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ABSTRACT

Solid waste production increases due to population and consumption increments. Landfill is the ultimate destination for all kinds of municipal
solid waste; and is the most convenient waste disposal method in developing countries. To minimize investment and operational costs and
society’s opposition towards locating landfills nearby, proper landfill sizing and siting are essential. In this study, solid waste forecasting using
Autoregressive Integrating Moving Average (ARIMA) was integrated with government future plans and waste composition to estimate the required
landfill area for the state of Selangor, Malaysia. Landfill siting criteria were then prioritized based on expert’s preferences. To minimize ambiguity
and the uncertainty of the criteria prioritizing process, the expert’s preferences were treated using integrated Median Ranked Sample Set (MRSS)
and Analytic Hierarchy Process (AHP) models. The results show that the required landfill area is 342 hectares and the environmental criteria

are the most important; with a priority equal to 48%.
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1. Introduction

Proper solid waste management protects human health and the
environment [1]. Both quantity and quality of generated municipal
solid waste are changing with time due to influences of variable
life styles and consumption behaviours [2, 3]. Municipal solid
waste prediction is crucial for sustainable waste management.
It is a key element for choosing and sizing waste disposal options
[4, 5]. However, solid waste forecasting is a complex task due
to influences of multiple factors that change with time [6]. As
a result of rapid development, urbanization, increased per capita
income, and consumption behaviours, solid waste generation has
increased dramatically in Malaysia [7]. For instance, in 1998, the
rate of solid waste generation was around 0.5 kg per capita per
day. This rate has doubled within only ten years [8].

Time series forecasting uses past data to predict the future.
Meanwhile, causal variable forecasting tries to find the relation-
ship between the desired variable and other external variables
[9]. Time series forecasting is a flexible technique. Its im-

catching fluctuations. The main limitation of using time series fore-
casting is the lack of empirical justifications [10]. However, time
series forecasting does minimize the need for future estimations
and data collection [11].

Recently, researchers have been developing different models
to predict solid waste generation in Malaysia. However, these mod-
els are linear and [12-15]. The Autoregressive Integrated Moving
Average (ARIMA) method, first presented by Box and Jenkin in
1976 [16], has been used in multiple environmental forecasting.
For example, ARIMA was used to model solid waste generation
in three areas in Spain and Greece [17]. Rimaityte et al. [2] concluded
that ARIMA and seasonal exponential smoothing are the most
accurate techniques to represent solid waste generation in fast
developing economies.

However, landfill is considered to be the ultimate municipal
solid waste disposal option. It is the preferred disposal choice
in developing countries due to limitations of trained professionals
and technologies [18]. Proper landfill siting is important to mini-
mize the environmental and health impacts associated with its
construction and operation [19]. Locating solid waste landfill be-

plementation does not require much data, and it is capable of
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longs to Multi Criteria Decision Making (MCDM) analysis. It re-
quires the assessment and analysis of a huge number of relevant
factors and criteria that are not equal in importance and require
different types of processing [20-23]. Most data analysis techniques
divide the site selection task into smaller parts, and do the analysis
and investigation for each one separately from the others parts.
Finally, it aggregates them to locate the proper sites [24, 25].
These tasks are done using a combination of MCDM and
Geographical Information Systems (GIS), which are widely used
in locating facilities, due to their capability to manage and treat
huge volumes of data [26]. However, to minimize the obstacles
associated with landfill siting, like society opposition and data
collection, it is important to properly estimate the required landfill
area.

The Analytic Hierarchy Process (AHP) was introduced by Saaty.
It handles both qualitative and qualitative data using informed
judgments to derive weights and priorities [27]. AHP simulates
human thinking using pairwise comparisons [28]. It is widely
used in multi criteria decision-making applications. For instance,
Demesouka [29] determined a suitable landfill site using AHP
and a compromised programming method. Vasljevic [27] and Sener
[28] used AHP to rank landfill site evaluation criteria, and suggested
the best landfill site using Geographic Information System (GIS)
software. Aydi [26] combined fuzzy set, AHP and weighted linear
to prioritize site evaluation criteria and determine the location
of a landfill site using GIS software.

The Ranked Sample Set (RSS) was first proposed by McIntyre
in 1952 to estimate the population mean. Since then, it has been
modified and developed by many researchers [30, 31]. The use
of RSS to estimate population mean and median leads to notable
gains in precision [32]. MRSS is a modification of RSS. In this
method, only the median observation is considered from each
randomly selected set. MRSS is advantageous relative to RSS,
because it reduces ranking errors and increases estimation effi-
ciency [33]. MRSS offers promising applications in environmental
studies, because of its ability to represent a population without
extensive observations [34]. For example, an RSS was used to
assess spray deposits on the leaves of apple trees [35]. An RSS
method was also applied to collect samples from gasoline stations
for analysis; intended to verify the conformity of these stations
with clean air regulations [36].

Landfill site selection is a complex task that requires different
types of criteria processing to account for unequal criteria
importance. However, increasing the number of participating
parties in the decision-making process, strengthens it and widens
its popularity [37]. However, analysing and homogenizing the
preferences of these stakeholders is a complex issue; especially
with conflicts of interest among the participating interest groups.
Moreover, the implementation of MCDM involves ambiguity
and uncertainty of expert preferences. Therefore, this study pro-
poses a model to minimize the imprecision and vagueness of
human decision-making by means of integrating MRSS and AHP
to rank the associated criteria and select a suitable landfill site.
Moreover, it links landfill siting with future waste disposal sce-
narios and actual solid waste composition to enhance the
decision.
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2. Materials and Methods

2.1. Study Area and Landfill Area Estimation

This work uses ARIMA to build a waste forecasting model for
the state of Selangor. This is important, in order to determine
the required land for waste disposal and the capacity of the proposed
landfill. However, since all solid waste generated in Kuala Lumpur
and Putrajaya is disposed of in Selangor state territory, their waste
was also considered in the developed ARIMA model. Selangor,
Kuala Lumpur, and Putrajaya are major waste producers in
Malaysia. They are responsible for one third of all total waste
generation in the country [38]. According to the Department of
Statistics, Malaysia (2012), their area is 8,265 km® and their pop-
ulation number is about 7.36 million.

For the purpose of this work, historical annual solid waste
generation amounts and the population of Malaysia were collected
from the Department of Statistics. Solid waste data represents
the period 1981 to 2012, with a total of 32 readings. Meanwhile,
the population estimation of the study area (i.e., Selangor, Kuala
Lumpur, and Putrajaya), covers the period 2013 to 2040. ARIMA
modelling and data analysis were done using Matlab 7.14. The
general ARIMA (p, d, q) is briefly expressed as follows:

o (B)

p

W,=60 (B)et

q

M

Where
& (B)

P
average operator of order ¢ and W, = A’iX, [39, 40] is a successive

is an autoregressive operator of order p, 0, (B) is a moving

difference at d" difference of X, and is expressed as follows:

A'X, =(1-B)'X, (2)
The first difference was sufficient to make the series stationary,
and then the optimum ARIMA structure was determined based
on the resulted figures of the autocorrelation function and the
partial autocorrelation function. The resulted model predicts the
solid waste generation rate (kg/capita.year). Next, based on the
solid waste composition collected from the literature, the average
solid waste density was estimated. Finally, the required area to
landfill the generated solid waste was calculated based on the
government’s strategic 2020 vision for disposal options.

2.2. Ranking of Landfill Site Criteria

Ranking starts from the literature review to determine the main-
and sub-criteria that will affect landfill site selection. These criteria
are subsequently arranged and clustered into four main groups,
namely social, operational, environmental, and land use. A cluster
analysis divides the data into meaningful groups that are associated
or share properties [41]. Many sub-criteria fall under each main
group; as shown in Fig. 1. Every main criterion group has an
ultimate objective i.e., to maximize the preservation of nature
(environmental), acceptance by the public (social), or appropriate-
ness of the site (land use). The operational criteria also aim to
minimize costs.
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Fig. 1. Hierarchical structure of landfill siting selection criteria.

After criteria clustering, expert groups were determined and
divided into four clusters. These groups include the governmental
sector, private sector, academia, and non-government organ-
izations interested in environmental issues. A developed ques-
tionnaire asked the respondents to draw pairwise comparisons
between the main-criteria and the sub-criteria with respect to land-
fill site selection. Then, the expert’s pairwise preferences were
randomly grouped into four groups to form four by four matrixes
(as shown in Table 2). The table shows an example of one of
the comparisons by displaying the obtained stakeholder’s prefer-
ences and their groups. Each set consists of the responses of one
government, private, academic, and NGO respondent. Next, these
responses were ranked in increasing order for each individual
set (as shown in Table 3) and the importance set for each pairwise
comparison, obtained using the MRSS technique, summarized
as follows:

(1) If the sample size, n, is odd, then the median is selected

by(n+1

and the general formula is

th
) . This observation can be denoted as X( ntl )
"

n+1.
7

e

2 ")17X(

(ii) If the sample size, n, is even, then the median is selected

th
by (%) . This observation can be denoted as X(n ),
?Zn
and the general formula is
[30](4)

The preferences sets, obtained from the previous steps, were
subsequently applied in the AHP analysis. Numbered rankings
(1-9) were used to determine criteria importance; whereby the
entire range (from 1-9) was used to develop the AHP multi-criteria
decision analysis. A consistency ratio was used to measure the
preferences consistency. This usually represents the goodness of
the preferences matrix and can be measured using the following
equations:
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Where, CI, CR, and RI are consistency index, consistency ratio,
and random index, respectively. RI can be determined using the
tables available in the literature, such as [42], and n is the number
of criteria evaluated. The integrated landfill siting procedures
(summarized in Fig. 2) illustrate the guidelines for such a deci-
sion-making problem. It starts by determining the target followed
by building the decision tree. Building the decision tree refers
to identifying and grouping the constraints, criteria and
stakeholders. The figure also shows the in parallel geo-reference
data collecting and processing that is required to suggest the poten-
tial landfill locations.
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Fig. 2. The landfill site selection algorithm using integrated model.

3. Results and Discussion

3.1 Landfill Area Estimation

To estimate the landfill area, the expected solid waste generation
per capita per annum was built from 2013 to 2040 using the ARIMA
(6,2,1) model for the study area. The model was designed based
on the results of autocorrelation and partial autocorrelation
diagrams. However, the fluctuation of the original data influenced
the forecasting; and thus, the forecasted waste generation also
fluctuated, but with less strength. This may have resulted from
socio-economical variations. The equation that represents the mod-
el is expressed as follows:
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Table 1. Solid Waste Generation Forecast using ARIMA(6, 2, 1)

Year  Populationx1000 [kg/capita. year] M tons of SW
2013 7,461 326.5 2.436
2014 7,558.15 324.3 2.451
2015 7,655.354 327.3 2.506
2016 7,750.733 333.0 2.581
2017 7,846.111 342.6 2.688
2018 7,941.411 355.3 2.822
2019 8,036.789 363.8 2.924
2020 8,132.245 365.3 2.971
2021 8,227.245 364.5 2.999
2022 8,322.645 364.2 3.031
2023 8,418.024 366.3 3.083
2024 8,513.402 374.1 3.185
2025 8,609.136 386.7 3.329
2026 8,694.136 398.0 3.460

Total Solid Waste Quantity (Million tons) : 94.252

y, =0.219—0.455y, , —0.482y, _,— 041y, ,

—0.571y, _,—0.773y, 5 —0412y, c+e,—€, (7)
Where, yt is the annual solid waste generation rate (kg/capita)
at year (t). Table 1 shows the ARIMA (6,2,1) forecast results
and the population number for the period 2013 to 2040. The solid
waste composition and average density were derived from the
literatures. The obtained average solid waste density was equal
to 770kg/m®. According to Vision 2020, the planned solid waste
disposal scenarios are recycling (22%), composting (8%), in-
cineration (16.3%), inert landfill (9.1%), and sanitary landfill
(44.1%) of the total solid waste generated. Consequently, the total
required landfill area was calculated using the following assump-
tions:
(1) The average waste disposal height equals 22 m
(ii) The total area required for administration, utilities, and
roads equals 40% of the waste disposal area. Therefore,
the total landfill area may be calculated using Eq. (8).

94.252 Mton
0.77(t0n/m3) X 22m
x0.441 X 1.4 X 100 = 343.5 Hectares

landfill area =
(8)

3.2. Ranking of Landfill Site Criteria

Criteria that affect landfill siting were divided into four groups,
namely operational, social, environmental, and land use; and elev-
en sub-criteria (as shown in Fig. 1). Seventeen pairwise compar-
isons were made and ranked as required by MRSS to calculate
the importance set of each comparison. An example of one of
these comparisons (as shown in Tables 2 and 3) represents the
expert’s preferences of the ground water depth and the land top-
ology to maximize the environmental elements protection with
respect to landfill site selection. Incorporating the participation
of conflicting stakeholders minimizes the uncertainty and risk
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Year  Populationx1000 [kg/capita. year] M tons of SW
2027 8,780.136 404.6 3.552
2028 8,865.475 406.9 3.607
2029 8,950.813 406.0 3.634
2030 9,035.828 405.5 3.664
2031 9,104.828 410.1 3.733
2032 9,175.107 420.3 3.856
2033 9,245.386 432.6 3.999
2034 9,316.386 443.4 4.131
2035 9,387.222 449.9 4.223
2036 9,446.222 451.1 4.261
2037 9,506.46 450.0 4.278
2038 9,567.46 451.4 4.319
2039 9,627.699 457.9 4.409
2040 9,688.416 469.1 4.544

of reproducing homogenous decisions and enhances the quality
of the decisions. Additionally, consistent and reliable results must
be achieved [43, 44].

However, due to stakeholder’s conflicts of interest, the expert’s
responses range within the set is relatively large. This is clearly
shown in the responses of the second expert group, which were
(1,1,7,1). Ahmad [45] calculated the geometric mean of the experts
judgments and applied them to obtain the expert’s preferences.
However, this may lead to inaccurate response representation.
Moreover, perfect consistency is difficult to achieve, and CR value
should be less than 10% [46]. If the CR value is more than 0.1,
the judgment is considered untrustworthy. However, it is not an
easy task to collect the expert’s judgments. For instance, in a study
conducted by [47], only 25% of the participating experts achieved
CR < 0.1. To solve this, the accepted CR was increased to 0.2

Table 2. Expert’s Preferences Comparing between the Ground Water
Depth and Land Topology

Sector Government PI:;&:: Academic NGO
Expert Group No 1 5 1 7 3
Expert Group No 2 1 1 7 1
Expert Group No 3 1 1/5 1 1
Expert Group No 4 1 1 3 1

Table 3. Ranked Expert’s Preferences of Ground Water Depth and
Land Topology

Sector Government [;:Z:g: Academic NGO
Expert Group No 1 1 3 5 7
Expert Group No 2 1 1 1 7
Expert Group No 3 1/5 1 1 1
Expert Group No 4 1 1 1 3
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Table 4. Pairwise Comparison Sets

No. Comparison target Main criteria pairwise comparisons MRSS sets
1 Land use vs Operational 1/2, 1, 4, 2
2 Land use vs Social 1, 5, 4, 2
3 To optimize the landfill siting Lar.ld use vs Environme.ntal 1/5, 1/4, 1/5, 1/3
4 Environmental vs Operational 1, 1, 5, 2
5 Environmental vs Social 3,1, 6,5
6 Operational vs Social 2,1, 3,3

Sub-criteria pairwise comparisons
7 Haul distance vs Landfill area 2,2,4,5
8 To minimize the operational cost Haul distance vs Soil Cover 1, 1, 3, 3
Landfill area vs Soil Cover 1, 1/2, 3, 1

10 Avoiding fault zones vs Depth of ground water 1, 1,2 2
11 Avoiding fault zones vs Land Topology 2,1, 4, 2
12 To maximize environmental elements Avoiding fault zones vs Distance from surface water 1, 1, 1/2, 1/2
13 protection Distance from surface water vs Depth of ground water 1, 1, 4, 4
14 Distance from surface water vs Topology 1, 1, 2, 2
15 Depth of ground water vs Topology 3,1, 1,1
16  To maximize people and society acceptance Aesthetic vs Distance from nearest settlement 1/2, 1, 3, 2
17 To maximize the site appropriateness Distance from critical site vs Road accessibility 1/2, 1/2, 2, 2

to involve more surveyed experts within the study. Then, the
results of AHP were applied in the GIS software to obtain the
suggested area for each individual expert [47]. However, this was
a time consuming approach. In order to manipulate the mentioned
limitations, this study suggests arranging the expert’s responses
in a four by four matrix (as shown in Table 2) and to rank the
responses (as shown in Table 3) and then apply Eq. (4) to obtain
the relative importance set of (3; 1; 1; 1). Such a technique guaran-
tees the representation of the best set; regardless of who did the
response or to which sector he/she belonged.

In our example, after getting the preference set of (3; 1; 1; 1),
an average value was used to determine the best preference value
of the comparison between the ground water and the land topology.
This value was used in AHP analysis to determine the final priority.
Table (4) summarizes the resulted pairwise comparisons and the
obtained preference sets for the entire main- and sub-criteria.
Meanwhile, Table (5) represents the priorities of main criteria
resulted from the AHP analysis. The most important of these criteria
is environmental, at 48.1%. Since landfill should be located to
minimize impact on the surrounding environment, it is logical to
assign the highest rank to the environmental criteria. Moreover,
to minimize construction and operational costs and society concern,
land use was assigned the second most importance at 21.5%. However,
social criteria, which are aesthetics and distance from the nearest

Table 5. Final Priorities of the Main Criteria

Main criteria Final priority
Environmental 0.481
Land Use 0.215
Operational 0.196
Social 0.109

Consistency ratio = 0.04

settlement, were least important; because it can be extended and
modified. Furthermore, the comparison results are accepted since
the obtained consistency ratio (0.04) was less than 0.1.

The final priorities of all sub-criteria (as summarized in Table
6) achieve a consistency ratio equal to 0.07. The most important
factor is the distance from surface water with an importance equal
to 18.0%. This can be justified because surface water is easily
polluted and these pollutants can spread fast. The second most
important factor is fault zones with relative priority equal to 13.7%.
Again, such importance is required to protect the ground water
from the impact of leachate. The least important criteria are soil
cover availability, landfill area, and distance from the nearest settle-
ment; with relative importance ranks equal to 4.2%, 4.7% and
4.7%, respectively.

Finally, integrating the expert extracted knowledge and MRSS-
AHP reduces the uncertainty and risk of reproducing homogenous
decisions [36, 44]. Meanwhile, integrating the required landfill
area with the criteria ranking enhances the decision. Furthermore,
according to the obtained results, we can conclude that the social
and operational criteria are considered to be insignificant by the
stakeholders, The same conclusion was also reported by Ismail
[47] for landfill siting in Malaysia. Moreover, Ismail reported
ground, surface water and protected area as the most important
factors, followed by land slope [47]. Afzali [19] ranked surface
water (19%) followed by ground water (13%) as the most important
physical criteria. Nadi [48] ranked hydrology and water as the
most important criteria (33.4%) and social and financial as the
least important criteria, with weights equal to 15.5% and 15.3,
respectively. Demesouka [29] indicated hydrological as the most
important factor, followed by environmental criteria, and ranked
social and economic factors as least important or insignificant
factors. However, it is sometimes inappropriate to compare studies
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Table 6. Priorities of Sub-Criteria

Cluster Criteria Priority normalized by cluster Final priority
Distance from surface water 0.375566 0.180
. Depth of ground water 0.170791 0.082

Environmental
Fault zones (Rock cracks) 0.286024 0.137
Topology (Terrine) 0.167619 0.080
Distance from critical sites 0.5 0.108
Land Use s
Road accessibility 0.5 0.108
Haul distance 0.548 0.107
Operational Landfill area 0.240 0.047
Availability of soil cover 0.212 0.042
Social Aesthetic 0.565217 0.062
ocia

Distance from nearest people settlement 0.434783 0.047

from different countries, because obtained weights are often de-
pendent upon surveyed respondents, different studied factors and
different local and environmental conditions.

3.3. Landfill Siting

Selangor is the most populated and highly developed state in
Malaysia. Its economy is diversified and includes industry, com-
merce, agriculture and tourism. Moreover, Selangor completely
surrounds two federal territories, which are Kuala Lumpur (KL),
the national capital of Malaysia, and Putrajaya, the federal capital.
The areas of Selangor, Kuala Lumpur and Putrajaya are 7,930,
243 and 92 km’, respectively. However, there is an urgent need
to develop a scientific approach for determining a landfill site
location in Selangor, due to increasing amounts of solid waste
and land scarcity. Therefore, a restrictions map to exclude un-
suitable areas that cannot be used for the disposal site because

Scale 1cm : 9.21 Km

Legend
Selangor

B Restricted areas

0 15 30

Fig. 3. Maps of Selangor and total landfill restricted areas.
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of limiting factors, was built. These factors were based on Malaysian
guidelines for development of solid waste sanitary landfill [49].
Fig. 3 shows the landfill restriction areas in Selangor state. All
restriction areas were determined using a Boolean operation [50].
It represents around 82% of the total Selangor area.

The potential location areas are shown in green in Fig. 4.
However, not all potential areas can be considered for landfill
construction, due to size or operational cost constraints. The green
area in the top map shows the potential areas that were assigned
a value of (1). After determining the potential areas, five sites
were determined as potential landfill locations based on their area
(size) as shown in Fig. 5. The required landfill area was assumed
to be between 100 and 110 hectares. Therefore, three landfills
were required to fulfil the land requirement for the generated
solid waste. This assumption was based on Agamuthu’s [51] recom-
mendation for minimum landfill size of no less than 60 hectares

Scalae 1cm : 9.21 Km
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Fig. 4. Map of potential landfill areas in Selangor.
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Table 7. Summary of the Rankings and Sl for the Potential Landfill Sites

Environmental
GW FZ

0.082 0.055
0.066 0.055
0.016 0.027
0.066 0.137
0.082 0.027

Site No
SW

0.18

0.18

0.04
0.144
0.108

TO
0.048
0.048

0.08
0.048
0.032

CS
0.108
0.108
0.108
0.108
0.108

A

°S4

Kuala Lumpur

Putrajaya
Legend

[ Landfill sites KLIA

Selangor

0 15 30 60 2
[ S S—— LU

Fig. 5. Map of suggested best landfill sites in Selangor.

to economically collect gas, and Soek’s [52] recommendation for
potential impacts of large landfill sizes. The ranks of the potential
landfill sites are shown in Table (7). These ranks were obtained
using the results of the MRSS-AHP model for site evaluation criteria
and Suitability Index (SI) i.e., the sum of products of the stand-
ardized score of each criterion multiplied by the weight of each
criterion.

SI=Y W, % C, )

Where, W, is the weight of factor I, and

of the factor map, i [28]. The highest ranks obtained were for
site numbers LF4 and LF2, with SI equal to 0.897 and 0.832,
respectively (as shown in Table 7).

C,

i

is the criteria grading

4. Conclusions

For landfill siting, it is essential to determine the site evaluation
criteria and build the dependences among them. Moreover, landfill
sizing should be based on reliable waste generation prediction
to justify the required area. The resulted rank is logical and justifies

Land use
RA
0.02
0.108
0.108
0.108
0.086
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Social
AE NS
0.062 0.009
0.062 0.009
0.062 0.018
0.062 0.028
0.037 0.047

Operational
LA
0.047
0.047
0.047
0.047
0.047

SI
HD

0.107
0.107
0.107
0.107
0.107

SA
0.042
0.042
0.042
0.042
0.042

0.76
0.832
0.655
0.897
0.723

the demand to protect the environmental elements. For landfill
siting, the main concern is to maximize environmental elements
protection, due to their direct effect on human life and high treat-
ment costs. Next is land use, which is related to investment cost
and future plans. Strategic planning requires special consideration
of population growth, city expansion, and public service utilization,
like landfill. The least important criterion is social, because social
issues related to landfill sites can be minimized by proper manage-
ment and communication with local societies. However, the pro-
posed criteria priorities determinations may serve as a reference
point for future complex decision making issues, because they
involve extracting expert knowledge using MRSS and AHP.
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