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ABSTRACT
Appropriate planning and strategies in Municipal Solid Waste (MSW)
management could significantly decrease environmental and
economic costs imposing on both management authorities and
local communities. MSW landfill siting has been a growing
challenge since unsuitability of landfills could cause destructive
impacts on the environment and human health in addition to
economic costs. In this study, Analytic Hierarchy Process (AHP)
and Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS) are utilised in an integrated decision-making
framework to develop an efficient Suitability Index (SI) to assess
the suitability of landfills of New South Wales, Australia, with
respect to a comprehensive set of evaluation criteria. A
preliminary factors map and a concluding composite SI map are
developed in the geographic information system environment,
and a solid ranking scheme is proposed to assess the landfills. A
wide range of statistical analysis is conducted to obtain practical
and specific results for different divisions in three different
managerial scenarios. Comprehensiveness of the applied decision-
making model, efficiency of the developed SI and adequacy of the
performed statistical analysis provide a competent supporting tool
for the authorities for ongoing landfills replacement plans,
rehabilitation plans and future landfill siting programs.
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Introduction

In addition to economic issues, a poor waste management system including unsuitable and
unsanitary landfilling causes short-term and long-term destructive effects on the physical
environment and public health: this highlights the importance of efficient disposing
methods and landfill site selection (Akbari et al. 2008; Asefi, Lim, and Maghrebi 2015;
Chang, Parvathinathan, and Breeden 2008; Sumathi, Natesan, and Sarkar 2008).

Adopting appropriate landfilling plans and proper landfill site selection could signifi-
cantly reduce potential hazards, operational expenses and environmental risks of waste
disposal. For instance, selecting low slope lands for a landfill site reduces excavation
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and construction costs and it also leads to the minimised erosion and water runoff (Atkin-
son et al. 1995; Oyinloye and Fasakin 2013; Yesilnacar and Cetin 2005). Selecting the lands
where permeability of soil is at a low level could be another example. That is, lower per-
meability of soil could reduce the expenses of liner installation which is a necessary
expense of operations at the landfill site. It can prevent the pollution of soil by the leachate
at the site and consequently minimise the risk of groundwater pollution (Moeinaddini
et al. 2010).

Efficient landfill site selection necessitates taking different criteria into consideration to
conduct an extensive evaluation procedure for finding the optimal locations which result
in minimising environmental, health, economic and social costs. On the other hand, it
must comply with the governmental regulations and satisfy expectations of the involved
stakeholders and authorities (Sumathi, Natesan, and Sarkar 2008). Accordingly, such a
complex process necessitates utilising both Multi-Criteria Decision Making (MCDM)
methods and Geographic Information System (GIS) (Kontos, Komilis, and Halvadakis
2003). Integration of MCDM methods and GIS for the suitability analysis of areas for
landfill siting has been widely applied by many researchers in different ways (Chang, Par-
vathinathan, and Breeden 2008; Charnpratheep, Zhou, and Garner 1997; Dörhöfer and
Siebert 1998; Hussey, Dodd, and Dennison 1996; Javaheri et al. 2006; Kao and Lin
1996; Kao, Lin, and Chen 1997; Kontos, Komilis, and Halvadakis 2003; Moeinaddini
et al. 2010; Sharifi 2004; Siddiqui, Everett, and Vieux 1996; Vatalis and Manoliadis
2002; Wang et al. 2009; Yesilnacar and Cetin 2005). A technique typically employed in
these studies includes prioritising qualitative and quantitative criteria through a MCDM
method and overlaying the contributing factors via GIS in order to visualise a suitability
map for evaluating the suitability of landfill siting in the study area.

Among many MCDM methods, the Analytic Hierarchy Process (AHP) as a well-
known and straightforward method has been utilised efficiently in landfill site selection
studies (Wang et al. 2009). The first effort to couple AHP with GIS for landfill siting
studies was performed by Siddiqui, Everett, and Vieux (1996). Since then, applications
of AHP in the GIS environment have been widely utilised for landfill site selection
studies for different regions (Donevska et al. 2012; Javaheri et al. 2006; Kara and
Doratli 2012; Kontos, Komilis, and Halvadakis 2003; Kumar and Hassan 2013; Moeinad-
dini et al. 2010; Şener et al. 2010; Şener, Sener, and Karagüzel 2011; Uyan 2014; Vasiljević
et al. 2012; Wang et al. 2009).

The Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) is one
of the classical efficient MCDM methods developed by Hwang and Yoon (2012). Having
outstanding strengths such as simultaneous consideration of both ideal and non-ideal sol-
utions for evaluation, straightforward computation procedure and sound logic make
TOPSIS an efficient MCDM method especially for ranking of alternatives (Önüt and
Soner 2008). Priorities, ratings and weights of the criteria in TOPSIS are given as crisp
values. The most recent applications of TOPSIS in landfill suitability analysis and
landfill site selection studies can be found in Beskese et al. (2015); Yal and Akgün
(2014); Pires, Chang, and Martinho (2011); Mir et al. (2016); Büyüközkan and Çifçi
(2012); and Demesouka, Vavatsikos, and Anagnostopoulos (2013). Although various
applications of TOPSIS exist in landfill site selection studies, TOPSIS has been utilised
just to rank a few final alternatives sites found after preliminary suitability analysis of
the study areas by the other MCDM methods i.e. a few final alternatives were ranked
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by TOPSIS when Positive Ideal Solution (PIS) and Negative Ideal Solution (NIS) were set
with respect to the values of the alternatives and were not based on the feasible values
within the entire study area. To the best of the authors’ knowledge, TOPSIS has not
been utilised in the evaluation procedure of an entire study area. Hence this work aims
to couple TOPSIS with AHP to develop an intensive evaluation index which involves
all the contribution criteria and their relative importance in a concrete integrated format.

One of the main purposes of this study is to evaluate the suitability of the existing
municipal solid waste landfills by developing a composite suitability map of landfill
siting in terms of the key criteria derived from the state regulations on landfill siting,
and those criteria in the literature. To do this, AHP and TOPSIS are utilised in an inte-
grated framework in the GIS environment. Consequently, the proposed approach is an
integration of AHP and TOPSIS which will enable the institutionalisation of a new and
highly reliable index to measure suitability of the landfills by considering the contributing
criteria and their relative importance in a well-proportioned range with respect to the feas-
ible values of PIS and NIS.

Study area

While the proposed approach to suitability assessment of the MSW landfills is designed as
a flexible method to be applied to any area, it is tested and analysed for a real case study.
New SouthWales (NSW) is chosen as a study area because it is the most populated state in
Australia with a population of 7.6 million people of a highly diverse distribution in an area
of 800,792 km2 located in the south-eastern region of Australia. (Australian Bureau of
Statistics 2015). The highly diverse population distribution can be seen in the populations
of 12 Statistical Divisions (SDs) in NSW which vary in a range between 22,817 and
4,336,374 people. The mainland of NSW has a highest altitude of 2,121 m. Figure A1 of
supplementary data shows NSW and its 12 SDs. The test results are further analysed
for SDs within the state under different managerial scenarios.

Evaluation methodology

The key criteria for suitability evaluation of the study area are derived from Protection of the
Environment Operations Act 1997 (EPA 1999), NSW Environment Protection Authority
(EPA) guidelines on Solid Waste Landfills (EPA 1999; NSW 1996) and the most credible
relevant studies (Akbari et al. 2008; Charnpratheep, Zhou, and Garner 1997; Dörhöfer
and Siebert 1998; Kontos, Komilis, and Halvadakis 2003; Moeinaddini et al. 2010; Sharifi
2004; Siddiqui, Everett, and Vieux 1996; Sumathi, Natesan, and Sarkar 2008; Şener et al.
2010; Şener, Sener, and Karagüzel 2011; Wang et al. 2009; Yesilnacar and Cetin 2005).
The criteria are classified into three groups: (i) Socio-ecological, (ii) Economic and (iii) Geo-
logical and Geomorphological; resulting in the nine factors as shown in Figure 1. Factor
weights are then calculated through a series of pairwise comparisons by AHP, based on
the gathered opinions of nine experts by using the Delphi method (Delbecq, Van de Ven,
and Gustafson 1975). The Delphi method starts with receiving the experts’ opinions and
terminates when a considerable consensus is achieved. The weights obtained from AHP
are then utilised as an input to TOPSIS to calculate the suitability index value of the
study area. Implementing the proposed AHP-TOPSIS, the five-grade range (scored 1–5)
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of suitability is considered for each of the factors. The final composite suitability map is
developed by overlaying the nine factors. This suitability map shows the distinguishing
four suitability ranks (Rank 1: Highly suitable, Rank 2: Suitable, Rank 3: Unsuitable and
Rank 4: Highly unsuitable). The suitability indices of the existing landfills and their corre-
sponding suitability ranks are then calculated using the proposed method.

The evaluation factors

Proximity to residential areas
Proximity of a landfill to residential areas is an important factor in landfill siting in terms
of potential health hazards on nearby population, not in my backyard (NIMBY) syndrome
and economic justifications. To consider environmental and biodiversity concerns,
according to the Protection of the Environment Operations ACT 1997 (EPA 1999),
landfills must not be located within 250 m of residential and some other vulnerable
areas such as national parks and historical sites. To consider this, a 250-m buffer zone
is first applied to residential areas and sensitive areas sourced from the Catchment-scale
Land Use of Australia Map (CLUM) (Department of Agriculture and Water Resources
[DAWR] 2015); areas within the buffer zone are excluded from further analysis. The
study area is then scored based on proximity to residential areas. Scoring is based on
the assumption that a landfill in close proximity to the residential areas is not suitable
due to potential health hazards and NIMBY syndrome, and too far means also unattractive
in a view of planners for economic reasons such as transportation costs (Moeinaddini et al.
2010). Accordingly, five intervals are set to score areas as described in Table 1 where 40 km
was set as the maximum preferable distance (Moeinaddini et al. 2010).

Land cover
The type of land cover is a significant factor for landfill site selection, playing an important
role in environmental and economic justifications. While bare, agricultural and unused

Figure 1. The decision hierarchy structure for MSW landfill suitability in NSW.
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Table 1. The factors suitability ranges and scores.

Factor/ factor
suitability range

Socio-ecological factors Economic factors
Geological and geomorphological

factors

Allocated
Score (1–5)

(a) Proximity to
residential areas (b) Land cover

(c) Proximity to
surface water

(d) Groundwater
vulnerability

(e) Proximity to
waste generation

hubs
(f) Proximity to
major roads

(g) Soil
texture

(h)
Slope

(i)
Altitude

Very Good 0.5–5.5 (km) Barren areas >2 (km) Low Vulnerability >1,000 <0.5 (km) Clays/Light
Clays

0–10° 500–600
(m)

5

Good 5.5–11 (km) Savannas and
grasslands

1.5–2 (km) Low Moderate
Vulnerability

100–1,000 0.5–1 (km) Clay Loams 10°−20° 600–800
(m)

4

Medium 11–40 (km) Croplands, cropland/
natural vegetation
mosaics

1–1.5 (km) Moderate
Vulnerability

10–100 1–1.5 (km) Loams 20°−30° <500 (m) 3

Poor >40 (km) Shrublands 0.5–1 (km) Moderate High
Vulnerability

1–10 1.5–2 (km) Sandy Loams 30°−40° 800–1000
(m)

2

Very Poor <0.5 (km) Forests <0.5 (km) High/Very High
Vulnerability

<1 >2 (km) Sands >50° > 1,000
(m)

1
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lands are emphasised as highly suitable for landfill siting; mountains, rock outcrops, dense
and sparse forests are unattractive and highly unsuitable for landfill siting (Oyinloye and
Fasakin 2013; Wang et al. 2009). As a result, the land cover map derived from Moderate
Resolution Imaging Spectroradiometer (MODIS) Land Cover Type, MCD12Q1 (NASA
LP DAAC 2013) is utilised and re-classified to five suitability categories scored 1 to 5 as
seen in Table 1.

Proximity to surface water
According to the NSW Environment Protection Authority (EPA 1999), landfills cannot be
established within 40 m of a permanent or intermittent water bodies. Also, lands within
3 km from top water level of the drinking water storages are not permitted for landfill
siting. Accordingly, the buffers mentioned are applied to the maps of surface water
sourced from CLUM (DAWR 2015) and drinking water storages (Geoscience Australia
2003). Then, the suitability of the area for the proximity to surface water is scored out
of five values (Table 1) based on Wang et al. (2009).

Groundwater vulnerability
Areas where there is a high risk of groundwater pollution should be avoided for landfill
siting. According to the Protection of the Environment Operations Act 1997, landfills
cannot be located in areas the NSW Department of Land and Water Conservation
(DLWC) assessed as ‘high’ or ‘very high’ groundwater vulnerability. Accordingly, the
map of Groundwater Vulnerability developed by NSW DLWC & NSW Land and Prop-
erty Information (LPI) (2001) is utilised in this study. Five grades of groundwater vul-
nerability based on Depth to water table; net Recharge; Aquifer media; type of Soil;
Topography; Impact of the vadose zone, and hydraulic Conductivity (DRASTIC) are
distinguished by the map for NSW where scores are shown as in Table 1.

It is noticeable that, because the map provided was not complete for the entire NSW
at the time of conducting this study, the map of the Groundwater Table Depth was used
as a complement for the rest of NSW by extracting bores (BOM 2016) that are used for
groundwater condition monitoring, exploration or research and interpolating the mean
standing water levels. The rest of NSW (which is not covered in the Groundwater
Vulnerability map) is scored in five zones where the zones with deep enough
groundwater depths (>15 m) are given the highest priority and the zones with
shallow depths of groundwater (<5 m) are given the least suitable areas for landfill
siting (see Table 1).

Proximity to population hubs
The study area in this research covers a vast area of 800,792 km2 with highly diverse popu-
lation densities in different parts. Locating landfills in some remote areas may satisfy
environmental criteria; however, such areas too far from population hubs may not be
attractive in terms of economic justifications because locating landfills too far from gen-
eration sources results in increased expenses for transportation and operational costs
(Wang et al. 2009). Accordingly, the map of population densities is developed based on
populations of 129 Local Government Areas (LGAs) which vary from 0 to 7,865 (ABS
2015). To develop the population density map, the weighted average of population den-
sities is calculated for every point where the weights represent the proportion of overlap
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between a neighbouring Voronoi polygon and the areas of LGAs surround each point
(Sibson 1981). The map is then used to distinguish five scored classes as presented in
Table 1 where a higher score is given to areas with a higher population density.

Proximity to major roads
While locating landfills too close to major roads is unsuitable due to interfering with the
current traffic (Akbari et al. 2008; Wang et al. 2009), locating far from the available major
roads causes additional costs and makes these areas unattractive in terms of economic cri-
teria (Şener et al. 2010; Yesilnacar and Cetin 2005). Accordingly, the map of roads and
railways sourced from CLUM (DAWR 2015) is utilised to make a 100-m buffer zone
on each side of the roads and then the suitability of the areas is scored from 1 to 5
based on the proximity to the roads as presented in Table 1.

Soil texture
Soil type as one of the important geological characteristics of land is a highly recognised
factor in landfill site selection (Dörhöfer and Siebert 1998; Moeinaddini et al. 2010; Oyin-
loye and Fasakin 2013; Sadek, El-Fadel, and El-Hougeiri 2001; Sharifi 2004). Suitability of
soil type for landfill siting purposes (mainly low permeability) could significantly reduce
the risk of leachate contamination and consequent possible groundwater pollution and its
lining costs in landfills (Moeinaddini et al. 2010; Sharifi 2004).

Soil texture and its clay content is an important factor affecting the soil permeability
which could minimise destructive environmental threats of landfills. Generally, clay-
rich soils (more than 50 per cent clay) are highly suitable for landfill siting (Sharifi
2004). Accordingly, the map of texture grades sourced from soilAtlas2M (NRIC 1991)
is utilised where the grouping base is adapted from McKenzie et al. (2000). The map is
then reclassified into the five scored ranges (based on the clay-content) as described in
Table 1.

Slope
Low slope lands are good for landfill siting because of the minimal excavation and con-
struction costs, erosion and water runoff (Atkinson et al. 1995; Oyinloye and Fasakin
2013; Yesilnacar and Cetin 2005). Accordingly, The slope of the study area is calculated
using the 9-arcsecond digital elevation model (DEM) Australia v3 (Australia 2008) and
then divided into five ranges giving higher scores to low slope ranges (Table 1).

Elevation
While very low-altitude areas are unsuitable for landfill siting because of the risk of floods
and high level erosion, excessively high-altitude areas increase the establishment and oper-
ational costs (Akbari et al. 2008; Charnpratheep, Zhou, and Garner 1997; Kontos, Komilis,
and Halvadakis 2003; Şener et al. 2010; Yesilnacar and Cetin 2005). Accordingly, the study
area is scored in the five grade ranges as presented in Table 1 where the moderate altitude
areas are given higher scores.
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Evaluation technique

The adopted AHP-TOPSIS allows for developing an efficient coefficient for
suitability assessment with respect to the nine Evaluation Factors. AHP is
firstly employed to weigh the Evaluation Factors and compute the factors related to
the importance in the decision model. TOPSIS is then utilised to develop the
Suitability Ranks where the values of relative closeness coefficient to the ideal
solution calculated by TOPSIS are employed as the Suitability Index (i.e. pixel values
in the final map). The adopted integrated AHP-TOPSIS is described in the following
phases.

Phase 1: weighting the factors using AHP
To find the weights of the factors, pairwise comparisons for each level of the hierarchy
are conducted. All the values for a given element are compared pairwise,
resulting in the weight of each element (criteria) in the hierarchy (w′). The final
weights (Wj) for the nine factors are then calculated by normalising the weights of
their corresponding elements in the hierarchy. Table 2 presents the final weights of
the nine factors. Finally, to evaluate the goodness and validity of pairwise comparisons,
Consistency Ratio (CR) values were calculated and compared to 0.1 i.e. lower
values than 0.1 indicate the validity of the resulted weights (Eastman 2003; Wang
et al. 2009).

Phase 2: grading the factors suitability ranges and developing the suitability ranks
using TOPSIS
TOPSIS, as a well-known and widely accepted MCDM method, evaluates the goodness of
alternatives based on their closeness to the both best and worst cases. That is, ranking
alternatives are conducted based on the shortest distance from the positive ideal solution
and the farthest distance from the negative ideal solution. Regarding the allocated scores
for the five ranges of the nine factors (See Table 1), the Suitability Index Limits for the five
suitability ranges and the four Suitability Ranks are developed as follows based on (Opri-
covic and Tzeng 2004):

Step 1: Formation of the decision matrix X = (xij)m×n. Let m denote the number of
feasible alternatives. Then, each alternative is evaluated with respect to n criteria, whose
values form a decision matrix denoted by X = (xij)m×n where xij is the value of j

th criterion
(factor) for the ith alternative.

Table 2. The final factors weights.
Factor Wj

(a) Proximity to residential areas 0.222
(b) Land cover 0.194
(c) Proximity to surface water 0.043
(d) Groundwater vulnerability 0.043
(e) Proximity to waste generation hubs 0.188
(f) Proximity to major roads 0.063
(g) Soil texture 0.111
(h) Slope 0.097
(i) Altitude 0.043
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Here, regarding the considered five suitability ranges (m = 5) and the nine factors
(n = 9) as described in Table 1, the decision matrix is given as follows:

X =

Factor

Very Good

Good

Medium

Poor

Very Poor

a b c d e f g h iii
5 5 5 5 5 5 5 5 5

4 4 4 4 4 4 4 4 4

3 3 3 3 3 3 3 3 3

2 2 2 2 2 2 2 2 2

1 1 1 1 1 1 1 1 1

⎡
⎢⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎥⎦

Step 2: Normalisation of the decision matrix. Each attribute value xij in the matrix X is
normalised with a corresponding value rij in a normalised decision matrix (R) by Equation
(1).

rij =
xij���������∑m
j=1 x

2
ij

√ i = 1, 2, 3, . . . , m; j = 1, 2, 3, . . . , n. (1)

Accordingly, the normalised decision matrix is calculated as follows:

R =

Factor

Very Good

Good

Medium

Poor

Very Poor

a b c d e f g h iii

0.6742 0.6742 0.6742 0.6742 0.6742 0.6742 0.6742 0.6742 0.6742

0.5394 0.5394 0.5394 0.5394 0.5394 0.5394 0.5394 0.5394 0.5394

0.4045 0.4045 0.4045 0.4045 0.4045 0.4045 0.4045 0.4045 0.4045

0.2697 0.2697 0.2697 0.2697 0.2697 0.2697 0.2697 0.2697 0.2697

0.1348 0.1348 0.1348 0.1348 0.1348 0.1348 0.1348 0.1348 0.1348

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

Step 3: Calculation of the weighted normalised decision matrix (V). Using the resulted
weights (Wj) in Phase 1 (See Table 2), the weighted normalised value vij for the i

th alterna-
tive (factor suitability grade) and the jth criterion (factor) is calculated by Equation (2).

vij = Wj∗ rij i = 1, 2, 3, . . . , m; j = 1, 2, 3, . . . , n. (2)

where Wj is the weight of jth criterion (factor), and
∑n
j=1

Wj = 1.
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Accordingly, the weighted normalised decision matrix is calculated as follows:

V =

Factor

Very Good

Good

Medium

Poor

Very Poor

a b c d e f g h iii

0.1497 0.1308 0.0290 0.0290 0.1267 0.0425 0.0748 0.0654 0.0290

0.1197 0.1046 0.0232 0.0232 0.1014 0.0340 0.0599 0.0523 0.0232

0.0898 0.0785 0.0174 0.0174 0.0760 0.0255 0.0449 0.0392 0.0174

0.0599 0.0523 0.0116 0.0116 0.0507 0.0170 0.0299 0.0262 0.0116

0.0299 0.0262 0.0058 0.0058 0.0253 0.0085 0.0150 0.0131 0.0058

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

Step 4: Determination of the positive and negative ideal solutions. Using Equations (3) and
(4), the set of positive ideal solutions (A+) and the set of negative ideal solutions (A−) are
calculated respectively.

A+ = max
i

vij\j [ I′
( )

, min
i

vij\j [ I′′
( ){ }

= {V+
1 , . . . , V

+
j } (3)

A− = min
i

vij\j [ I′
( )

, max
i

vij\j [ I′′
( ){ }

= {V−
1 , . . . , V

−
j } (4)

where V+
j and V−

j are the positive and negative ideal solutions for the jth criterion (factor)
respectively; and I′ is associated with the benefit criterion (the higher the better), and I′′ is
associated with the cost criterion (the lower the better). Here, regarding the allocated
scores for the adopted five suitability ranges in ascending order, I′′ = ∅ and the ideal sol-
utions are as follows:

Factor a b c d e f g h i
V+ 0.1497 0.1308 0.0290 0.0290 0.1267 0.0425 0.0748 0.0654 0.0290
V− 0.0299 0.0262 0.0058 0.0058 0.0253 0.0085 0.0150 0.0131 0.0058

Step 5: Measurement of the distances from the positive and negative ideal solutions.
The separation measures from the ideal solutions are calculated in this step using the
n-dimensional Euclidean distance. The separation of each alternative from the positive
ideal solution and negative ideal solution is computed by Equations (5) and (6)
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respectively.

S+i =
�����������������∑n
j=1

(vij − V+
j )

2

√√√√ i = 1, 2, 3, . . . , m. (5)

S−i =
�����������������∑n
j=1

(vij − V−
j )

2

√√√√ i = 1, 2, 3, . . . , m. (6)

Accordingly, the distances from the positive and negative ideal solutions for the five
suitability ranks are calculated as presented in Table A1 of supplementary data.

Step 6: Calculation of the relative closeness coefficient to the ideal solutions. The relative
closeness coefficient of the ith alternative with respect to the ideal solutions is defined as
follows which is employed as the Suitability Index Limits (S.I.L) for the factors suitability
ranges:

(S.I.L)i = Ci = S−i
S+i + S−i

i = 1, 2, 3, . . . , m. (7)

S+i , S−i ≥ 0 ; So, Cj [ [0, 1].
The resulting Suitability Index Limits for the five suitability ranges are then computed

as described in Table A1 of supplementary data.
Step 7: Ranking of the preference order. A set of alternatives is ranked according to the

descending order of Ci. That is, the larger Ci the better alternative. Here, based on the
resulted limits for the five suitability ranges, the four suitability ranks are considered as
described in Table 3.

Phase 3: developing the suitability Index
For every location, the Suitability Index (S.I) is calculated based on the corresponding
values of the point for the nine Evaluation Factors. First, regarding the defined ranges
in Table 1, the real values of every point for the nine factors are converted to nine
values of vij which resulted in Phase 2, Step 3 (e.g. for a point x where Slope is 27

◦
, the

resulting value of v for the factor Slope (h) is equal to vhx = 0.0392). Accordingly, based
on the resulting values of V+ and V− in Phase 2, Step 4 and Equations (5)–(7), the Suit-
ability Index for a point x is calculated as follows:

(S.I)x =
���������������������∑

q[Q (v
q
x − V−q)2

√
���������������������∑

q[Q (v
q
x − V+q)2

√
+

���������������������∑
q[Q (v

q
x − V−q)2

√ (8)

Table 3. The developed four suitability ranks.
Rank Linguistic define Suitability index range

Rank 1 High Suitable 0.75 ≤ S.I ≤ 1
Rank 2 Suitable 0.5 ≤ S.I , 0.75
Rank 3 Unsuitable 0.25 ≤ S.I , 0.5
Rank 4 High Unsuitable 0 ≤ S.I , 0.25
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where vqx is the value of the weighted normalised matrix (V) for the factor
q [ Q = {a, b, c, d, e, f , g, h, i} at a point x which has to be selected from the resulting
values in Phase 2, Step 3; and V+q and V−q are the positive and negative ideal solutions
for the factor q [ Q which result from Phase 2, Step4.

An exemplification is explained in Supplementary data, for clearer demonstration for
calculation of S.I.

Results and discussion

Developing the suitability Index map

The nine preliminary maps of the nine Evaluation Factors are produced based on the
defined criteria in Section ‘The evaluation factors’ and the resultant ranges as summarised
in Table 1. The preliminary factor maps are then reclassified in five-grade ranges based on
the resulted values of the weighted normalised decision matrix (vij) for the nine factors (see
Section ‘Evaluation technique’). Then, the final composite map is produced via the overlay
technique by aggregating the nine factor maps using Equation (8). The final suitability
map showing the Suitability Index for the entire study area is presented in Figure 2
(upper figure). The resultant classification in the four Suitability Ranks is also depicted
in Figure 2 (lower figure).

The final Suitability Index map resulted in the mean S.I = 0.5 for the study area. As can
be seen in Figure 2 (upper figure), S.I is mostly higher in the middle-eastern part of NSW
where the dominant land cover is croplands and altitude is between 500 −1,000 m. The
ranking scheme results in distinguishing 16 km2; 45,059 km2; 32,789 and 25 km2 for
the defined four suitability ranks (Table 4) where Ranks 1 and 2 cover approximately
58 per cent of the study area.

Assessing the existing landfills

The map of the existing 502 MSW landfills in NSW (including the lands used for disposal
of solid inert wastes, but not including the overburden wastes from processing plants,
hazardous wastes etc.) sourced from CLUM (DAWR 2015) is presented in Figure 3.
The size of the landfills varies in a range of 2,500–3,150,000 m2 where the calculated
mean size and the total area of the 502 landfills are 89,542 m2 and 44.95 km2 respectively.
The mean S.I for the existing landfills is 0.470. The maximum and minimum values of S.I
are 0.739 and 0.251 respectively; where the highest suitable MSW landfill site is located in
Hunter with an area of 2,500 m2 and the lowest scored landfill is accommodated in Sydney
and its area is 2,500 m2.

Considering the applied ranking scheme, 0 per cent, 41 per cent, 59 per cent and 0 per
cent of the existing MSW landfills in NSW are distinguished as Ranks 1–4 respectively.

Preliminary observation of the data shows the higher S.I in larger landfill sites.
However, to statistically test the hypothesis that there is a meaningful relationship
between the size of landfills and S.I, a significance test is performed for the 502 MSW
landfills within the state. To investigate the hypothesis (H0:R = 0, H1:R = 0) where R
represents the correlation between X (size of landfill site) and Y (Suitability Index),
Two-tailed Test of Significance is conducted in SPSS 22.0 with the Pearson method
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Figure 2. The Suitability Index map (upper figure) and Suitability Rank map (lower figure) of NSW.
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selected on the basis of the efficiency of the number of the samples. Table 5 shows the test
results where Significance Level is considered as a = 0.05. As can be seen in Table 5,
sig = 0.002 ≤ a, therefore H0 is rejected. That is, there is a significant correlation
between the two variables at the value of R = 0.137. This result suggests that stricter regu-
lations and concerns might have been executed for the larger landfill sites.

Regional-based analysis
The vastness of the study area (800,792 km2) necessitates the provision of more detailed
results for different regions within the state. Table 6 summarises the results for 12 SDs in

Table 4. The distinguished areas of the four suitability rank within the NSW.
Suitability Rank Area (km2) Proportional area within NSW (%)

Rank 1 16 0.02%
Rank 2 45059 57.85%
Rank 3 32789 42.10%
Rank 4 25 0.03%

Figure 3. The Suitability Rank and the existing MSW Landfill sites in NSW.

Table 5. Correlation significance test.
Landfill Size Landfill S.I

Landfill Size Pearson Correlation 1 .137
Sig. (2-tailed) .002
N 502 502

Landfill S.I Pearson Correlation .137 1
Sig. (2-tailed) .002

N 502 502
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Table 6. The results of division-based analysis.

Statistical
Division

The study distinguished areas: Area (km2) (Proportion %) Existing landfills: Area (km2) (Proportion %)

Rank 1 Rank 2 Rank 3 Rank 4
Avg
of S.I

Rank
1 Rank 2 Rank 3

Rank
4 Total

Avg of
landfill

size (km2)
Avg
of S.I

Exploitation
ratio

Sydney 102.2 (2.5%) 1636.8 (40.4%) 2313.8 (57.1%) 0.3 (0.0%) 0.48 0.0
(0.0%)

7.8 (51.1%) 7.4 (48.9%) 0.0
(0.0%)

15.2 (33.8%) 0.12 0.48 0.446%

Hunter 19.1 (0.1%) 11232.0 (54.8%) 9170.5 (44.8%) 68.5 (0.3%) 0.52 0.0
(0.0%)

6.3 (73.0%) 2.3 (27.0%) 0.0
(0.0%)

8.7 (19.3%) 0.26 0.47 0.056%

Illawarra 13.0 (0.3%) 2412.7 (56.2%) 1869.3 (43.5%) 0.4 (0.0%) 0.50 0.0
(0.0%)

0.4 (29.5%) 1.1 (70.5%) 0.0
(0.0%)

1.5 (3.4%) 0.05 0.43 0.018%

Richmond-
Tweed

0.0 (0.0%) 3069.5 (40.0%) 4603.1 (59.9%) 9.1 (0.1%) 0.48 0.0
(0.0%)

0.1 (6.0%) 1.3 (94.0%) 0.0
(0.0%)

1.4 (3.1%) 0.09 0.40 0.003%

Mid-North
Coast

0.0 (0.0%) 6991.3 (38.4%) 11173.3 (61.3%) 64.9 (0.4%) 0.48 0.0
(0.0%)

0.4 (40.6%) 0.6 (59.4%) 0.0
(0.0%)

1.0 (2.2%) 0.05 0.40 0.006%

Northern 0.0 (0.0%) 69800.4 (78.0%) 19709.8 (22.0%) 13.3 (0.0%) 0.54 0.0
(0.0%)

1.6 (57.4%) 1.2 (42.6%) 0.0
(0.0%)

2.7 (6.1%) 0.05 0.49 0.002%

North Western 0.0 (0.0%) 136298.7 (71.7%) 53748.4 (28.3%) 6.4 (0.0%) 0.52 0.0
(0.0%)

1.0 (38.2%) 1.5 (61.8%) 0.0
(0.0%)

2.5 (5.6%) 0.04 0.45 0.001%

Central West 0.0 (0.0%) 45681.9 (80.5%) 11038.0 (19.5%) 3.9 (0.0%) 0.54 0.0
(0.0%)

2.1 (67.4%) 1.0 (32.6%) 0.0
(0.0%)

3.1 (7.0%) 0.06 0.51 0.005%

South Eastern 0.0 (0.0%) 26923.6 (69.7%) 11692.3 (30.3%) 18.9 (0.0%) 0.54 0.0
(0.0%)

0.9 (45.7%) 1.1 (54.3%) 0.0
(0.0%)

2.0 (4.4%) 0.05 0.46 0.003%

Murrumbidgee 0.0 (0.0%) 42066.1 (71.2%) 17025.9 (28.8%) 4.6 (0.0%) 0.52 0.0
(0.0%)

0.9 (24.5%) 2.6 (75.5%) 0.0
(0.0%)

3.5 (7.8%) 0.07 0.48 0.002%

Murray 11.9 (0.0%) 32111.9 (39.5%) 49259.9 (60.5%) 2.0 (0.0%) 0.47 0.0
(0.0%)

1.1 (53.6%) 1.0 (46.4%) 0.0
(0.0%)

2.1 (4.6%) 0.09 0.48 0.003%

Far West 0.1 (0.0%) 48991.5 (35.7%) 88155.6 (64.3%) 11.5 (0.0%) 0.47 0.0
(0.0%)

0.8 (65.7%) 0.4 (34.3%) 0.0
(0.0%)

1.2 (2.7%) 0.17 0.46 0.002%
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terms of the ranked areas, mean S.I for the entire area, sizes and the resultant values of S.I
for the existing MSW landfills. As can be seen in Table 6, Sydney and Hunter have the
most potential areas for suitable landfill siting where 2.5 per cent and 0.1 per cent areas
of their total areas respectively are Rank 1. However, none of the existing landfills
located in these divisions respectively are Rank 1. Among the 12 SDs, the largest area
of the existing landfills (i.e. 33.8 per cent) is located in Sydney. While the mean S.I for
the entire area of this SD is 0.48, the average S.I for its located existing landfills is also
0.48 which shows that the existing landfills have been properly sited but more efficient
landfill siting plans could be possible. An exploitation ratio is defined as the utilisation
rate of landfills against the available capacity of SDs. Therefore the cumulative percentages
of the existing landfills in Rank 1 and 2 areas could be considered as exploitation ratios.
Considering these values (see Table 6), it can be concluded that stricter regulations and
sensible landfill siting plans have been executed in more populated SDs where demands
for landfill siting are higher and larger landfills established (e.g. Sydney and Hunter
whose Exploitation Ratios are 0.446 per cent and 0.056 per cent respectively).

Scenario-based analysis
To analyse the suitability of the landfills with respect to different managerial aspects, three
different scenarios are considered based on the categorising approach adopted for the
evaluation criteria (see Figure 1). The resulted S.I and the corresponding ranking of the
existing landfills for the three scenarios are presented in Figure 4.

As can be seen in Figure 4, the S.I of the existing landfills is higher in cases when Geo-
logical and Geomorphological factors and Economic factors are considered solely. It can
imply the higher importance of these factors in a view of the planers and authorities in
addition to the availability of high suitable lands within the study area in terms of suitable
soil type for landfill siting. On the other hand, the S.I of the existing landfills is lower with
respect to Socio-ecological factors which could be reasoned to low capacities of suitable
lands with respect to these factors and/or less stricter regulations imposed by the auth-
orities with respect to these factors.

Figure 4. Ranking of the existing landfills for the three scenarios.
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The separate specific results for the 12 SDs are elaborated and summarised in Table A2
of supplementary data to provide the mean values of S.I and the ranked results for the
existing landfills corresponding to each scenario.

Considering Socio-ecological factors, Northern and Central West have the largest areas
of relatively high Suitable landfills (Rank 2) which can be reasoned in terms of their vast
areas of land cover types of savannas, grasslands and croplands. In terms of Economic
factors, Sydney has the highest S.I and the largest areas of High Suitable landfills (Rank
1) which reflect its high population densities. In terms of Geological and Geomorpholo-
gical factors, Far West and North Western regions have the highest values of S.I within
the state and Northern and Murray have the largest area of High Suitable landfills
which can be attributed to dominant soil type in these divisions (i.e. clay) which is suitable
for landfill siting.

Factor-based analysis
Finally, to analyse the suitability of the existing landfills in terms of each evaluation factor,
the landfills are evaluated with respect to the nine Evaluation Factors independently by
two measurement scores:

N.S.S: Non-weighted Suitability Score in a five-grade range of 1–5 (Table 1) and, W.S.S:
Weighted Suitability Score which included the weights of the factors (Table 2) affecting the
total suitability of the landfills (i.e. the values of the weighted normalised decision matrix
V in five-grade ranges which were obtained in Section ‘Evaluation technique’).

Figure 5 illustrates the mean scores of the nine Evaluation Factors for the existing
landfills. It can be seen that among the nine factors, Land cover and Proximity to waste
generation hubs have the highest values of suitability while the most critical factors
leading to declines in the total suitability of the landfills are Proximity to surface water,
Groundwater vulnerability and Altitude.

The average suitability scores of the nine factors are calculated specifically for the exist-
ing landfills located in 12 SDs (Table A3 of supplementary data). Comparing the values of

Figure 5. The average suitability scores of the factors for the existing landfills.
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W.S.S for the existing landfills in each SD, the most critical factor affecting the declination
of the suitability of the landfills is identified for each SD specifically (i.e. the factor with the
minimum W.S.S). As can be concluded from Table A3 of supplementary data, Proximity
to surface water and Groundwater vulnerability are the most critical factors which are
identified for all of SDs.

Conclusion

In this study we developed a MCDM method to provide decision-makers in environ-
mental planning with an effective approach to (i) find best locations to establish new
landfill sites, (ii) identify critical regions where landfill siting is problematic (due to the
lack of efficient suitable areas) and find alternative potential (suitable) areas for landfill
siting for these regions, (iii) prioritise critical landfill sites with low suitability (i.e.
harmful to environment and human health) as the immediate landfill sites can be replaced
by rehabilitation plans and (iv) determine the most critical factors in each region specifi-
cally to be addressed and received more attention for establishing highly suitable landfill
sites.

The proposed method can provide a useful supporting tool for the authorities to find
appropriate locations when landfill replacement and rehabilitation are considered. That
is, our integrated approach takes into consideration a key inclusive set of criteria for
landfill siting (and landfill suitability assessment) by reflecting influential criteria and
adopting a MCDM method to perform trade-offs between the criteria (by setting
scoring intervals and performing pairwise comparisons using AHP) which are sometimes
in conflict with each other (e.g. the fulfilment of environmental criteria may result in a
landfill site too far away from residential areas, which is in conflict with the fulfilment
of economic criteria as the transportation cost will increase). As a result, development
of the final suitability map helps local authorities find the best alternative site for new
landfills. On the other hand, the proposed approach includes a Suitability Index which
can be used as a practical metric to assess the exiting landfills and identify the most desir-
able landfills.
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