values of priority vector.
Alternative Value
A 0.06954
B 0.08232
C 0.08352
D 0.05462
E 0.05568
F 0.06320
G 0.06418
H 0.06383
I 0.07982
K 0.06595
L 0.07843
M 0.07728
N 0.06253
@) 0.05018
P 0.04893
Table 12. The consistency ratio (CR).

MATRIX Amax CI RCI CR
Al 11.00850 0.00085 1.52 0.00056
S 2 15.00100 0.00007 1.59 0.00004

) 15.00030 0.00002 1.59 0.00001
S3 15.00020 0.00001 1.59 0.00001
Sy 15.00010 0.00001 1.59 0.00000
Ss 14.99950 —0.00004 1.59 —0.00002
Se 15.00000 0.00000 1.59 0.00000
Sy 15.00000 0.00000 1.59 0.00000
Sg 14.93300 —0.00479 1.59 —0.00301
Sg 14.99750 —0.00018 1.59 —0.00011
S10 15.00150 0.00011 1.59 0.00007
S 14.99920 —0.00006 1.59 —0.00004

! Pairwise comparison of the criteria with respect to the goal; 2 Pairwise comparison matrix of the alternatives with
respect to the first criterion
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Table 13. Results of the ranking for 15 selected sites according to the AHP technique.

Alternative = AHP Score Rank  Alternative @ AHP Score Rank

C 0.0835 1 H 0.0638 9
B 0.0823 2 F 0.0632 10
I 0.0798 3 N 0.0625 11
L 0.0784 4 E 0.0557 12
M 0.0773 5 D 0.0546 13
A 0.0695 6 0] 0.0502 14
K 0.0659 7 P 0.0489 15
G 0.0642 8

4. Discussion

In the academic literature, there is limited discussion of the dam site selection problem, despite the
fact that it represents a very important strategic decision. Generally, dam site selection is performed by
traditional methods of decision-making or on the basis of political interests. Cost and resource availability
are two important factors in the traditional decision-making approach; accordingly, a location near
to a mine or water source may be selected without making a holistic and systematic analysis. In this
context, within the scope of the study, a comparative study of the TOPSIS and AHP models using
GIS is proposed to determine the most appropriate locations for constructing dams in Sistan and
Baluchestan Province, Iran.

The approach considers topographical conditions in addition the factors Soluble Sodium
Percentage (SSP), Total Dissolved Solid (TDS), Potential of Hydrogen (PH), Electrical Conductivity
(EC) of water, Geology, Land use, Sediment, Erosion, Groundwater and Discharge. Accordingly,
the proposed model for the dam site selection problem consists of four basic steps: (1) selecting
possible locations based on topographical and morphological conditions; (2) application of the TOPSIS
technique using GIS and prioritizing the sites selected in the previous step; (3) application of the AHP
method and ranking the sites selected in the first step; and (4) comparing the results of the TOPSIS and
AHP models.

It should be noted that dam site selection requires detailed studies and tests; so, to evaluate and
compare the outputs, we assumed that the location of existing dams are the best ones. It was used to
compare TOPSIS and AHP, as an initial calculation, for the future dam site selections, particularly in
the study area. In other words, actual locations of constructed dams in the area were used to verify the
results of both methods.

Table 14 compares the outputs of TOPSIS and AHP and shows the same results for the following
choices: D, E, G, K, N, O, and P (7 from 15 locations or around 47% similarity). According to the results
of the TOPSIS method, four actual dams—Kabhir, Shi Kalak, Land and Zirdan, respectively—are the
best sites for building a dam in the region. There are three selected sites, A, B and C, on the Kahir
river, with the Kahir Dam (A) being the best location among them. The most suitable location among
the five sites selected based on the introduced criteria, E, F, G, H and D, is the Zirdan Dam, which is
shown by the H character. However, there are no options for the Land Dam, Shi Kalak Dam and Pishin
Dam on their rivers. According to the AHP method, the best location in the region for constructing a
dam is C, which is located on the Kahir River. In this ranking, four actual dams are not among the top
three sites, whereas in the ranking based on the TOPSIS technique, four dams constructed in the area
are the best selection. Therefore, it can be concluded that the TOPSIS method may be a more powerful
technique compared to the AHP method in the selection of dam sites.
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Table 14. Comparison between TOPSIS and AHP outputs.

Alternative TOPSIS Rank AHP Rank Difference in Rank

A 1 6 5
B 4 2 2
C 6 1 5
D 13 13 0
E 12 12 0
F 9 10 1
G 8 8 0
H 5 9 4
I 10 3 7
K 7 7 0
L 3 4 1
M 2 5 3
N 11 11 0
(@) 14 14 0
P 15 15 0

The difference between the results of TOPSIS and AHP in site selection depends on their strengths
and weaknesses, which are thoroughly described in the literature [70-77]. For example, the main
advantages of AHP over TOPSIS are its flexibility, its intuitive appeal to decision-makers, and its ability
to check inconsistencies. Also, users find the pair wise comparison form of data input convenient
and straightforward. However, applying AHP leads to the decision problem being decomposed into
several subsystems, and so a substantial number of pair wise comparisons need to be filled. In the case
of TOPSIS, the non-linear relations between one-dimensional scores and distance ratios results in the
consideration of both negative and positive ideal solutions. In addition, in the TOPSIS framework,
we can use variables with different units of measurement. However, TOPSIS in its standard and original
form is deterministic and does not include uncertainty in the calculations related to final weightings.

5. Conclusions

This study presents the application of TOPSIS and AHP techniques, integrating GIS, in dam
site selection in Sistan and Baluchestan Province, Iran. Based on the review of recent studies on
dam site selection using MCDM, it can be found that previous researchers have mostly used AHP
and TOPSIS in the application of dam site selection. Therefore, we implemented both methods in
a study area in Iran to evaluate their capability for dam site selection in a new local context and to
compare the results of both methods. Based on previous experience and the literature, we introduced
several factors, including geology, land use, sediment erosion, slope, groundwater, discharge, soluble
sodium percentage, total dissolved solid, potential of hydrogen, and electrical conductivity of water.
After implementing the techniques in the GIS environment, we found relatively suitable sites for dam
construction in the area of interest. Finally, as dam site selection requires detailed studies and tests,
to evaluate and compare the outputs, we assumed that the locations of existing dams were the best
ones. These were used to compare TOPSIS and AHP, as an initial calculation, for the future dam site
selections, particularly in the study area. In other words, actual locations of constructed dams in the
area were used to verify the results of both methods.

The main conclusions of the present study can be drawn as follows:

e  The results show that the TOPSIS method is better suited to the problem of dam site selection for
this study area.

e  Using MCDM could provide an overall view for initial calculations to reduce the expenses and to
reach a comprehensive study of dam site selection; however, it is necessary to collect accurate in
situ data to provide a comprehensive framework. Dam site selection requires detailed studies and
tests; therefore, to evaluate and compare the outputs, we assumed that the location of existing
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dams were the best ones. These were used to compare TOPSIS and AHP, as an initial calculation,
for the future dam site selections, particularly in the study area.

In the AHP ranking, four actual dams were not among the top three sites, whereas in the ranking
based on the TOPSIS technique, four dams constructed in the area were the best selections. Thus,
the TOPSIS method may be a more appropriate technique than the AHP method for locating
dams based on the criteria mentioned in this study.

Recommendations for future research:

Comparing the sensitivity of TOPSIS and AHP to different types of dams (e.g., embankment
dams, concrete dams).

Comparing the results of implementing fuzzy TOPSIS and fuzzy AHP with TOPSIS and AHP.
Collecting more accurate reports of dam site selection to improve and update the criteria
and sub-criteria.

Comparing the sensitivity of TOPSIS and AHP to such factors as the complexity in geological
characteristics as one of the main keys in dam site selection study.

Considering more comprehensive criteria may lead to more accurate results.
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