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ABSTRACT

Evaluation of suitable sites for locating a large extractive industrial unit can be considered as a multi-criteria decision-making problem.
Such a complicated process often requires considering the conflicting tangible and intangible criteria. This paper aims to propose a
combination of a Delphi-analytical hierarchy process approach and geographical information system methodology in order to find the
optimum sites for the large extractive industrial units in Iran. To this end, the most influential criteria and sub-criteria were firstly
identified and weighted using Delphi method and analytical hierarchy process, respectively. Then, in order to specify the suitable sites
for establishing a large extractive industrial unit in Iran, the results obtained from analytical hierarchy process were integrated into the
weighted index overlay method in the geographical information system environment. The combination of Delphi and analytical
hierarchy process with geographical information system revealed an acceptable performance for the identification and weighting of the
effective criteria and the selection of the most suitable large extractive industrial unit sites in Iran.

1. INTRODUCTION probable alternatives as well as multifold and often
conflicting evaluation criteria such as economic,
environmental, technical, social, political etc. must be
considered when determining the land suitability for
such industries [2]. In this regard, methods based on
the multi-criteria decision making (MCDM), which are
mainly relying on the concepts of accurate
measurements and crisp evaluation, can be used to
assist the decision makers by providing the appropriate
candidates for the site selection of the large extractive
industrial units (LEIUs) (units with 100,000 tones
production per year) [3], [4].

Site selection, as a key principle of spatial
planning, plays an immensely important role towards
the success or failure of the establishment of industrial
activities. Indeed, the most suitable location for a large
industrial unit is defined as a place in which industrial
activities can be settled with a minimal consumption of
primary resources (manpower, equipment, material,
cost, and time) while being logistically and
economically feasible, providing enough assurance for
further development [1]. Therefore, a number of
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One of the most widely applied MCDM
techniques is the analytical hierarchy process (AHP)
[5]. This method was firstly developed by Saaty (1980)
to weight a branch of qualitative and quantitative
variables, making a unit scale for prioritization [6]. It
can provide a systematic approach for weighting and
evaluating the impacts of various parameters on the
selection of a suitable site for LEIUs [7]. By using AHP,
the decision-making process can be divided into several
hierarchical levels so that a decision can be made based
on the knowledge and experience of relevant experts
through a pairwise comparison at each level [8].
Herein, the Delphi technique defined as “a method for
structuring the group communication process for
dealing with a complex problem” can be used for
extracting and screening the influential criteria for
finding the preferable LEIU sites, through computing
the “degree of importance” and the “percentage of
importance” values [9], [10]. This method has the
ability to overcome the shortcomings of the common
methods such as brainstorming (in which group
collective thinking may affect the final results) by
providing the chance for experts to reply anonymously
[11].

In recent years, integration of the MCDM methods
(such as AHP) with geographical information system
(GIS) has provided a powerful decision support system
(DSS) to be used for the spatial planning purposes [12].
GIS is a computer-based mapping and information
integrating process with the ability of data layers
management to make the appropriate decisions by
combining the geological, geographical, environmental,
and other kinds of information layers [12], [13].
Accordingly, many studies have been conducted
emphasizing the adoption of Delphi, AHP or a
combination of these methods with GIS in order to
analyze and model the spatial suitability [11], [12], [13],
[14], [15], [16], [17], [18], [19], [20]. However, there
have been a few studies assessing the land suitability for
industrial units by using such integrated approach [2],
[3]. Therefore, the aims of the present manuscript are:
(i) the application of Delphi and AHP methods for
identifying and weighing the most influential criteria
and sub-criteria involving in the selection of the
appropriate site for large-scale industries in Iran; and
(i) to specify the most suitable location for such
industries by using the weighted index overlay (WIO)
method in GIS environment.

2. METHODOLOGY

The selection and screening process of the
criteria and sub-criteria, and the weighting process was
carried out using Delphi and AHP methods [3]. To this
end, 10 experts with a sufficient technical and scientific
knowledge in the environmental field as well as
industrial activities were asked to state their opinion on
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the importance of the main criteria and sub-criteria in
the Delphi questionnaire by one of the five degrees of
importance (i.e., 1, 3, 5, 7 and 9). Then, for each
criterion, two statistical elements consisting of the
percentage of importance (PI) and degree of importance
(DI) were calculated to provide a possibility for the
selection of criteria based on the plotted importance
graph (IG). Each criterion with a PI or DI less than the
median value of IG must be removed from the criteria
selection [24]. The mathematical calculations of PI and
DI are given by Eqgs. 1 and 2.

PI Z“Zi><100 (Eq. 1)
= Eq.
A @

DI ZXixni (Eq. 2)
== .2
N q

where: A represents the maximum weighted
value attainable by Eq. 3, and also Z; is the weighted
value of each criterion which can be calculated based on
Eq. 4. In this equation, the moderated values (Y;) can be
computed by multiplying the initial values by the
moderated coefficient (X;) obtained through Eq. 5, and
ni shows the number of experts who evaluated the
importance of each criterion by one of the values of 1, 3,
5,7 and 9.

A=NxW (Eq. 3)
Z =Y, xn, (Eq. 4)
10 (Eq. 5)

X = O @+3+5+7+9)

In the next step, for determining the relative
weights of the criteria and sub-criteria in AHP method,
the referred experts performed their pairwise
comparisons with Saaty’s nine-point scale [25], and the
judgment matrices were extracted (Eq. 6).

1 al2 .- aln

|Ya12 1 - a2n
M= o (Eq. 6)

Yalin Ya2n - 1

In this matrix, aj = 1/aji. Thus, when i = j, it
can be concluded that a; = 1. The normalization of the
decision matrix was performed in such a way that each
value was divided by the sum of values existing in each
column and ultimately by calculating the row values
average, the weights were obtained. To ensure the
consistency within the pairwise comparison matrix, a
consistency index (CI) was defined according to Eq. 7.
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_ Amax-n

Cl n-1 (Eq.7)

where: Amax refers to the largest eigenvalue of
decision matrix, and n is the number of criteria.
Accordingly, the final consistency ratio (CR) was
obtained by Eq. 8 to measure the degree of CI.

_a

CR R (Eq. 8)

In this equation, RI is the random consistency
index. Its value is relevant to the dimension of the
matrix developed by Saaty [25]. If CR exceeded 0.1, the
evaluation procedure must be repeated to improve the
consistency. Finally, weighted index overlay (WIO)
method was applied in order to prioritization of the
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suitable sites for establishing a LEIU in the scope of this
study, Nezam Abad Tungsten mine (Iran) (Fig. 1).

The equation of weighted index overlay is
expressed as follows (Eq. 9) [13]:

_X'WB
Zlnw (Eq.9)

In this equation, B; (i=1, 2, ..., n) refers to the
binary evidential map and W: is the weight of each
binary evidential map (see Table 1).

The value of each location in the output
combined map (S) reflects the integrated characteristics
of the information layers and the cumulative
importance of them. Compared to Boolean logic
modelling, WIO can represent more than 2 classes for
the eligibility of each location (pixel) in the final map
[26]. In this study, Arc GIS (9.3) was utilized in order to
integrate the information layers.

S

Fig. 1. Study area (Nezam Abad Tungsten mine) located in Markazi Province, Iran.

3. RESULTS AND DISCUSSION

Selection and screening the criteria and sub-
criteria were performed according to the Delphi
method. The results of the screening process presented
in Table 1 and Fig. 2, indicated that all sub-criteria are
eligible to be used for the selection of the LEIUs.

The relevant weights of the sub-criteria,
calculated based on the AHP methodology are also
included in Table 1. The weighted information layers,
achieved from the screening and weighting the criteria

and sub-criteria (Table 1) were utilized to construct the
WIO formula. For this, the value of each informative
layer was multiplied by the allocated weight [13]. This
way, the value of the main layer(s) increases, according
to the weights assigned by the experts in the field.
Finally, the sum of the values was divided by 100 (as the
total coefficient).

Eq. 10 presents the formula of the WIO
methodology in this study based on the results
achieved.

(Hx4.67)+ (SIx5.47)+ (G x2.71)+ (SPx3.41)+ (DFx 9.05)x (LU x9.27)+ (T x9.97)

LW
100

Through analyzing the relevant informative
layers contributing to the screened sub-criteria
according to the Eq. 10, the areas with the potential for

_ +(RM x15.93)+ (W x 3.58)+ (Px11.85)+ (GSx11.96)+ (L x5.12)+ (E x 701)

(Eq.10)

the establishment of a large extractive industrial unit in
Iran were categorized. Fig. 3 represents these categories
reflecting their suitability identified using WIO
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methodology in GIS. In this figure, the limitations such
as distance to the local faults and also the distance to
the local environmental vulnerable sites (national parks
or protected areas) are excluded according to the legal

industrial activities in such areas. As it is evident from
Fig. 3 and 4, the most suitable areas are concentrated in
the central part of the study area. According to the
results, the RM factor was identified as the most

considerations [27], obliging the prevention of important parameter for establishment of LEIUs.

Table 1. Main criteria and sub-criteria for site selection of the large extractive industrial units in Iran. The relative weights of

the criteria and sub-criteria and the acceptable ranges are also provided.

Height (H) 0m<C<1800 m 20 5.0 4.67 10
Slope (S) 0°<C<30° 224 5.6 5.47 9
Geology (G) Based on the relative strengths of th 20 5.0 271 13
local rocks
n Soil properties  Based on the relative sensitivity of tt
Eﬁgﬁg'c (SO) soil to erosion and salinity AV S SEd 2
Distance to the C > 1000 m 216 5.4 9.05 6
fault (DF) ’ ’ ’
Existing land According to the relative
use pattern (LU) importance of the existing land use 20.8 5.2 9.27 5
patterns
Transportation  As the distance to the main access
) roads (C> 0 m) 22.4 5.6 9.97 4
Raw materials  As the distance to raw material mine
supply (RM) (C>0m) 31.2 7.8 15.93 1
Economic Water supply As the distance to local deep and
criteria (W) semi-deep water wells, except of 22.4 5.6 3.58 11
agricultural water wells (€ 0 m)
Power supply As the distance to local power
P) transmission lines (€ 0 m) sz e TS &
Gas supply (GS) Based on the distance to local gas
pipelines (C> 300 m) 29.6 7.4 11.96 2
Local labour (L) IBa?)?)?J(: on the availability of the local 20 5.0 5.12 8
Social criteria | Education level As a development marker,
(E) described as the number of educate 20.8 5.2 7.01 7
people per unit area
methodology has been also recently applied for some
specific applications such as groundwater risk
) . . | B assessment [28], geothermal potential assessment [13],
8| 50 8 % municipal solid waste land filling [29] etc. However, the
=
£ L 7 ;:: application of WIO methodology for industrial site
é ne : E selection has not been well reported yet. WIO is more
ol . w8 helpful and flexible compared to the conventional
£ 10 3 E models such as Boolean, especially for the site selection
E|l 5 f % applications, which require providing a range of
E o o | R decision possibilities. This method is relatively fast
SR relying on less detailed information, which is important

Sub-Criteria

Fig. 2. The graph of the importance and acceptance limit
of the sub-criteria according to the results achieved from
Delphi screening method.

The results of this study can represent the
efficiency of the WIO method to transfer the knowledge
of the experts on the relative importance of the
influencing criteria to the actual land use decision-
making process in order to select the most appropriate
sites for establishing the desired activities. This

102

when considering the cost-effectiveness of such studies.
Although other methods such as fuzzy logic can provide
very accurate results [13], [30], they need detailed
informative layers, which can make these methods
more complicated than WIO.

Comparing the results of this study to our previous
study using fuzzy logic (weighted linear combination
method), the results are very similar to each other
proving this fact that the WIO is also a reliable method
to provide materials for the decision makers [3]. As
shown in Fig. 4, a site with an appropriate area (83
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hectares) having a relatively high degree of suitability
has been suggested for the establishment of a large
extractive industrial unit in Iran. It is evident that after
decision-making process based on the results raised
from this study, it would be necessary to carry out
specific local environmental studies such as

49

49

&

environmental impact assessment to establish an eco-
friendly industry, which can ensure the economic
benefits in a long-time life cycle [31], [32]. Sustainable
designs are also required to control the pollutants
released to the environment to ensure that the industry
is developed completely eco-friendly [33], [34].
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Fig. 3. The categories of the areas for the establishment of a large extractive industrial unit in Iran, Nezam Abad, Markazi

Province, Iran.
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Fig. 4. The suggested site for establishing a large extractive industrial unit in Iran (Nezam Abad Tungsten mine) located in
Markazi Province, Iran.

4. CONCLUSION

environmental (ecological,

Given the ability of GIS in the combination of

social and economical)

informative layers based on the mathematical methods

together with experts’ ideas, site selection of the highly
polluting industries can be facilitated. In this study, we
employed a combination of Delphi-AHP and WIO
integration model in GIS. Thirteen sub-criteria were
screened using the Delphi method and their relative
weights were identified using the AHP methodology.
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The weighted information layers of the study area were
used for selection of the best sites for the establishment
of a LEIU in Iran using WIO integration model. Based
on the results achieved in this study, WIO method can
be considered as a good candidate with relatively high
levels of accuracy and relatively low cost as well as low
time requirements for such applications. Hence, it can
be useful for future applications in order to establish
highly polluting industrial activities, especially when
the number of informative layers is not adequate to
perform more complicated methodologies.
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