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Abstract The Bandar Bushehr city is located on
the northern coast of the Persian Gulf, which due to
generated 170 tons per day per capita municipal and
household solid waste, today there is a serious prob-
lem of landfill of municipal solid waste. The current
waste disposal site is in the area, 4 km far from the
Bandar Bushehr city. The site has been used without
any environmental considerations and the unavailabil-
ity of land is also a major tension in the study area.
Therefore, the present study developed a methodo-
logical framework for locating suitable landfill can-
didate sites and selecting the best alternatives. Thus,
11 input map layers into 7 relevant alternatives were
selected and relative weight was calculated using the
fuzzy analytic hierarchy process. The alternatives
of all criteria were rated from a 1-5 scale indicating
lowest to highest suitability for landfill. The weighted
linear combination was performed between differ-
ent criteria for modeling suitable candidate sites.
The minimum required landfill area for 10, 20, 50,
and 100 years was selected. The results revealed that
throughout the study area, initially, 8 candidate sites
were identified based on geospatial analysis, but out
of them, 7, 3, 1, and 3 sites for a period of 10, 20,
50, and 100 years, respectively, suitable sites can be
accepted for a landfill site due to current land use,
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public acceptance, transportation, and local environ-
mental issues, although these are also not completely
satisfying the environmental concern. However, the
landfill site is also essential; otherwise, it will appear
as more adverse impact. Therefore, with little com-
promising with the environmental component, the
engineered plan can be designed for the sanitary land-
fill specific sites that are recommended in this suit-
ability analysis.

Keywords Site selection - Suitability index -
Landfill siting - Fuzzy analytical hierarchy process
(FAHP) - Geographical information system (GIS)

Introduction

The city is a complex space, with components that are
all systematically in close contact with each other; so
that the disruption of any of these components causes
problems in the entire system. Urban waste is one of
the components of the city, and failure to deal with it
can affect the urban units’ landscape. One of the most
critical problems in human societies is the produc-
tion of different types of waste in different quantity
and quality that must be disposed. There has been a
tremendous increase in the volume of generated solid
waste worldwide. Piling up the waste material in a flat
area and incineration is the first solution that comes
into the mind. Problems of the unsanitary disposal
of solid wastes such as smoke and smell, insidious
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organisms, combustion waste, contaminated sur-
face water and groundwater have changed this idea
and have forced the decision-makers to convert the
solid waste dump area into the sanitary landfills. In
this regard, the selection of a suitable landfill site for
solid municipal wastes can, for many reasons, lead
to the elimination of many environmental, economic
and social concerns associated with the disposal of
wastes. It should be noted that different methods of
disposal depend on many factors and indicators. But
without the use of a robust system as a sure-tier tool
capable of utilizing and analyzing multiple layers of
information, this problem cannot be solved. Geo-
graphic information system (GIS) is very suitable for
this because of the ability to manage a large amount
of data. Therefore, the use of GIS techniques not only
provide the possibility of studying large areas, while
taking into account all the parameters simultaneously
but also saves time and money. One of the issues to
be analyzed by the help of GIS, is the study of envi-
ronmental pollution, climate change, directions of
city expansion (urban sprawl), the landfill of domes-
tic and industrial wastes, degradation of forests, etc.
Combine multiple criteria analysis with GIS has been
extensively used to facilitate and lower the cost of
the landfill site-selection process (Demesouka et al.,
2019; Kamdar et al., 2019; Yalcinkaya & Kirtiloglu,
2020).

Most of the previous studies perform an exclusion
analysis to remove unsuitable areas, then estimate the
weights of the preference factors relative to their influ-
ence using the AHP, finally performing a weighted
overlay analysis in a GIS to generate the suitability
map. The reclassification technique was generally
applied for scaling the spatial membership degrees of
each preference layer, such as distance to roads. Reclas-
sification in raster data is done by assigning values to
user-specified ranges. Reclassification of preference
factors fits the classical set theory. In classical set the-
ory, each object belongs to a particular set or not. Often
real-world problems cannot be solved entirely by math-
ematical methods developed based on classical set the-
ory. In fuzzy logic, on the other hand, each element of
the set takes membership degrees between [0 1] and the
same element can belong to multiple sets at the same
time (Jing et al., 2020; Yalcinkaya & Kirtiloglu, 2020).
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In the evaluation of siting an incineration facility with a
suitable slope, for example, in classical set theory, the
areas that are steeper than a certain slope (assuming a
slope above 40% is not suitable) will be classified as
not suitable or limited areas. Similarly, all areas with
a slope less than the specified slope will be classified
as the least suitable, relatively suitable, suitable, and
the most suitable. The evaluation results are always
Boolean (1 or 0, suitable/unsuitable). If the same exam-
ple is to be evaluated with fuzzy logic, a membership
function must first be defined according to the relation-
ship between the slope and the study purpose. Suppose
this relationship is defined as a decreasing linear func-
tion between 0 and 40%. As a result of the evaluation
made with fuzzy logic, membership degrees decreasing
from 1 to 5 will be defined for slope values between 0
and 40%. Partial membership to a set is possible with
the degree of membership determined by fuzzy logic.
Therefore, the model to be developed in this way will
be more realistic and will provide a more accurate deci-
sion. In this study, spatial membership degrees of pref-
erence factors were calculated with fuzzy logic rather
than the reclassification technique commonly used in
previous studies.

Bushehr city is located in the west of Bushehr prov-
ince, due to the per capita production of municipal and
household solid wastes of 170 tons per day and land
limitations due to being a peninsula and limited to the
sea on three sides, nowadays it faces a serious problem
of burying urban solid wastes. Is. The current waste
disposal site is 4 km away from Bushehr. This site is
currently being used without any environmental con-
siderations. Therefore, this study aims to develop an
integrative modelling approach for siting waste man-
agement facilities and its application for an incineration
plant in Bandar Bushehr, Iran. Our approach combines
GIS and fuzzy AHP techniques and includes a pre-
screening process for the exclusion of unsuitable areas,
and preference analysis by MCDA. The land suitability
map for an incineration plant was generated consider-
ing legislative requirements and economic, environ-
mental and technical aspects. Such a methodology is
needed in Iran to help decision-makers for sustainable
planning of municipal solid waste (MSW) management
facilities.
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Material and methods
Geographical description of the study area

Population growth has accelerated the dynamics of
the urbanization process in Bandar Bushehr city. As
such, suitable solid waste sites must match with rapid
urbanization process. Selection of a standard landfill
is important for environmental protection in these
areas; however, it is a challenging activity, especially
when waste dumping is dominant. The city has a
sea border and commercial ports as one of the entry
and exit points for goods and services, it can play an
important role in the development of trade relations
at the national and regional levels. Due to its special
geographical situation (water bodies surrounding the
city, lack of proper land for landfill), bordering the
Persian Gulf, running along the coastal region and
commercial port, and benefiting from large oil and
gas resources, Bandar Bushehr city is of great eco-
nomic and strategic importance, and it is known as
a centre for Iran Energy, this has led to a more sen-
sitive investigation into the city’s landfill for a num-
ber of reasons. The city’s population approximately
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265,377 in 2020 (PBO 2020). The city is bounded by
the Persian Gulf on its south and west. Bandar Bush-
ehr city has a hot and humid climate, with an annual
average temperature of 24 °C and annual precipita-
tion of 217 mm. The prevailing wind is northwestern
(Danesh et al., 2019). Figure 1 presents the study area
map.

Data collection

In order to identify suitability level of the area and
successfully analyze the entire region, Information,
including the most recent Landsat satellite images,
DEM, and expert views were collected from vari-
ous sources. Website data were used as basic data to
prepare the information layer of criteria and options,
for example, Landsat images were used with vegeta-
tion index Normalized Difference Vegetation Index
(NDVI) and Modified Normalized Difference Water
Index (MNDWI) to prepare a land use/cover map.
The Digital topography sheet was used to prepare
the DEM area DEM was used for prepare the slope
map. Except for views from experts, including geolo-
gists, hydrologists, environmentalists, policymakers,
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Fig. 1 Location of Bandar Bushehr city in Bushehr province of Iran: Landsat 8 OLI RGB
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pollution control personnel, city planners, and waste
management practitioners whose ratings sourced the
weight and value for each criterion, additional infor-
mation was obtained from a ground survey while
recording the geographical coordinates of the par-
ticular sites using the GPS, other data sources are as
shown in Table 1.

Research methodology

The selection of appropriate criteria is the main task
for any kind of suitability analysis. The criteria selec-
tion differs with study objectives and geographical
locations. As far as the present study is concerned,
multiple criteria should require to consider, because
landfill is a practice where the disposal of waste mate-
rials takes place and the surrounding environmental
components and public health are truly impacted due
to unscientific disposal and management. Criteria for
suitability analysis of landfill site selection at global
scales have differed in the previous studies. Through

the detailed literature survey (Danesh et al., 2019;
Jamshidi-Zanjani & Rezaei, 2017; Kamdar et al,,
2019; Pavani et al., 2019), experts’ views, and the
regulations of pollution control board (CJJ17-2004,
GB 16,889) on landfill site selection in Iran (IRI,
2020), 11 relevant and site-specific criteria were
selected in the present study to identify the suitable
site of a landfill in Bandar Bushehr, Iran. To normal-
ize and reduce the calculation complexity, these 11
criteria were combined into eleven categories by put-
ting four criteria in each category (Table 2).

The flowchart of the research methodology
(Fig. 2) illustrates the study procedures from data
sources to the study goal which was evaluating and
mapping all criteria for assessment in order to pro-
duce the final site suitability and zonation map. In
this diagram, the seven selected criteria are shown
along with the visualization of the GIS use and a
multi-criteria fuzzy analytic hierarchy process
(FAHP). In this method, all values of map layers
are arranged in the range between zero and one.
The process of standardization in a fuzzy method is

Table 1 Data types, sources, and resulting maps for the analyzed criteria

Criteria

Data type

Data source

Produced thematic map

Land use

Geological factor

Soil type

Hydrological factor

Position of wells
Elevation

Road network

Weather data

Landsat-8 images
Topographic map

Regional master plan

Geological information

Soil data

Surface water cover
Satellite images

Point map
Digital elevation model (DEM)

Satellite images
A topographic and regional master
plan map

Statistical yearbook of the Bushehr
Meteorology Organization, (BMO)

Landsat of the USGS: http://earth
explorer.usgs.gov/

National Cartographic Center of Iran
(NCO): https://www.ncc.gov.ir/en/

Planning and Budget Organization
(PBO):

https://www.mpob.ir/

Geological survey & Mineral explora-
tion of Iran (GSME);

https://www.gsi.ir/

Soil & water research institute

http://www.swri.ir/fa-IR/

Iran national cartographic center

1: 25,000 digital map

National Cartographic Center of Iran
(NCO): https://www.ncc.gov.ir/en/

Global position system (GPS)

National Cartographic Center of Iran
(NCCO): https://www.ncc.gov.ir/en/

Landsat of the USGS: http://earth
explorer.usgs.gov/

National Cartographic Center of Iran
(NCCQ): https://www.ncc.gov.ir/en/

https://www.bushehrmet.ir/SC.php?
type=static&id=13

Land use map

Regional Geological map
Faults map extraction

Soil type map

Surface water cover map

Distance of ground water map
Elevation map

Road network map

Precipitation map and pre-
dominant wind direction
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Table 2 (continued)

I

Authors

Technique applied

Criteria considered for landfill site suitability

evaluation

S.N Study area

Springer

Islam et al. (2020)

Fuzzy analytic hierarchy process (F-AHP)

Land value, slope, elevation, distance from

Rajshahi, Bangladesh

9

approach

roads, distance from railway, soil, ground

water depth, distance from settlements, dis-

tance from protected area, land use, distance

from airfields, aspect, distance from river and

canal, distance from water body

Dereli and Tercan (2020)

GIS and multi-criteria analysis (MCA)

10 Antalya, Burdur and Isparta, Turkey Land use, slope, elevation, soil depth, geology,

aspect, precipitation, distance from protected

areas, distance from fault, distance from roads,
distance from rivers, distance from airports,

distance from wells, distance from industrial,
distance from historical and cultural sites

implemented through the formatting of values into
a practical membership set. In this case, the highest
value, i.e. 1, belongs to the maximum membership
rate and the lowest value, i.e. 0, belongs to the mini-
mum membership rate. In the fuzzy standardization
method, membership functions are usually used to
format values (Vavatsikos et al., 2019). Member-
ship function specifies the fuzzy nature of a fuzzy
set, and in fact, a function that shows the member-
ship rate of different elements to a set is called a
membership function. Membership functions have
three incremental, decreasing and combined incre-
mental-decreasing modes. It should be noted that in
the Fuzzy Analytic Hierarchy Process (FAHP), the
weighting is based on the experiences and knowl-
edge of individuals. This method consists of seven
steps: the hierarchical charting, the definition of
fuzzy numbers in order to perform paired compari-
sons, the formation of a pairwise matrix using fuzzy
numbers, calculating the triangular fuzzy num-
ber for each of the rows of the paired comparison
matrix, calculating the magnitude of the triangular
fuzzy number relative to each other, calculating the
weight of criteria and options in the paired com-
parison matrices and calculating the final weight
vector (Karasan et al., 2018). Then, Each criterion
was analyzed as an independent layer to produce
the intermediate thematic maps. Together, they
were superimposed using the layering technique
and reclassified to produce the final landfill suitabil-
ity and zonation map, using site suitability index.
The use of the weighted overlay analysis (WOA)
allowed the inclusion of various features of the
study area and aided in the analysis by the use of
ArcGIS software.

Criteria selection for suitable landfill site

In Table 2, the reference of the important criteria in
the selection of the burial place is given based on
previous studies. In this study, the selected criteria
are based on the instructions of the Environmental
Protection Organization of Iran, because these crite-
ria are general, based on an overview of the studies
presented in Table 2, the importance of effective-
ness was weighted according to local experts, and
was considered in this research (Table 3).
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‘ Land fill site selection in Bushehr, Iran ‘

‘ Determination of decision criteria (A) ‘
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Fig. 2 Flow chart of methodology applied to suitability analysis for municipal landfill site selection

Weight calculation using fuzzy analytic hierarchy
process (FAHP)

The Iran of environmental hazardous waste control
board has set up predefined criteria and specific dis-
tance for setting the suitable location of the landfill
site. Hence, the study is required to select multi-
ple alternatives and criteria. The effects of the fac-
tors to be evaluated during the site selection process
may be different. From the consider environmental
protection, different component nearness to landfill
site has a vulnerability and each factor or criteria is
not equally vulnerable to risk due to landfill. Thus,
criteria-based comparison and weight should be
calculated. As far as multi-criteria analysis is con-
cerned, there are various techniques for weighting
selected criteria or factors like weighted sum model
(WSM), weighted product model (WPM), weighted
aggregated sum product assessment (WASPAS),
technique for order preference by similarity to ideal

solution (TOPSIS), analytic hierarchy process (AHP),
Best—worst method (BWM), entropy method, evalua-
tion based on distance from average solution (EDAS),
fuzzy analytic hierarchy process (FAHP), fuzzy TOP-
SIS, etc. (Kontos et al., 2005; Oniit and Soner 2008;
Tavares et al., 2011; Demesouka et al., 2013; Beskese
et al., 2015; Khan & Samadder, 2015; Rezaei, 2015;
Chabuk et al., 2017; Guler and Yomralioglu 2017).
Among these used techniques, AHP and fuzzy gained
wide popularity (Chabok et al., 2020; Islam et al.,
2020; Ozkan et al., 2020; Sener & Sener, 2020; Unal
et al,, 2020). The analytic hierarchy process was
introduced by Saaty (1980) which is considered as the
best technique for tackling complex MCDM (multi-
criteria decision-making) problems in real situa-
tions. Literature has proved that AHP is very useful
for decision-making and suitability analysis (Kamdar
et al., 2019; Sener et al., 2006; Wang et al., 2009).
But practically, the uses of a crisp numeric value in
AHP are often inadequate, because human judgment

@ Springer
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Table 3 Criteria and and sub-criteria options and suitability rate (CJJ17-2004, GB 16,889; IRI, 2020)

Criteria and and

Suitability rate

sub-criteria " - - . . - - - q — .
Most suitable Suitable Relatively suitable Least suitable Limited areas
&) C)) 3) @) )]
Land use scattered rangeland- uncultivated land agricultural land salty land built-up land, shrimp
halophyte farms
Hydrology
Distance from sur- > 3000 2000-3000 1000-2000 300-1000 <300
face waters (m)
Distance from > 1000 700-1000 500-700 300-500 <300
ground waters (m)
Soil
Soil characteristics ~ Deep soil with very Deep soil with Deep soil with Soil with gravel, Shallow deep with

Climate

Precipitation (mm)

Wind

Geology

Distance to faults
(m)

slope (%)

Socio-economic

Distance from cities
(m)

Distance from vil-
lages (m)

heavy texture
<144
Direction
>700
<5

5000-7000

>3000

Infrastructure facilities

Distance from roads
(m)

Distance to

restricted sites (m)

1000-1500

>700

heavy texture

144-148

500-700

5-10

3000-5000

2000-3000

> 1500

500-700

medium to heavy
texture

148-152

300-500

10-20

> 7000

1000-2000

750-1000

300-500

sandy and light
texture

152-156

100-300

20-40

1000-3000

500-1000

500-750

100-300

gravel texture

>156

<100

>40

<1000

<500

<500

<100

 Is very suitable with the least possible time and investment to develop a solid municipal landfill site

® Are suitable for areas requiring investment and medium time to develop solid municipal landfill

¢ Areas that are somewhat suitable and require preparation operations before the beginning of solid municipal wastes’ landfill

4 Unsuitable areas. These areas are not economical for landfill of solid urban wastes, and the cost and time for preparation of these

areas is high

¢ Metropolitan areas, buildings lands are areas that are not capable of landfill of solid urban wastes. These areas are eliminated in the

assessment

may be biased and vague. However, to overcome such
a shortage of AHP, Van Laarhoven and Pedrycz pro-
posed fuzzy AHP in 1983, which is the combination
of AHP and Fuzzy set theory. A fuzzy set is the most
preferred theory in multicriteria decision-making
(Yalcinkaya & Kirtiloglu, 2020). A fuzzy set is an
extended form of ordinary set theory that was intro-
duced by Zadeh in 1965 for dealing with business,
vagueness, and uncertainty in the data set (Beskese

@ Springer

et al., 2015). Looking toward this advantage, fuzzy
AHP (FAHP) was used in the present study for the
deriving weight of selected criteria. However, fuzzy
in AHP deals with ambiguous and uncertainty infor-
mation (Balli and Korukoglu 2009). Literature shows
that there are different procedures to derive weight
using fuzzy AHP (Bozbura et al.,, 2007). Among
these, the geometric mean method proposed by
Chang (1996) are the most popular and widely used.
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In the present study, the extent analysis method intro-
duced was applied with triangular fuzzy numbers
(TFNG) to calculate the fuzzy weight.

Fuzzy extent analysis

The fuzzy set theory incorporated with original
AHP to deal vagueness of human judgment in the
decision-making process. The study used the Delphi
technique to collect 30 experts’ opinions, which were
finally processed to give weight to each criterion. The
technique is considered an interactive method of col-
lecting the fundamental data by allowing interaction
between researchers and experts in the field through
multiple rounds of questionnaires and/ or focus group
discussion to obtain expert views on the subject mat-
ter (Chabok et al., 2020). In each round, responses
were aggregated and weighted using an analytical
hierarchy process (AHP) (Lizot et al., 2020), from
which outcomes were shared with the same group
for another session/ round of questions/discussion.
The same procedures were followed for all criteria
until a consensus was reached. Chang (1996) intro-
duced a new approach that includes the use of trian-
gular fuzzy numbers (TFNs) for pairwise comparison

scale of fuzzy-AHP and the use of the degree analysis
method for synthetic degree values of pairwise com-
parisons (Table 4).

Table 5 shows the pairwise comparison scale used
for the fuzzy-AHP method (Taibi & Atmani, 2017).

Firstly, the pairwise comparison matrices were
prepared for the seven main criteria (Table 6). The
pairwise comparison matrices were created for land
use criteria, soil criteria, hydrological criteria, geol-
ogy criteria, socio-economic criteria, climatic cri-
teria, and criteria relating to infrastructure criteria
separately and are presented in Tables 7. Moreover,
pairwise comparison matrices were created for each
sub-criterion. The weighting results of the criteria

Table 5 Triangular fuzzy numbers pairwise comparisons

Triangular fuzzy numbers (TFNs)

Linguistic variables

(1,1, 1) Exactly equal
(372,1,1/2) Equal important

(2,372, 1) Weak important
(5/2,2,3/2) Strong important
(3,5/2,2) Demonstrated important
(772, 3, 5/2) Absolute important

Table 4 Options’

hip functions i Sub-criteria Control points Membership Shape of
membership functions in a (threshold values) function membership function
FAHP method (Tan et al., -
2014) a b c
Land use - - - Discrete -
Distance from surface waters 300 - 3000 Monotonically Linear
increasing
Distance from ground waters 300 - 1000 Monotonically Linear
increasing
Soil - - - Discrete -
Precipitation 141 - 161  Monotonically Linear
decreasing
Distance to faults 100 - 700  Monotonically Linear
increasing
Slope 0 - 40 Monotonically Linear
decreasing
Distance from cities - 7000 - Monotonically Raster Calculator
increasing—decreasing
Distance from the villages - 3000 - Monotonically Raster Calculator
increasing—decreasing
Distance from roads - 1500 - Monotonically Raster calculator
increasing—decreasing
Distance to restricted sites 300 - 1500 Monotonically Linear
increasing
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Table 6 Comparison matrix and weights of using main criteria

Land use Soil Hydrology Geology Socio-eco- Infrastructure ~ Climate Weight
nomic facilities
Land use (2/3,1/2,2/5) (1,2/3,1/2)  (2,1,2/3)  (3/2,1,1/2) (2/3,1/2,2/5) (1,1,1) (2,1,2/3)  0.2345
Soil (2,1,2/3) (2,372, 1) (3/2,1,172) (5/2,2,3/2) (1,1,1) (5/2,2,3/2) (2,3/2,1) 0.141
Hydrology 1,1, 1) (5/2,2,3/2)  (2,3/2,1) (3,5/2,2) (3/2,1,1/2) (5/2,2,3/2) (3,5/2,2) 0.1424
Geology (1,2/3,172)  (3/2,1,1/2) (1,1,1) (2,3/2,1)  (2,1,2/3) (372, 1, 1/2) (2,3/2,1) 0.0721
Socio-eco- (172,2/5,1/3) (2,1, 2/3) (1,2/3,172) (2,3/2,1) (1,2/3,1/2) (3/2,1,1/2) 1,1, 0.1975
nomic
Infrastructure (172, 2/5, 1/3) (2/3,1/2,2/5) (1,2/3,1/2) (1,1,1) (2/3,1/2,2/15) (2,1, 2/3) (1,2/3,1/2) 0.1114
facilities
Climate (2/3,1/2,2/5) (1,1,1) (2,1,2/3)  (5/2,2,3/2) (1,2/3,1/2) (2,32, 1) (3/2,1,1/2) 0.1011

in Table 5 show that among criteria, weight-related
land use criteria (0.2345), socio-economic crite-
ria (0.1975), and hydrologic criteria with weight
(0.1424) were the most effective and most important

Table 7 Comparison fuzzy membership matrix of main and sub-criteria

criteria, respectively, in locating a disposal site for the
waste landfill in the research area. The results of the
study Danesh et al. (2019) showed the importance
and significant weight of environmental criteria in

Fuzzy membership

Soil criteria

Land use criteria

0.1
0.3
0.5
0.7
0.9

Shallow deep with gravel texture

Soil with gravel, sandy and light texture
Deep soil with medium to heavy texture
Deep soil with heavy texture

Deep soil with very heavy texture

Built-up land, Shrimp farms

Salty land

Agricultural land
Uncultivated land

Scattered rangeland- halophyte

Hydrology main criteria

Distance from surface waters Distance from ground waters Weight
Distance from surface waters (1,1, 1) (5/2,2,3/2) 0.6644
Distance from ground waters (2/3, 172, 2/5) (L, 1,1 0.3356
Geology main criteria
Distance to faults Slope Weight
Distance to faults (1, 1, 1) 2,32, 1) 0.7196
Slope (1, 2/3, 1/2) 1,1, 0.2804
Socio-economic main criteria
Distance from cities Distance from villages Weight
Distance from cities (1,1,1) (5/2,2,3/2) 0.6644
Distance from villages (2/3, 172, 2/5) (1,1,1) 0.3356
Infrastructure facilities criteria
Distance from roads Distance to restricted sites Weight
Infrastructure facilities criteria***Distance (1,1, 1) 2,32, 1) 0.7196
from roads
Distance to restricted sites (1,2/3,1/2) (1,1,1) 0.2804
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prioritizing the proposed areas for disposal of waste.
Kamdar et al. (2019) in selecting the location of land-
fills in Songkhla urban municipalities have consid-
ered land use criteria as the highest weighted factor.
A general overview of the results of the above studies
shows that despite different results from the impact
of different factors in different regions, land use fac-
tors are very important in locating the waste disposal
site, because the disposal site may have adverse and
mutual biophysical and ecological impacts on the sur-
rounding environment.

Weighted overlay analysis (WOA)

The weighted overlay is the most applied approach
for overlay analysis to solve multi-criteria prob-
lems in ArcGIS application. Where multiple factors
are chosen to develop certain conclusion, weighted
overlay offers the best result such as site selection
and suitability models. Weighted overlay technique
can be used in selecting a suitable site for a landfill
(Islam et al., 2020; Sener & Sener, 2020; Yalcinkaya
& Kirtiloglu, 2020).

In the present study, seven criteria relating to land-
fill site selection were chosen. The weight of each cri-
terion was calculated using fuzzy AHP. Raster layer
of each criterion was assigned with a weight based on
their role in the site selection of landfill and reclassi-
fied them into a common scale ranging from 1 to 5.
Looking towards the criteria selected in the present
study, the weighted overlay was done twice. First of
all, the overlay was performed each of the main crite-
ria category, i.e., land use criteria, soil criteria, hydro-
logical criteria, geology criteria, socio-economic
criteria, climatic criteria, and criteria relating to infra-
structure. Finally, the suitability of landfill site selec-
tion was performed by overlaying the suitability result
of these output raster layers. For suitable landfill site
selection, the weighted overlay can be expressed as:

5= 3 wici, M

where S is the site suitability index for each layer, Wi
is the weight of the ith criteria layer, Ci is the sub-cri-
teria score of the ith criteria layer, and n is the num-
ber of suitability layers. The five suitability classes
(the most suitable, suitable, relatively suitable, the
least suitable and limited areas) were determined

using the equal interval ArcGIS raster data classifica-
tion method. This classification method divides the
data range into equal sub-ranges and provides a more
accurate and understandable legend (Aderoju et al.,
2020; Al-Anbari et al., 2018; Sener & Sener, 2020).

Assessment of the accuracy of the site selection map

A proper method to evaluate the accuracy of a site
selection map is to use a receiver operator characteris-
tic (ROC) curve. In a ROC curve, the greater the devia-
tion from the baseline, the higher the accuracy of the
site selection map. In addition to examining the curve’s
trend, the area under the curve (AUC) is determined
by counting the number of field sample points that are
correctly located at the location site and the sample
points that are not properly located at the location site.
The ground truth sample points were selected by strati-
fied random sampling method. In the ROC curve, the
accuracy of the location map is determined by evaluat-
ing field points that are correctly located at the location
site (TP), the number of ground truth sample points that
are not correctly located on the location site (TN), the
number of ground truth sample points that are incor-
rectly located on the location site (FP), and the number
of ground truth sample points that are not incorrectly
located on the location site (FN). To draw the ROC
curve, the y-axis, which contains "sensitivity" (Eq. 2),
and the x-axis, which represents "1-specificity " (Eq. 3),
must be calculated for each value of the desired class
threshold.

Sensitivity = _TIr 2
YSTPYEN @)
Specificity = L, 1 — Specificity =1 — _IN_
TN + FP TN + FP

3

The "precision" and "accuracy" of the location map
was determined from Egs. 4 and 5, respectively.

Precision = L 4

" TP+ FP @

Accuracy = P+ 1IN Q)]
n

The area under the curve (AUC) was used to deter-
mine the accuracy of the site selection model. A
value of AUC of 1 is considered perfect and value of
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AUC equal to 0.5 is considered as random guessing
(Khatami et al., 2017; Quesada-Ruiz et al., 2019).

Results and discussion
Description of criteria

Due to the different social, cultural, technical, envi-
ronmental, geographical structures, and regulations
and criteria introduced by environmental protection
organizations in each countries, the factors related
to landfill site selection are variable. In addition, the
amount and manner of waste collection in differ-
ent areas is different, which leads to the determina-
tion of landfills for each area by different methods.
In the present study, the eleven criteria namely land
use, distance from cities, distance from the villages,
distance from surface waters, distance from the
groundwater, soil characteristics, distance to faults,
slope, precipitation, distance to restricted sites and
distance from roads, and waste production area were
taken into account in determining appropriate landfill
sites in the Bandar Bushehr city. These criteria were
classified into seven main groups: land use, socio-
economic, hydrology, soil characteristics, geological,
climate, infrastructure facilities. The reasons for the
selection of each criteria are discussed below.

Land use criteria

Remote-sensing image with the clear-sky condition
was downloaded (from https://landsat.usgs.gov). The
Landsat-8 Operational Land Images acquired in 2018,
was used in this research. The remote sensing (RS)
data were processed with the following steps. First,
a geometric correction was made for the RS data
using the polynomial method based on ground con-
trol points. To unify the data resolution, all the data
were resampled to 30x30 m. After radiation cor-
rection and atmospheric correction, the False Color
Composite (FCC) was used for diagnosing feature.
These operations were conducted on ERDAS Imagine
9.3 Software (Rawat and Kumar, 2015). Five typical
categories of land use; (i) built-up land, shrimp farms
(ii) uncultivated land (iii) scattered rangeland- halo-
phyte (iv) agricultural land (v) salty land. The water
bodies inside the study area were extracted using
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the Modified Normalized Difference Water Index
(MNDWI) (Geo et al. 2019):

Green — MIR,

MNDWI = —— (6)
Green + MIR,

where Green and MIR, refer to the green band and a
middle infrared band of the RS image, respectively.
Next, a manual threshold for separating all of the bod-
ies of water from other areas was determined. This
method was modified based on the MNDWI method.
The results contained more information and elimi-
nated the terrain influence (Geo et al. 2019). The area
covered with vegetation was extracted using the Nor-
malized Difference Vegetation Index (NDVI) method
after masking out water areas (Huete et al., 2002).

_ (NIR — RED)

NDVI= ——
(NIR + RED) )

where NIR and RED refer to a near-infrared band and
a red band of the RS image, respectively. The thresh-
old (0.255) was determined after a thorough visual
interpretation of the study area. To work out the land
use classification, supervised classification method
with maximum likelihood algorithm was applied in
the ERDAS Imagine 9.3 Software. Then, to standard-
ize this layer, the values between zero and one were
assigned to each of the classes and the land use map
of the fuzzy process was prepared in five classes
(Fig. 3).

Hydrological criteria

Maps of rivers and grade-3 and above waterways
were prepared using 1: 25,000 digital map sheets and
spatial analysis functions in the GIS system. Given
the fact that the more distance from the surface water
resources, the more suitable site for landfill, Euclid-
ean distance was first calculated using the distance
function. Then increasing linear membership function
was used to phase out this layer, and number 0 was
assigned to a distance of 300 m and less, and no. 1
was assigned to a distance of 3000 m or more and the
map of the distance from the surface waters were pre-
pared in five classes using the fuzzy process (Fig. 3).
The location of wells in the region was determined
using a field survey by GPS. It should be noted that
the greater the distance from groundwater resources,
the more suitable site for landfill. Therefore,
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Land use

1 Built-up land, shrimp farms
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Bl 4 Uncultivated land
mm 5 Scattered rangeland- halophyte
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Fig. 3 The spatial distribution of land use suitability index (a),
ground water suitability index (b), surface water bodies suit-
ability index (c), roads suitability index (d), slope of the land
surface suitability index (e), soil suitability index (f). Descrip-
tions of values: 1: limited areas; 2: the least suitable; 3: rela-
tively suitable; 4: suitable; 5: the most suitable. The spatial dis-

tribution of cities suitability index (g), villages suitability index
(h), precipitation suitability index (i), faults suitability index
(j), major infrastructure suitability index (k). Descriptions of
values: 1: limited areas; 2: the least suitable; 3: relatively suit-
able; 4: suitable; 5: the most suitable
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Euclidean distance was calculated using distance
function, and then the increasing linear membership
function was used to phase out this layer, and number
0 was assigned to a distance of 300 m and less, and
no. 1 was assigned to a distance of 3000 m or more
and the map of the distance from the underground
waters were prepared in five classes using the fuzzy
process (Fig. 3).

Soil criteria

The soil map of the region was prepared using the
maps of Iran National Cartographic Center. Soils of
the region are classified into five classes. Then, to
phase out this layer, the values between 0 and 1 were
assigned to each of the classes and the soil map of the
fuzzy process was prepared in five classes (Fig. 3).

Climate criteria

In climatic criteria, rainfall was considered for spa-
tial evaluation in landfill site selection. The rainfall
map was prepared using the data collected from the
local weather report, meteorological station Bandar
Bushehr. The average rainfall of the two stations for
a statistical period of ten years from 2010 to 2020
was collected (IRI, 2020). These data were converted
into geo-database and spatial rainfall map was pre-
pared using the widely used IDW (inverse distance
weighted) method in a GIS environment. The proper
location for landfill is the areas with the least rain-
fall, decreasing linear membership function was used
to phase out this layer. The minimum and maximum
rainfall were considered, and number 1 was assigned
to the minimum rainfall and number 0 was assigned
to the maximum rainfall. Then precipitation map
of the fuzzy process was prepared in five classes
(Fig. 3).

In order to determine the predominant wind direc-
tion, first, the raw meteorological data format of the
ten-year period (2010-2020) of the Bandar Bushehr
synoptic station (Statistical yearbook of the Bushehr
Meteorology Organization, BMO, 2020) was con-
verted to the usable format of the WRPLOT software
by a program written in the Excel environment. Then,
in the environment of this software, the wind direc-
tion for the ten-year statistical average was drawn.

Geology criteria

The faults map of the region was prepared using the
Geology Organization data. The greater distance
from the faults, the more suitable the site for landfill,
Euclidean distance was first calculated using distance
function, and then the increasing linear membership
function was used to phase out this layer. Number O
was assigned to the distance of 100 m and less, and
number 1 was assigned to the distance of 700 m and
more, and the map of the distance from the fault
was prepared in five classes using the fuzzy process
(Fig. 3).

The slope of the land surface was calculated on the
pixel basis using the digital elevation model (DEM).
The greater the topographic slope of the area, the
more improper site for landfill, the decreasing linear
membership function was used to phase out this layer.
Number 1 was assigned to zero slope, and number 0
was assigned to 40% slope and more. The slope map
was prepared in five classes using the fuzzy process
(Fig. 3).

Criteria related to infrastructure

The residential map was prepared using the land use
map. Demographic areas are important in two direc-
tions: landfills should not be located near demo-
graphic areas, and an area of concern should be con-
sidered for them; because these areas are the source of
waste products, they are important in terms of econ-
omy and transportation costs. Due to the increased
transportation costs with moving away from demo-
graphic areas, and the distance from demographic
areas has its own problems, Euclidean distance was
calculated for each layer (urban and rural areas)
using the distance function; and then, the increas-
ing—decreasing linear membership function (using
the Raster calculator function) was used to phase out
these layers. The median limit was 7000 m for urban
areas and 3000 m for rural areas, and the map of the
distance from the demographic regions was prepared
in five classes using the fuzzy process (Fig. 3).

The main road maps (highways) were prepared
using 1: 25,000 digital sheet maps and spatial anal-
ysis functions in ArcGIS. Given the fact that with
increased distance from the roads, the cost of trans-
portation is increased and with decreased distance
from the roads, the visual beauty of the environment
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is damaged, Euclidean distance was first calculated
using the distance function and then the increas-
ing—decreasing linear membership function (using the
Raster Calculator function) was used to phase out this
layer. The intermediate boundary was considered to
be 1500 m and the distance map of the main paths
was prepared in five classes using the fuzzy process
(Fig. 3).

Socio-economic criteria

The demographic areas are important component in
terms of socio-economic criteria from two perspec-
tives; landfills should not be located near demo-
graphic areas, and an area of concern should be con-
sidered for them; because these areas are the source of
waste products, they are important in terms of econ-
omy and transportation costs. Due to the increased
transportation costs with moving away from demo-
graphic areas, and the distance from demographic
areas has its own problems (Rizvanoglu et al., 2019).
The present study assessed two related criteria includ-
ing the distance from urban and rural residential areas
in the study area to find a suitable location for the
municipal landfill site. polygon shape files were cre-
ated using place layer in Google earth professional
version. These identified polygons were exported into
GIS environment. The Euclidean distance analysis
was carried out layers with measured safe distances
from the each urban and rural polygons layer using
the distance function; and the increasing—decreasing
linear membership function was used to fuzzy out
these layers. The median limit was 7000 m for urban
areas and 3000 m for rural areas, and the map of the
distance from the demographic regions was prepared
and the output of the analysis resulted to raster maps
with radial distances in five classes using the fuzzy
process (Fig. 3).

Identification of suitable areas for landfill

The criteria of land use, which is one of the main
criteria in the landfill site selection in this research,
in which land ownership is considered, for example,
agricultural lands, built-up land and shrimp farms
which are personal ownership, are not suitable for the
landfill. Therefore, all the selected sites are located
in scattered rangeland- halophyte and uncultivated
lands, which are under the government ownership.
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The results of land use classes showed that the domi-
nant type of lands was scattered rangeland- halo-
phyte lands (38,200 ha, 37.75%), uncultivated land
(15,200 ha, 15.02%), agricultural lands (13,300 ha,
13.14%), salty lands (20,000 ha, 19.76%) and built-
up land, shrimp farms (14,500 ha, 14.33%), respec-
tively. Areas with limitations for landfill (cities, build-
ings, shrimp farms) cover 14,500 ha (14.33%) of the
region. The results of land suitability class for waste
landfill and their desirable amounts are presented in
Table 8. Areas of the most suitable of environmental
criteria are located in scattered rangeland- halophyte
lands which include 38,200 ha (37.75%) of the region.
About 11,783 ha (11.65%) were classified as limited
soils because of shallow deep with gravel texture.
Lands located at very low levels of surface and under-
ground water resources (<300 m) are 29.77% and
1.34% of the area, respectively, which are not suit-
able for landfill. The two sub-criteria of geological;
distance to faults and slope by allocating 1.19% and
0.05%, of the area, respectively, do not limit the suit-
ability of areas for landfill (Table 8). The level of pre-
cipitation in more than 56.48% of the region is more
than 156 mm. Due to its proximity to the sea and the
low slope and high-level groundwater, these areas are
not suitable for landfill. In the socio-economic crite-
ria, due to the multitude of rural areas, 47.41% of the
region was unsuitable for landfill. In infrastructure
facility criteria, due to the low number of industrial
centres and main roads, there were 18.6% and 14.8%
of areas are not suitable for the landfill, respectively.

The best site characteristic

Suitable areas were classified after the integration of
weighted fuzzy layers of different criteria such as land
use, hydrology, soil, climate, geology, socio-economy
and infrastructure; and then, the map of suitable sites
for the municipal landfill was obtained. The final
suitability results were divided into five discrete cat-
egories: best landfill areas, good landfill areas, and
unsuitable landfill areas. According to landfill size
requirements, the best landfill sites are shown in
Fig. 4. 3140 ha of the lands are classified as the most
suitable and 31,160 ha as unsuitable (Table 9).

The present study reveals that 8 considerable sites
were found for municipal sanitary landfill.

The wind direction is one of the most important
criteria in landfill site selection, for this purpose,
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Table 8 The area of land in suitability class

Criteria Most suitable Suitable Relatively suitable Least suitable Limited areas
Sub-criteria ha % ha % ha % ha % ha %
Land use 38,200 37.75 152200 15.02 13,300 13.14 20,000 19.76 14,500  14.33
Hydrology

distance from surface waters 33,200 32.84 9200 9.1 11,700 11.57 16,900 72.16 30,100 29.77
distance from ground waters 92,530 93.06 1980 1.99 1850 1.86 1740 1.75 1330 1.34
Soil

soil characteristic 35,796 3539 21,138 209 25274 2499 7151 7.07 11,783  11.65
Climate

precipitation 15,400  15.23 2200  2.18 4600 455 21,800 2156 57,100 56.48
Geology

distance to faults 97,500  96.44 700  0.69 700 0.69 1000 0.99 1200 1.19
slope 70,600  70.14 26,800 26.63 2600 2.58 600 0.60 50 0.05
Socio-economic

distance from cities 29,590  29.17 30,460 30.02 22,140 21.82 2380 235 16,880 16.64
distance from villages 5950 5.88 15,369  15.19 24867 2459 7010 6.93 47950 4741
Infrastructure facilities

distance from roads 28,800 2849 22900 22.65 16,800 16.62 17,600 17.41 15,000 14.84
distance to restricted sites 13,600 1345 18,500 18.3 23,660 234 26,540 2625 18,800 18.6
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Fig. 4 Final suitable candidate sites for municipal landfill in Bandar Bushehr city, and the predominant wind direction is northwest
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Table 9 The area of land in capability class

Region capability clas- Area (hectare) Area (%)
sification

Unsuitable 31,160 30.8
Least suitable 22,690 22.4
Relatively suitable 25,400 25.1
suitable 18,780 18.6
Most suitable 3140 3.1

the data of the Bandar Bushehr synoptic station
was examined, based on which the predominant
wind was in the northwest direction, which is not
towards the city (Fig. 4). Therefore, the city is not
affected by the adverse effects of the unsuitable site.
But after field investigation for knowing current
land use, public views, and authority’s decision,
the maximum of these sites cannot be accepted as
a suitable municipal landfill. In Fig. 4, suitability
sites show that 8 sites were found for the suitable
municipal landfill with an area ranging from 1804
to 26 ha, but out of these 8 sites cannot be accepted
for a landfill due to transportation issues, current
land use, public acceptance, and local environmen-
tal issues. The existing solid waste landfill facil-
ity is located in the east of Bandar Bushehr city
center. According to the analysis, the area where
the solid waste landfill facility currently operates
is located in the site 5 suitable sites (Fig. 4). This
site is restricted for use as a landfill site in terms
of criteria such as land use, and proximity to resi-
dential areas. Two candidate landfill sites (1 and 2)
are proposed in the study. The landfill suitability

map shows that the candidate site 1 and 2 is located
east of Bandar Bushehr city. these areas aren’t far
from waste production areas and there will not be
serious transportation costs. These areas are highly
suitable areas for landfilling, they are proposed as
landfill sites because of availability, and location in
a wasteland and at a convenient distance from the
urban area, where the bulk of the waste generated
also belongs to these areas, and Also having a suit-
able area due to the growth of urban population in
this area.

The accuracy of the site selection map

In selecting the best site for municipal solid waste
landfill, evaluating the reliability of the method is
important. The results of verifying the map pro-
duced from the ROC showed that the area under the
curve (AUC) in 8 landfill site selection is above 0.5,
which indicates the accuracy of the prediction of
the landfill map (Table 10).

Minimum size land area required for landfill

The minimum required area of the landfill was
determined by considering four factors such as rate
of population growth, annual waste production, the
density of compacted waste materials and an aver-
age height of the landfill were taken into consid-
eration. Considering the fact that in parallel with
the growth of population, the amount of generated
wastes increases, the population growth rate can
be considered the same as the rate of generation of

Table 10 The results of

Index Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8
the accuracy of landfill
sites’ Suitability by ROC TP 117 28 28 16 11 11 7 5
curve indices and their Fp 30 3 5 3 3 2 |
components
FN 10 1 1
TN 143 38 30 15 13 14 10 8
Specificity 0.83 0.83 0.79 0.75 0.81 0.82 0.83 0.89
Sensitivity 0.92 0.82 0.88 0.80 0.79 0.85 0.88 0.83
Precision 0.80 0.78 0.78 0.76 0.79 0.79 0.78 0.83
Accuracy 0.87 0.83 0.83 0.78 0.80 0.83 0.85 0.87
1-Specificity 0.17 0.17 0.21 0.25 0.19 0.18 0.17 0.11
Area Under the  0.78 0.80 0.64 0.67 0.75 0.66 0.70 0.81
Curve (AUC)
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Table 11 Number of

District Areas (ha) Best landfill areas

classes and the percentages

of the total study area A<27ha 27ha<A<57ha 57ha<A<189ha A>189ha
Operation age (year) 10 20 50 100
1 1804 Suitable
2 558 Suitable
3 440 Suitable
4 189 Suitable
5 50 Suitable
6 36 Suitable
7 35 Suitable
8 26 Unsuitable
Total 3140 1 3
Percentages 100 0.83 3.87 6.02 89.28

solid waste. The population of Bandar Bushehr city
in 2011 was 195,222 people. According to the Ira-
nian Statistic Center of 2020, Bandar Bushehr has
a population of 223,504 people (PBO 2020). Based
on Eq. 8, the growth rate during this 5 year period
was determined to be 1.11.

P, =P(l +1) ®)

where Py is the population at time O, P, is the popula-
tion at time t and r is the rate of growth. According
to Bandar Bushehr municipality statistics, the aver-
age daily waste production is about 170 tons (PBO
2020). After a simple calculation, the total weight of
the waste produced (Q) is 62,050 tons over the one
year period. The weight of solid wastes in the period
of 10, 20, 50 and 100 years (t), wight,, was calculated
by Eq. 9 with annual solid wastes (Q), and growth
rate ().

(I+1)X(t—1)

Wightz‘ = Qton/year X % )]

V,, is the volume of solid wastes per cubic meters in
the period of 10, 20, 50 and 100 years (t) and Wight,,
the weight of annual solid waste in each period, was
determined by Eq. 10.

Wight
Vi= 05[

(10)

After calculating the landfill capacity using the
Eq. 20, considering that the percentage of total
landfill capacity should be allocated to cover-
ing soil, and the fact that 20-25% of the landfill

capacity will be allocated to the covering soil, the
required volume for landfill site (V) was determined
by Eq. 11.

where, V the required volume for the solid waste
landfill site. If the height of landfill site (H) is consid-
ered to be an average of 10 m (Wang et al., 2009), the
minimum area required for each period can be calcu-
lated by Eq. 12.

Appy = % 12)

The areas in different classes in each district are
presented in Table 11. The best landfill areas for the
next 20 years, only account for 3.87%. Furthermore,
most of the candidate areas are in districts 5, 6, and 7.
For example, there are three candidates best landfill
sites for those which can be used for 20 years.

The present study offered scientific bases for the
study area using multi-criteria-based suitability anal-
ysis. The suitable areas for the selection of municipal
landfill candidate sites were delineated using the best
and common method, i.e., weighted overlay analysis
(WOA). GIS has the competence To store, manage,
analyze, and display spatial information with com-
bined a spatial information. In this study, the fuzzy
analytic hierarchy process (FAHP) as multi-criteria
evaluation technique was used for calculating weight
and overlay analysis for the potential landfill candi-
dates. The applied technique has the opportunity for
adjusting the degree of influence and weight-based
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level of risk in the decision analysis which offers
potential suitability map. This technique was applied
to specify areas under potentiality and level of envi-
ronmental risk that pose upon sitting municipal land-
fill. Thus, more relevant and interconnected criteria
from each aspect were taken as geo-environmental
factors which govern landfill siting in term of envi-
ronmental safety, local aesthetic value, public aware-
ness, and health. This site suitability model offers a
chance to planners and developers to rethink about
sitting either new or back-up municipal landfill sites.

The present research emphasized the significance
of GIS-based techniques in selecting and locating
such suitable sites for landfill. This study involved
the analysis of enormous spatial and a spatial input
data and retrieved output in terms of the degree of
suitability for landfill candidates. This study also
suggests establishing and applying such techniques
for suitability analysis not only for sitting municipal
landfill or solving waste management issues but in
every field where complex decision support system is
required for selecting best alternative for application
and interest.

Conclusions

The increasing generation of municipal solid waste in
the Bandar Bushehr is one of the greatest challenges
faced by governmental authorities. The development
of our model is motivated by the desire to mitigate
the impact of landfill sites on the land use, socio-
economic, hydrology, soil characteristics, geological,
climate and distance to major infrastructure systems,
and proposition reference for landfill site selection in
the future. We have integrated GIS and a multi-cri-
teria evaluation technique, fuzzy analytic hierarchy
process (FAHP), in the assignment of site suitabil-
ity for landfills. In this study, the effective criteria in
the selection of suitable landfill sites and taking into
account population growth and the development of
the city to consider. The model proposed in this study
is a combination of two methods of Fuzzy and Ana-
lytic Hierarchical Process (Fuzzy-AHP) using the
calculated weights in Delphi technique which ena-
bles the decision-maker to locate the suitable location
according to the importance of the criteria. Having

@ Springer

a structure with understandable multi-criteria deci-
sion making with a set of quantitative and qualitative
data, and the existence of an orderly and independent
structure reduce the incompatibility coefficient and
can provide the most flexibility in judgment and the
most realistic and best relation between criteria and
options.

Intermediate suitability maps were produced for all
criteria, which were combined to create the final com-
posite suitability map. Different values for each crite-
rion determined by experts with fuzzy models were
standardized. A classification scheme was applied for
criteria. A weight was assigned as objective as pos-
sible by applying fuzzy techniques. In the final aggre-
gation process, the criteria from the Fuzzy- AHP log-
ics overlay and the minimum required landfill area
for 10, 20, 50 and 100 years was selected. This case
study illustrates the process of identifying a few opti-
mal sites. All candidate sites based on the 7 criteria
were aggregated based on their weights and screened
by sizes. The best landfill areas were given, and they
can be taken as the optimal landfill candidate sites.
The better landfill areas can be taken as back-up land-
fill candidate sites.

This evaluation is based on the criteria provided by
Iran’s Environmental Protection Organization, which
is the decision authority for allocating a place to
landfill site selection, for a period of 10, 20, 50, and
100 years. Therefore, according to the criteria pro-
vided by the Environmental Protection Organization
of Iran, this evaluation and location have been done
for the region. Definitely, in the future, due to policy
changes, more advanced methods such as waste incin-
erators, etc. may be included in the agenda of this
organization.

Acknowledgements 1 heartily thank Professor Biswajeet
Pradhan, the director of the Research Centre on Centre for
Advanced Modelling and Geospatial Information Systems
(CAMGIS) for his guidance and suggestions during this project
work, and English editing of the article. The authors express
sincere thanks to the four anonymous reviewers and journal
Editor for providing constructive comments to improve the

paper.

Declarations

Funding This research was financially supported by Islamic
Azad University, Branch Bushehr (IAU) of Iran under the codes
1469506030053.Conflict of interest All authors states that there
is no conflict of interest.



GeoJournal (2023) 88:3347-3368

3367

References

Aderoju, O. M., Dias, G. A., & Gongalves, A. J. (2020). A GIS-
based analysis for sanitary landfill sites in Abuja, Nigeria.
Environment, Development and Sustainability, 22(1),
551-574. https://doi.org/10.1007/s10668-018-0206-z

Al-Anbari, M. A., Thameer, M. Y., & Al-Ansari, N. (2018).
Landfill site selection by weighted overlay technique:
Case study of Al-Kufa Iraq. Sustainability, 10(4), 999.
https://doi.org/10.3390/su10040999

Bally, S., & Korukoglu, S., (2009). Operating system selection
using fuzzy AHP and TOPSIS methods.Mathematical and
Computational Applications, 14(2), 119-130. https://doi.
org/10.3390/mcal4020119

Beskese, A., Demir, H. H., Ozcan, H. K., & Okten, H. E.
(2015). Landfill site selection using fuzzy AHP and fuzzy
TOPSIS: A case study for Istanbul. Environmental Earth
Sciences, 73(7), 3513-3521. https://doi.org/10.1007/
$12665-014-3635-5

Bozbura, F. T., Beskese, A., & Kahraman, C. (2007). Prior-
itization of human capital measurement indicators using
fuzzy AHP. Expert Systems with Applications, 32(4),
1100-1112. https://doi.org/10.1016/j.eswa.2006.02.006

Chabok, M., Asakereh, A., Bahrami, H., & Jaafarzadeh, N.
0. (2020). Selection of MSW landfill site by fuzzy-AHP
approach combined with GIS: Case study in Ahvaz Iran.
Environmental Monitoring and Assessment, 192(7), 433.
https://doi.org/10.1007/s10661-020-08395-y

Chabuk, A. J., Al-Ansari, N., Hussain, H. M., Knutsson, S.,
& Pusch, R. (2017). GIS-based assessment of combined
AHP and SAW methods for selecting suitable sites for
landfill in Al-Musayiab Qadhaa, Babylon Iraq. Environ-
mental Earth Sciences, 76(5), 209. https://doi.org/10.
1007/s12665-017-6524-x

Chang, D.-Y. (1996). Applications of the extent analysis
method on fuzzy AHP. European Journal of Operational
Research, 95(3), 649-655.

Danesh, G., Monavari, S. M., Omrani, G. A., Karbasi, A., &
Farsad, F. (2019). Compilation of a model for hazardous
waste disposal site selection using GIS-based multi-pur-
pose decision-making models. Environmental Monitor-
ing and Assessment, 191(2), 122. https://doi.org/10.1007/
s10661-019-7243-4

Demesouka, O., Vavatsikos, A., & Anagnostopoulos, K.
(2013). Suitability analysis for siting MSW landfills and
its multicriteria spatial decision support system: Method,
implementation and case study. Waste Management,
33(5), 1190-1206. https://doi.org/10.1016/j.wasman.
2013.01.030

Demesouka, O. E., Anagnostopoulos, K. P., & Siskos, E.
(2019). Spatial multicriteria decision support for robust
land-use suitability: The case of landfill site selection in
Northeastern Greece. European Journal of Operational
Research, 272(2), 574-586. https://doi.org/10.1016/j.
ejor.2018.07.005

Dereli, M. A., & Tercan, E. (2020). Comparison of GIS-
based surrogate weighting methods for multi-directional
landfill site selection in West Mediterranean Planning
Region in Turkey. Environment, Development and Sus-
tainability. https://doi.org/10.1007/s10668-020-00725-x

Huete, A., Didan, K., Miura, T., Rodriguez, E. P., Gao, X., &
Ferreira, L. G. (2002). Overview of the radiometric and
biophysical performance of the MODIS vegetation indi-
ces. Remote Sensing of Environment, 83(1-2), 195-213.
https://doi.org/10.1016/S0034-4257(02)00096-2

IRI. 2020. The Islamic Republic of Iran- Environmental
management (hazardous waste control and management)
regulations, https://as.doe.ir/portal/home/?196912.

Islam, M., Kashem, S., & Morshed, S. (2020). Integrating
spatial information technologies and fuzzy analytic hier-
archy process (F-AHP) approach for landfill siting. City
and Environment Interactions, 7, 100045. https://doi.
org/10.1016/j.cacint.2020.100045

Jamshidi-Zanjani, A., & Rezaei, M. (2017). Landfill site
selection using combination of fuzzy logic and multi-
attribute decision-making approach. Environmental
Earth Sciences, 76(13), 448. https://doi.org/10.1007/
s12665-017-6774-7

Jing, R., Liu, T., Tian, X., Rezaei, H., Yuan, C., Qian, J., &
Zhang, Z. (2020). Sustainable strategy for municipal
solid waste disposal in Hong Kong: Current practices and
future perspectives. Environmental Science and Pollution
Research, 27(23), 28670-28678. https://doi.org/10.1007/
s11356-020-09096-2

Kamdar, I., Ali, S., Bennui, A., Techato, K., & Jutidamrong-
phan, W. (2019). Municipal solid waste landfill siting
using an integrated GIS-AHP approach: A case study
from Songkhla, Thailand. Resources, Conservation and
Recycling, 149, 220-235. https://doi.org/10.1016/j.resco
nrec.2019.05.027

Karasan, A., Ilbahar, E., & Kahraman, C. (2018). A novel
pythagorean fuzzy AHP and its application to landfill site
selection problem. Soft Computing. https://doi.org/10.
1007/s00500-018-3649-0

Khan, D., & Samadder, S. R. (2015). A simplified multi-crite-
ria evaluation model for landfill site ranking and selection
based on AHP and GIS. Journal of Environmental Engi-
neering and Landscape Management, 23(4), 267-278.
https://doi.org/10.3846/16486897.2015.1056741

Khatami, R., Mountrakis, G., & Stehman, S. V. (2017). Map-
ping per-pixel predicted accuracy of classified remote
sensing images. Remote Sensing of Environment, 191,
156-167. https://doi.org/10.1016/j.rse.2017.01.025

Kontos, T. D., Komilis, D. P., & Halvadakis, C. P. (2005). Sit-
ing MSW landfills with a spatial multiple criteria analy-
sis methodology. Waste Management, 25(8), 818-832.
https://doi.org/10.1016/j.wasman.2005.04.002

Lizot, M., Goffi, A. S., Thesari, S. S., Trojan, F., Afonso, P. S.
L. P., & Ferreira, P. F. V. (2020). Multi-criteria method-
ology for selection of wastewater treatment systems with
economic, social, technical and environmental aspects.
Environment, Development and Sustainability. https://doi.
org/10.1007/s10668-020-00906-8

Oniit, S., & Soner, S. (2008). Transshipment site selection
using the AHP and TOPSIS approaches under fuzzy envi-
ronment. Waste Management, 28(9), 1552-1559. https://
doi.org/10.1016/j.wasman.2007.05.019

Ozkan, B., Sarigicek, i & Ozceylan, E. (2020). Evaluation of
landfill sites using GIS-based MCDA with hesitant fuzzy
linguistic term sets. Environmental Science and Pollution

@ Springer


https://doi.org/10.1007/s10668-018-0206-z
https://doi.org/10.3390/su10040999
https://doi.org/10.3390/mca14020119
https://doi.org/10.3390/mca14020119
https://doi.org/10.1007/s12665-014-3635-5
https://doi.org/10.1007/s12665-014-3635-5
https://doi.org/10.1016/j.eswa.2006.02.006
https://doi.org/10.1007/s10661-020-08395-y
https://doi.org/10.1007/s12665-017-6524-x
https://doi.org/10.1007/s12665-017-6524-x
https://doi.org/10.1007/s10661-019-7243-4
https://doi.org/10.1007/s10661-019-7243-4
https://doi.org/10.1016/j.wasman.2013.01.030
https://doi.org/10.1016/j.wasman.2013.01.030
https://doi.org/10.1016/j.ejor.2018.07.005
https://doi.org/10.1016/j.ejor.2018.07.005
https://doi.org/10.1007/s10668-020-00725-x
https://doi.org/10.1016/S0034-4257(02)00096-2
https://as.doe.ir/portal/home/?196912
https://doi.org/10.1016/j.cacint.2020.100045
https://doi.org/10.1016/j.cacint.2020.100045
https://doi.org/10.1007/s12665-017-6774-7
https://doi.org/10.1007/s12665-017-6774-7
https://doi.org/10.1007/s11356-020-09096-2
https://doi.org/10.1007/s11356-020-09096-2
https://doi.org/10.1016/j.resconrec.2019.05.027
https://doi.org/10.1016/j.resconrec.2019.05.027
https://doi.org/10.1007/s00500-018-3649-0
https://doi.org/10.1007/s00500-018-3649-0
https://doi.org/10.3846/16486897.2015.1056741
https://doi.org/10.1016/j.rse.2017.01.025
https://doi.org/10.1016/j.wasman.2005.04.002
https://doi.org/10.1007/s10668-020-00906-8
https://doi.org/10.1007/s10668-020-00906-8
https://doi.org/10.1016/j.wasman.2007.05.019
https://doi.org/10.1016/j.wasman.2007.05.019

3368

GeoJournal (2023) 88:3347-3368

Research, 27(34), 42908-42932. https://doi.org/10.1007/
$11356-020-10128-0

Pavani, 1. D., Cicerelli, R. E., de Almeida, T., Moura, L. Z.,
& Contreras, F. (2019). Allocation of sanitary landfill
in consortium: Strategy for the Brazilian municipali-
ties in the State of Amazonas. Environmental Monitor-
ing and Assessment, 191(1), 39. https://doi.org/10.1007/
s10661-018-7146-9

Planning and Budget Organization (PBO). (2020). http://www.
citypopulation.de/en/iran/bushehr/ [Accessed on 4 March,
2020].

Quesada-Ruiz, L. C., Rodriguez-Galiano, V., & Jorda-Borrell,
R. (2019). Characterization and mapping of illegal landfill
potential occurrence in the Canary Islands. Waste Man-
agement, 85, 506-518. https://doi.org/10.1016/j.wasman.
2019.01.015

Rezaei, J. (2015). Best-worst multi-criteria decision-making
method. Omega, 53, 49-57. https://doi.org/10.1016/j.
omega.2014.11.009

Rizvanoglu, O., Kaya, S., Ulukavak, M., & Yesilnacar, M.
1. (2019). Optimization of municipal solid waste col-
lection and transportation routes, through linear pro-
gramming and geographic information system: A case
study from Sanlwurfa Turkey. Environmental Monitor-
ing and Assessment, 192(1), 9. https://doi.org/10.1007/
s10661-019-7975-1

Sener, B., Siizen, M. L., & Doyuran, V. (2006). Landfill site
selection by using geographic information systems. Envi-
ronmental Geology, 49(3), 376-388. https://doi.org/10.
1007/500254-005-0075-2

Sener, E., & Sener, S. (2020). Landfill site selection using inte-
grated fuzzy logic and analytic hierarchy process (AHP)
in lake basins. Arabian Journal of Geosciences, 13(21),
1130. https://doi.org/10.1007/s12517-020-06087-y

Statistical yearbook of the Bushehr Meteorology Organization
(BMO). 2020. https://www.bushehrmet.ir/SC.php?type=
static&id=13.

Taibi, A., & Atmani, B. (2017). Combining fuzzy AHP with
GIS and decision rules for industrial site selection. Inter-
national Journal of Interactive Multimedia & Artificial
Intelligence, 4(6), 60—69.

Tan, R. R., Aviso, K. B., Huelgas, A. P., & Promentilla, M. A.
B. (2014). Fuzzy AHP approach to selection problems in

@ Springer

process engineering involving quantitative and qualita-
tive aspects. Process Safety and Environmental Protection,
92(5), 467-475. https://doi.org/10.1016/j.psep.2013.11.005

Tavares, G., Zsigraiova, Z., & Semiao, V. (2011). Multi-crite-
ria GIS-based siting of an incineration plant for munici-
pal solid waste. Waste Management, 31(9), 1960-1972.
https://doi.org/10.1016/j.wasman.2011.04.013

Unal, M., Cilek, A., & Guner, E. D. (2020). Implementation
of fuzzy, Simos and strengths, weaknesses, opportunities
and threats analysis for municipal solid waste landfill site
selection: Adana City case study. Waste Management &
Research, 38(1_suppl), 45-64. https://doi.org/10.1177/
0734242x19893111

Vavatsikos, A. P., Demesouka, O. E., & Anagnostopoulos, K.
P. (2019). GIS-based suitability analysis using fuzzy PRO-
METHEE. Journal of Environmental Planning and Man-
agement. https://doi.org/10.1080/09640568.2019.1599830

Wang, G., Qin, L., Li, G., & Chen, L. (2009). Landfill site
selection using spatial information technologies and AHP:
A case study in Beijing China. Journal of Environmental
Management, 90(8), 2414-2421. https://doi.org/10.1016/].
jenvman.2008.12.008

Yalcinkaya, S., & Kirtiloglu, O. S. (2020). Application of a
geographic information system-based fuzzy analytic hier-
archy process model to locate potential municipal solid
waste incineration plant sites: A case study of Izmir Met-
ropolitan Municipality. Waste Management & Research.
https://doi.org/10.1177/0734242X20939636

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.


https://doi.org/10.1007/s11356-020-10128-0
https://doi.org/10.1007/s11356-020-10128-0
https://doi.org/10.1007/s10661-018-7146-9
https://doi.org/10.1007/s10661-018-7146-9
http://www.citypopulation.de/en/iran/bushehr/
http://www.citypopulation.de/en/iran/bushehr/
https://doi.org/10.1016/j.wasman.2019.01.015
https://doi.org/10.1016/j.wasman.2019.01.015
https://doi.org/10.1016/j.omega.2014.11.009
https://doi.org/10.1016/j.omega.2014.11.009
https://doi.org/10.1007/s10661-019-7975-1
https://doi.org/10.1007/s10661-019-7975-1
https://doi.org/10.1007/s00254-005-0075-2
https://doi.org/10.1007/s00254-005-0075-2
https://doi.org/10.1007/s12517-020-06087-y
https://www.bushehrmet.ir/SC.php?type=static&id=13
https://www.bushehrmet.ir/SC.php?type=static&id=13
https://doi.org/10.1016/j.psep.2013.11.005
https://doi.org/10.1016/j.wasman.2011.04.013
https://doi.org/10.1177/0734242x19893111
https://doi.org/10.1177/0734242x19893111
https://doi.org/10.1080/09640568.2019.1599830
https://doi.org/10.1016/j.jenvman.2008.12.008
https://doi.org/10.1016/j.jenvman.2008.12.008
https://doi.org/10.1177/0734242X20939636

	Solid waste disposal site selection using geospatial information technologies and fuzzy analytic hierarchy process (FAHP): a case study in Bandar Bushehr, Iran
	Abstract 
	Introduction
	Material and methods
	Geographical description of the study area
	Data collection

	Research methodology
	Criteria selection for suitable landfill site
	Weight calculation using fuzzy analytic hierarchy process (FAHP)
	Fuzzy extent analysis
	Weighted overlay analysis (WOA)
	Assessment of the accuracy of the site selection map

	Results and discussion
	Description of criteria
	Land use criteria
	Hydrological criteria
	Soil criteria
	Climate criteria
	Geology criteria
	Criteria related to infrastructure
	Socio-economic criteria

	Identification of suitable areas for landfill
	The best site characteristic
	The accuracy of the site selection map
	Minimum size land area required for landfill

	Conclusions
	Acknowledgements 
	References




