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Abstract: The municipal solid waste landfill in Bahrain (Askar landfill) reached its end use capacity by 2016; however
it's still operating and receiving municipal wastes. This research aims to find out an alternative site for the existing
landfill to be used during the current period and for near future. Five landfill alternatives located next to Askar, and
eleven decision criteria have been proposed. The study applies two analytical approaches to establish the best landfill.
The adopted approaches are Fuzzy Set analysis and Analytical Hierarchal Process analysis; both approaches are based
on multi-criteria decision. The results for both methodologies are almost the same as the ranking of the five alternatives
for both methodologies are similar with slight difference in landfill positions 3 and 4, where the best alternative is
found to be landfill (3), which is located below the existing landfill at Askar.

Keywords: Landfill site, Municipal Solid Waste, Multi-Criteria Analysis, Fuzzy Set Analysis, and Analytical
Hierarchal Process.

I. INTRODUCTION

Municipal Solid Waste (MSW) in the Kingdom of Bahrain is being a priority issue that needs sustainable solution.
Most of the MSW is collected and transported from various locations in the country and is being disposed at the Askar
Municipal Landfill Site, which is operational since 1987. Askar Landfill has been the primary dumping site for all
municipal wastes, agricultural waste, commercial waste, and non-hazardous industrial waste in Bahrain. The Census
Register of 2001 shows that around 94% of municipal waste generated is being disposed of at Asker Landfill. The
study done by Consultant engineers (O’Donovan, 2013) expected that Askar landfill to be reached the end of its
operational life by 2016 based on the huge waste quantities generated and the space consumed each day. However, it's
still operating and receiving municipal wastes. Back to the census of 2011, one and half million tons of municipal
wastes generated annually in the kingdom of Bahrain. These quantities are considered large for a small island like
Bahrain with an area of 934.57 km2. Therefore, the study focuses on the wastes disposal; where the huge quantities of
the municipal wastes that generated annually in Bahrain is an alarm to the public health and the space required for
disposing these wastes. Hence, finding an alternative space in the very few coming years is becoming an essential issue
as the expectations and the analysis studies showed that Askar landfill is reached its end life. In this situation,
municipal wastes in Bahrain require full management program to find a proper solution, which deals with finding
lands’ alternatives for disposing municipal wastes and the criteria for selection new landfill's location. The main
objective of this study is to find out the most suitable land to be used as a municipal waste landfill. Furthermore, the
study aims to develop a model for selection of landfill's location subject to the economic, social, and environmental
constraints. It is also constrained by the possible transportation routes to deliver the wastes from Bahrain governorates
to the proposed landfill.

Il. LITERATURE REVIEW
Several researches had been carried out in several regions that concerned with the selection of municipal waste landfill.
Most of these researches have used Multi-Criteria Decision Analysis (MCDA) and Global Information System (GIS).
Few studies have used Statistical Data Analysis and other techniques.

Melo et al. (2006) prepared a research on strategic decision analysis for selection of landfill sites. It aimed to relocate
the landfill in the city of Cachoeiro de Itapemirim, Brazil using multi-criteria analysis and Geological Information
Systems (GIS). To reduce the subjectivity in the decision, they developed an algorithm using final weights in pairwise
comparisons to establish the relative importance of the variables. Charusiri and Ladachart (2008) prepared a study on
GIS application for the determination of geological barriers for landfill site selection in Songkhia Province of Thailand.
The study was based on GIS model as a standard tool to search for high quality geological barriers suitable for landfill
areas in the Songkhla region. The results of the study identified three maps for three barriers; lithological, clay and
geological.

Chen (2013) presented a study on data construction process and qualiflex-based method for multiple-criteria group

decision making with interval-valued intuitionistic fuzzy sets. The methodology is focusing on detailed illustrations of
how to apply the arithmetic calculations needed in the study without showing clear picture of a selection model for the
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landfill site. After implementing the long non-linear programming, the results show the best order of the candidate
landfill and the best choice. Bah and Tsiko (2011) studied landfill site selection by integrating GIS and multi-criteria
decision analysis for Freetown of Sierra Leone. The decision making was based on two major stages. In the first stage
GIS model was used to exclude some locations due to the physical and environmental restrictions. In the second stage
multi criteria analysis was used to examine the study area based on four factors: built-up areas; roads; water bodies; and
degree of slope. Yesilnacar et al. (2012) developed a study in Turkey on MSW landfill site selection for the city of
Sanliurfa. It aimed to apply MCDA integrated with GIS to select possible sites for MSW landfill. The selection process
used the fundamental of MCDA and the simple additive weighting (SAW) approach throughout the analyses. The open
ended finding of three possible alternatives rather than single site appears as a weakness in the study.

Agaji and Wajiga (2012) presented a study on an object oriented system for the location of landfills for Nigerian
municipals. The selected modeling approach was mathematical programming, it begins with translating the design into
a form that can be coded into a computer system for execution. Strength of the study was in the design phase of the
sites’ selection process and the stages of selection method. In other hand, the weakness of the study was in the
beginning of the selection as the selection done randomly. In Serbia, Bronja and Bronja (2014) prepared a research
aimed to preserve the environment and meeting several criteria such as communal and economic criteria for finding the
optimal site. The research was based on multi-criteria analysis. Maximal value as a product of the weight of each
criterion and its value was established. The obtained values were used for ranking of landfills. Then, the AHP was used
to find out the optimal site based on multi-criteria site selection.

Shah and Wani (2014) presented a study for Srinagar city of India based on multi-criteria analysis and GIS to select the
suitable site for waste disposal. The methodology incorporated many environmental and socio-economic parameters
that were essential to identify the sites, which had minimum adverse impact on environment. Geospatial technology
helped in the generation of information on different aspects like land use, road, slope, etc., which were used as criteria
for the study. Ghoseiri and Lessan (2014) used pairwise comparison and ELECTRE approaches for selection among
five alternative waste disposal sites based on five major criteria. The major criteria involved in the study are
environmental issues, economic issues, social concerns, political issues, and agricultural issue, which were divided
further to several criteria. After implementing the methodology, the sites were ranked and the best site was tested by
sensitivity analysis to take the final decision.

In parallel to the literature from various countries around the world and belonging to several periods within the last ten
years, selection of suitable landfill site in Bahrain will definitely be based on multi criteria analysis to enhance the
decision making as most of the literature have applied. In the other hand, the best methodology is difficult to be
specified, since either Analytical Hierarchical Process or Fuzzy Set Analysis can be applied. However, the two
methodologies will be used to select landfill site for Kingdom of Bahrain, by doing so the decision making will be
enhanced.

I11. DATA COLLECTION AND PROBLEM FORMULATION

The main data sources available are the previous studies done by Ministry of Works (MOW) and other engineering
consultants who provide studies for the benefit of MOW. These studies are mainly about the existing landfill at Askar.
The other sources of information available about the existing landfill are two reports prepared by MOW; these reports
are dated back to 1988 and 1993. However, these reports have been considered in the most recent report prepared by
O’Donovan (2013). The first report is "Review of Waste Disposal Operations at Askar landfill Site" which prepared by
Central Municipal Council Environment Health Directorate, 1988. The second one is the factual report entitled "Site
Investigation Report for Askar landfill" of the year 1993. These two reports and that prepared by O’Donovan are
important because they provide an overview of the operations and geotechnical status of Askar landfill and surrounding
areas.

The procedure of the study starts by discussions with official authorities in the kingdom of Bahrain to identify and
define the landfill site selection criteria and the potential alternative landfill sites. Further to the ;discussions, it has
been suggested to select an area within the blue zone around the existing landfill at Askar as illustrated in the latest land
use map (Official Gazette 2016). The blue zone surrounding the existing landfill at Askar is defined as Community
Services land. This type of lands has a total of 8.04% of Bahrain area as per the National Plan of Kingdom of Bahrain
for 2030. Based on these suggestions and discussions, five alternative sites have been defined, each with an area of 1.71
km? or more, this area is based on the estimation of landfilling MSW for the coming 15 years. All these sites are
located in the blue zone area and near to the existing landfill as shown in Figure (1). Figure (2) shows the five
alternatives for landfill site within the selected zone.

After defining the landfill sites alternatives, discussions and reviews of similar research have been under taken to

decide on the study criteria for selecting the best alternative. The outcome of reviewing and analysis for selecting an
adequate selection criteria for decision making on the best landfill site is presented in Table (1).
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Table (1) Selected criteria
O eria
C, Average path taken (Road network)
C, Distance from residential areas
Cs Distance from agricultural land
C, Industrial areas
Cs Existing Bapco Oil Field
Cs Distance to the Oil Pipeline
C; Preserved areas
Cs Bahrain International Circuit
Cy Proposed Bahrain -Qatar Causeway
Cuo Military Airports
Cy | Military Camps
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Figure (2) Landfill Sites’ Alternatives
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The main data required for studying the problem are distances from the proposed landfill sites (alternatives) to the
defined areas, which considered as the main criteria. Google maps were used to collect data for criterion no. 1: Average
path taken (road network), whereas, Google earth was used for finding distances of the rest criteria. All distances for
the different criteria are combined in Table (2).

Table (2) Distances between landfills and criteria (km)
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Landfill (1) | 27.60 | 0.51| 7.6 | 0.16 9.29| 0.03| 501| 650 | 569 | 457 | 259
Landfill (2) | 26.94 | 1.46 | 7.68 | 1.80 795 012| 336| 610 | 7.00| 420 | 241
Landfill (3) | 27.90 | 0.89 | 9.14 | 3.12 6.93| 095| 147 | 673 | 6.65| 511 | 3.52
Landfill (4) | 29.37 | 0.7 ] 8.19| 342 628 | 108| 024| 700 | 7.85| 533 | 3.83
Landfill (5) | 30.80 | 0.43 | 7.99 | 4.13 473 | 268 | 014| 748 | 9.08| 3.05| 4.45

IV. METHODOLOGY
Two analytical methods were suggested for this study; fuzzy set theory (FST) and analytical hierarchical process
(AHP). These two methodologies have been highly recommended for multi-criteria decision making problems. The
reason of selecting two methodologies is to enhance the study and support the final decision to be taken. A comparison
between the two results will ensure the final decision of selecting the best landfill site.

Fuzzy Multi-criteria Hierarchy Process (FMHP)
FMHP considers the fuzziness of the factors affecting site selection problem. FST is mainly based on defining the
alternatives and criteria for such selection problem (Zadeh and Klaua (1965)). It requires to formulate the alternatives
versus criteria matrix. Rating the criteria for each alternative site is achieved by dividing the distances of Table (2)
using the following equation:
XRij, landfill(k) = DC;/ DCj 1)
Where XRij, langfilicy 1S the ratio of distance of criteria i to distance of criteria j for landfill (k), DC; and DC;are distances
of criteria C; and C;, respectively.
An example for such calculation of XRlzv iangfinigy Tor landfill (1) using the values of DC1 and DC2 from Table (2) is:
XR 12 anariny = 27.06/0.51 = 54.11

Table (3) shows, as an example, the Criteria Ratios Matrix for landfill (1).

Table (3) Criteria ratios matrix (X";) for landfill (1)

Sites Zcra'te” ¢ | o | c Cs Cs Co c, | ¢ | ¢ | cp | Cy
C 1 | 5411 | 363 | 17249 | 297 | 91993 | 551 | 425 | 485 | 604 | 100
C, | 002 | 1 | 007 | 319 | 005 | 1700 | 010 | 008 | 0.09 | 0.11 | 0.20
C. | 028 | 1490 | 1 | 4750 | 082 | 25333 | 152 | 117 | 134 | 166 | 2.93
C. | 001 | 031 | 002 1 | 002 | 533 | 003 | 002 | 003 | 0.04 | 0.06
Landfill | Ce | 034 | 1822 | 122 | 5806 | 1 | 30967 | 1.85 | 1.43 | 1.63 | 2.03 | 3.59
) C. | 000 | 006 | 000 | 019 | 000 | 1 0.01 | 000 | 001 | 0.01 | 0.01
C, | 018 | 982 | 066 | 3131 | 054 | 16700 | 1 | 077 | 0.88 | 1.10 | 1.93
Co | 024 | 1275 | 086 | 4063 | 0.70 | 21667 | 1.30 | 1 | 114 | 1.42 | 251
Co | 021 | 1116 | 0.75 | 3556 | 061 | 189.67 | 1.14 | 088 | 1 | 1.25 | 2.20
Co | 017 | 896 | 0.60 | 2856 | 0.49 | 15233 | 0.91 | 0.70 | 080 | 1 | 1.76
C, | 009 | 508 | 0.34 | 1619 | 0.28 | 86.33 | 052 | 0.40 | 046 | 057 | 1
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After that, the rating matrix is converted to the judgment matrix based on Saaty's scale and inverses measures shown in
Table (4) (Saaty 1990).
Table (4) Saaty's scale and inverses measures

Scale of importance Saaty’s scale Inverszc(;flsaaty’s
Equally important 1 1.00
2 0.50
Little important 3 0.33
4 0.25
Obviously important 5 0.20
6 0.17
Intensively important 7 0.14
8 0.13
Extremely important 9 0.11

The measures are used to evaluate the ratios in Table (3) by taking the rounded value of the ratio and wherever the
values above 9 is taken as 9, and any values less than 0.11 is taken as 0.11, taking into consideration that any cell and
its inverse (i.e. XR12, landgfilicyy @nd XRZL langfinicey) Should have the original scale on one of them and its inverse on the other.
Table (5) shows, as an example, the Criteria Judgement Matrix for landfill (1).

Table (5) Criteria judgment matrix (ini) for landfill (1)

Sites Criteria C; C, C; C, Cs Ce (o4 Cs Cy Cuo Cu
C; 1 9 4 9 3 9 6 4 5 6 9
C, 0.11 1 0.11 3 0.11 9 0.11 | 0.11 | 0.11 | 0.11 0.2
C, 0.25 9 1 9 1 9 2 1 1 2 3
C, 0.11 0.33 | 0.11 1 0.11 5 0.11 | 011 | 011 | 0.11 | 0.11
Cs 0.33 9 1 9 1 9 2 1 2 2 4
Landfill (1) Ce 0.11 011 | 011 | 0.2 | 0.11 1 011 | 011 | 011 | 0.11 | 012
C, 0.17 9 0.5 9 0.5 9 1 1 1 1 2
Cs 0.25 9 1 9 1 9 1 1 1 1 3
Cqy 0.2 9 1 9 0.5 9 1 1 1 1 2
Cuo 0.17 9 0.5 9 0.5 9 1 1 1 1 2
Cu 0.11 5 0.33 9 0.25 9 0.5 0.33 0.5 0.5 1

After creating the Criteria Judgment Matrix based on Saaty’s scale, the FMHP first step starts by constructing the
Fuzzy Judgment Matrix using triangular fuzzy numbers (L, M, U) defined by (Ghoseiri and Lessan, 2014):
Xij, tandgfingy = (Lij, Mij, Uij) (2)

Xji, landfill(k) = (1/Uij, 1/Mij, 1/Lij), fori,j=1,2, ...,nand (i #j) 3)
Where n is the number of criteria.

Also, Table (6) can be used to establish these triangular numbers.

Thus, for example the fuzzy numbers for criteria 1 and 3 of landfill (1) are given by:

X3, anaringy = (4-1, 4, 4+1) = (3, 4, 5)

Where number 4 represents the medium.

While for criteria 3 and 1 of landfill (1) are:

X31, landfill(1) = (1/5, 1/4, 1/3) = (02, 025, 033)

Table (6) The fuzzy triangular numbers

Saaty's measure Lower (L) M((e:\j/'ll;m Upper (U)
Exact number 1 1 1 1
Approximate 1 1 1 2

X ={2t0 8} X-1 X X+1
Approximate 9 8 9 9

1/X 1/(X+1) 1/X 1/(X-1)
1/(9) 0.11 0.11 0.13

The Fuzzy Judgment Matrix for the alternative site landfill (1) with respect to each criterion is shown in Table (7).
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Table (7) Fuzzy judgment matrix for alternative sites with respect to each criterion (Xfii, i) for landfill (1)

< C, C, Cs C, Cs Cs Cy Cs Cy Cuo Cu
wn | 'S
212
(20 -
o|L{Mfu|jL|{M{UfLM|U|L{M|U|L|M|U|[LM|U|L|M|U|ILM|U|L|M|{UILM|U|L|M|[U
Ola|d|d|o|o|ojo|t|w|o|o|o|a|m|t|o|o|o|v]|o|~|o|t|(w|st|w|[o|wv|fo|~|o|o|o
RN Rl ) | ™ || ™ Al [m|d|d|o|dld|o|d|d o~ W
Sla|ld|d|w|w|w|dd|d|n]|o|s|d|d|d|o|o|o|d || ||| TN
o|lo|o o|o|o o|o|o o|lo|o|o|o|o|o|o|oc|oc|oc|oc|o|®|o
ol |88
oonooc»cn\—cFiFioocncnﬁﬁNoocncn\—cNoo\—cHNHHNHNcoc\lmv
o|o
e N A R = = ] || ™ AlAdA [ A | A || A|A | D | A|A ||| | ™
Sl || Nl dld|d ||| |d|d|d | |w|o|d Al A AT | A ||| ||
o|o|oc|oc|oc|P|lo|oc|o o|o|o o|lo|lo|o|lo|o|lo|o|o|o|o|o|o|o|o
|| 2|6
(_)Nmoooc»cn\—cﬁNoocncnﬁﬁﬁoocncn\—cmoo\—cHNHNmFiNmmvm
o|o
—~
=
=S| oA d[d|o|dld[@ N[ ® AlA [ A | A | O | A|A|D | A|A | ||| ™
AR R Bl Bl Bl B B B A B B A B R A B B B A R B B B R B R B R R A R R R A B A B A B A B A B= A B= A B= A B=!
'g o|o|o|loc|o|c|o|o|o|c|®|o|o|o|o o|lo|lo|o|lo|o|lo|o|o|o|o|o|o|o|o
<
-
I~ [l TS Q| o
Olg9|d|ls|e|o|lo|RN|S|[d(o|lo|lo|R[F[d(o|/lo|o|d|d|ddd [N |[dH|dA|N|dA[dA[N[H|N|®
oc|o|@ o | @ o |
ol [ R[8
Olg|¥|Q|o|ojodld|ldN|o|o|o|d|d| N |0 |||l | ||| o] s
o|o
o S| Q| o
OHONoommHHmmmmmdmemHHNHHNHHHHHNHNm
o o o
ol (I~ D | 1o P o)
JlH|d | S |o|jo|loof®| f|ld|lo|jo|oo|M| Fld|jlo|lo|o|d|[ld|N|[dA| AN | A | A [N |A|A | A | A [N | ™
®) o o o
o |o o o
|| ™ 0| ™ Tl /) ™ 0| ™ ™ ™
O:\—u\—uﬁqmowmgoommgwmwmmmgdngmgﬁm“o?‘—u\—u\—u\—u
o|lo|o o | o o|o o o|o o o

In the FMHP second step priority vectors are calculated for the triangular fuzzy comparison matrix, a normalization
formula is used as follow:

Xij = (Lower bound, Medium bound, Upper bound)

X = ( Zis Zjnily Zio1 NjIiM; I N4 )
L i1 &L ?=1Uii)’ i Gy X Mij)’zin=1 Gt Zis Ly

Where m is the number of alternatives.

(4)

Equation (4) is used twice, first for finding the weight for each criterion (W;), and then for finding the priorities for
each alternative with respect to each criterion (Py;), where (i) is the criterion and (k) is the alternative. Following are
samples for calculating W; and Py;:

Wi = ([L+1+141+148+. +6] / [1+0.13+....+0.17+9+.. . +1], [1+1+....+7] / [140.11+....+1+1], [I+1+....+9+8] /
[140.11+....+1+1]
= (0.164, 0.231, 0.301)

Py = ([1+8+...48] / [140.13+...43+1], [14+9+....49] / [1+0.1 1+... 42+1], [1+9+....49] / [1+0.11+...+1+1]
= (0.145, 0.195, 0.248)

Table (8) shows the results of the derived priorities for all alternatives and criteria.
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Table (8) Fuzzy weights and priorities judgment matrix for criteria and alternatives

C; C, Cs Cs Cs Ce Cy Cs Co Cuo Cu

Criteria
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(o
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=
<
(o
-
<
c
=
<
(o
-
<
c
=
<
(o

Weight
0.164
0.231
0.301
0.021
0.029
0.041
0.082

0.12
0.173
0.039
0.057
0.086
0.076

0.11
0.162
0.018
0.026
0.038
0.031
0.045
0.066
0.076
0.109
0.161
0.076
0.111
0.163
0.063
0.089
0.133
0.052
0.074
0.109

0.195
0.248
0.155
0.016
0.022
0.03

0.088
0.121
0.163
0.006
0.007
0.008
0.079
0.103
0.137
0.085
0.109
0.148
0.081
0.104
0.141
0.079
0.103
0.137
0.06

0.08

0.103

Landfill (1)
0.145
0.032
0.042
0.053
0.085
0.115

Landfill (2)
0.172
0.25
0.331
0.036
0.05
0.072
0.071
0.111
0.172
0.039
0.054
0.081
0.071
0.111
0.173
0.006
0.008
0.011
0.044
0.069
0.111
0.065
0.099
0.158
0.071
0.111
0.172
0.05
0.078
0.125
0.041
0.06
0.093

Landfill (3)
0.171
0.257
0.343
0.011
0.015
0.027
0.094
0.144
0.21
0.03
0.053
0.095
0.075
0.116
0.185
0.011
0.015
0.028
0.015
0.028
0.051
0.075
0.116
0.185
0.072
0.112
0.18
0.054
0.086
0.146
0.035
0.059
0.105

0.149
0.055
0.078
0.116

Landfill (4)
0.164
0.229
0.296
0.012
0.019
0.029
0.085
0.122
0.173
0.05
0.073
0.108
0.079
0.112
0.161
0.02
0.032
0.048
0.006
0.008
0.011
0.08
0.112
0.161
0.082
0.115
0.165
0.072

0.1

0.169
0.234

Landfill (5)
0.306
0.012
0.017
0.026
0.075
0.113
0.164
0.063
0.087
0.127
0.063
0.09
0.131
0.048
0.067
0.096
0.006
0.008
0.011
0.072
011
0.16
0.075
0.113
0.165
0.055
0.074
0.111
0.063
0.087
0.127

The third step in FMHP is estimating a-cut, which is the confidence level of decision maker, where: a € [0, 1]. By
defining a-cut the initial fuzzy triangular number (L, M, U) is converted to fuzzy number with two bounds (X", X")
defined by:

X-=L+(M-L) 5)
XY=U-(U-M) (6)

A larger o value indicates more confident decision maker. As the study relies on two methodologies to take the final
decision not only fuzzy set, the level of confidence is evaluated at 50%. For example, the fuzzy number bounds of the
weight of criterion (1) are:

X" (W1) = 0.164 + [(0.231 — 0.164) x 0.5] = 0.195 and

XY (W1) = 0.301 — [(0.301 — 0.231) x 0.5] = 0.265

Whereas, the fuzzy number bounds of rating of landfill (1) w.r.t. criterion (1) are obtained as follows:
X" (P11) = 0.145 + [(0.195 — 0.145) x 0.5] = 0.170 and
XY (P11) = 0.248 — [(0.248 — 0.195) x 0.5] = 0.222

The last step is to estimate degree of optimism A, where: A € [0, 1]. The degree of optimism is varying, and it depends
on the accuracy of data collected and expectations of changes in the coming years. Moderate degree of optimism is
suggested for the study. That will lead to get the real decision making matrix for the criteria and alternative, by
combining steps 3 and 4, the final weight can be expressed as:

X=aX"+@1-1x" 7
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Sample of calculations to produce the final weight of criterion (1), and rating of landfill (1) w.r.t criterion (1) with a
value of A equal to 0.5:

X (Wy) = (0.5 x0.265) + [(1 —0.5) x 0.195] = 0.232

X (P11) = (0.5 x 0.222) + [(1 - 0.5) x 0.170] = 0.196.

The final comparison matrix is presented in Table (9).

Table (9) Final comparison matrix (X(Pj))

Criteria C, C, C; Cy Cs Ce C, Cg Cy Cyo Cu

Weight 0.232 | 0.030 | 0.124 | 0.060 | 0.114 | 0.027 | 0.046 | 0.114 | 0.115 | 0.093 | 0.077
Landfill (1) | 0.196 | 0.042 | 0.118 | 0.022 | 0.123 | 0.007 | 0.105 | 0.113 | 0.108 | 0.105 | 0.081
Landfill (2) | 0.251 | 0.052 | 0.116 | 0.057 | 0.116 | 0.008 | 0.073 | 0.105 | 0.116 | 0.083 | 0.064
Landfill (3) | 0.257 | 0.017 | 0.148 | 0.058 | 0.123 | 0.018 | 0.031 | 0.123 | 0.119 | 0.093 | 0.064
Landfill (4) | 0.229 | 0.020 | 0.126 | 0.076 | 0.116 | 0.033 | 0.008 | 0.116 | 0.120 | 0.105 | 0.082
Landfill (5) | 0.236 | 0.018 | 0.116 | 0.091 | 0.094 | 0.069 | 0.008 | 0.113 | 0.117 | 0.078 | 0.091

The last stage is to evaluate the alternative sites using the average weighted concept, and then to rank the final results.
The alternative average weight is given by:
Average Weight (Langrini iy = Z for al criteria (Criterion weight x Alternative weight associated with the criterion)

AW = YL, Wix Py (8)

where AW, is the average weight of alternative k.

An example of the calculation for landfill (1) is illustrated below:

AW, = (0.232 x 0.196) + (0.03 x .042) + (0.124 x .118) + (0.06 x 0.022) + (0.114 x 0.123) + (0.027 x 0.007) + (0.046 x
0.105) + (0.114 x 0.113) + (0.115 x 0.108) + (0.093 x 0.105) + (0.077 x 0.081) = 0.1231

Evaluations of the alternative sites is summarized in Table (10).

Table (10) Alternative sites evaluation

Alternative (k) Average Weight Ranking
Landfill (1) 0.1231 5
Landfill (2) 0.1324 2
Landfill (3) 0.1391 1
Landfill (4) 0.1315 3
Landfill (5) 0.1286 4

The ranking weights for the five alternatives as shown in Table (10) are too close to each other where the highest
weight is 0.1391 for landfill (3) and the lowest is 0.1231 for landfill (1). The range of variation between the average
weights of these two alternatives is equal to 0.016. This small variation indicates that the five alternative sites have
almost the same preference, and therefore all of them are suitable to be utilized as a landfill site. This is an expected
result because all the alternatives are located in the same zone.

V. ANALYTICAL HIERARCHICAL PROCESS (AHP)
AHP is an algorithm to solve kind of problems that can be decomposed into hierarchical structure. The structure
usually consists of an objective of what need to be resolved, problem alternatives, and criteria to justify the selection
between these alternatives (Saaty, 1990). The outcome of AHP ranks the alternatives, and the option in the first rank is
considered as the best alternative. It's procedure consists of three basic stages.

First stage: Development of weights for the criteria: At this stage, a single pair wise comparison matrix is
established for the weights of criteria by calculating comparison ratios based on the distances of each criterion as given
in the Criteria Ratios Matrix of Table (3). After that, the ratios' matrix is converted to the Criteia Judgment Matrix
based on Saaty's scale, which is presented in Table (5).
As criteria have the same preference in the study where the aim is to find the best site alternative relative to the
distances for each criterion, developing weights for the criteria are based on taking the average for each pair of criteria
in the criteria judgment matrix for all the five landfills alternatives presented in Table (5). Therefore, the weights of the
criteria matrix (Xij) are obtained by the following Equation:
Xij = Average of values of criteria i and j in the criteria judgment matrix for all

landfill alternatives 9)
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The results are tabulated in Table (11).

Table (11) AHP round 1 analysis - Weights of Criteria (Xj)

criteria | &, | ¢, | | ¢ | o | ¢ | ¢ | ¢ | ¢ | cp | cy gg: PV
C, 1 | 9.00 | 3.80 | 8.60 | 440 | 9.00 | 820 | 400 | 400 | 6.40 | 820 | 523 | 030

C, 0.11 1 013 091 | 013 | 393 | 142 | 014 | 0.13 | 0.18 | 0.25 | 0.34 | 0.02
Cs 0.27 | 8.20 1 400 | 1.20 | 760 | 5.60 | 1.00 | 1.00 | 2.20 | 2.60 | 2.04 | 0.12
C, 0.12 | 3.87 | 0.34 1 047 | 440 | 412 | 039 | 037 | 052 | 0.82 | 0.80 | 0.05
Cs 0.25| 8.00 | 0.90 | 3.60 1 6.60 | 540 | 090 | 1.10 | 160 | 240 | 185 | 011
Cs 011| 184 | 0.16| 0.29 | 0.21 1 294 | 017 | 017 | 0.32 | 0.24 | 0.36 | 0.02
C, 013 | 273 | 028 | 2.34 | 0.28 | 4.06 1 038 | 0.38 | 051 | 0.74 | 0.68 | 0.04
Cs 025| 780 | 1.00 | 3.60 | 1.20 | 6.80 | 5.20 1 1.00 | 1.20 | 240 | 185 |0.11
Co 0.26 | 7.80 | 1.00 | 3.80 | 1.10 | 7.00 | 5.20 | 1.00 1 160 | 220 | 1.89 | 0.11
Cuo 0.16 | 6.60 | 0.47 | 3.20 | 0.70 | 5.80 | 4.60 | 0.90 | 0.77 1 140 | 1.36 | 0.08
Cu 0.12| 500 | 040 | 260 | 052 | 560 | 430 | 043 | 0.47 | 0.80 1 1.02 | 0.06
Sum 2.77 | 61.84 | 9.47 | 33.95 | 11.21 | 61.80 | 47.99 | 10.32 | 10.39 | 16.33 | 22.26 | 17.42 | 1.00
Sum*PV | 0.83 | 1.22 | 111 | 155 | 119 | 127 | 187 | 1.09 | 112 | 1.27 131

Amax 13.86
Cl 0.286
CR 0.189

The values in each row in Table (11) are multiplied and the nth root of each criterion is calculated (where n is the
number of criteria). This is done by the following Equation:
nth root (Ci) = [T, (Xij)"(3), (10)
where Ci is criterion (i).
Applying the Equation for criterion (1):
11throot (C;) =(1x9x3.8x8.6x44x9x82x4x4x6.4x8.2)"(1/11)=5.23
Then, the aforementioned nth root is normalized to get the appropriate weight or priority vector (PV) for each criterion
by using:
PV(Cy) = nthroot (C;) / Y. nth root (Ci) (11)
Thus, PV(C,) is obtained as follows:
PV(C,) =5.23/17.42=0.30
The criteria 11th roots as well as the priority vectors are included in Table ( 11).

The last part of this stage is calculating and checking the Consistency Ratio (CR). CR gives an idea to the decision
maker of whether the analysis is consistent or not. The CR is calculated by applying the following five steps:

1. The summation of each column in Table (11), designated (Sum(C,)), is established.

2. Each Sum(C;) is then multiplied by the respective weight for C;, i.e. Priority Vector (PV(C;)), to obtain
(SumPV/(Ci)):

SumPV(Ci) = Sum(Ci) * PV(Ci) (12)

For example, the calculation for criteria 1 is:

SumPV(C1) =2.77 x 0.30 = 0.83

3. Find Lambda-max (Amax) by adding all values calculated in the previous step

Amax = ZVCriteria /alternatives (SumPV(CI)) (13)

Thus, Amax=0.83+122+111+155+119+1.27+1.87+1.09+1.12+1.27+1.31=13.86
4. Calculate Consistency index (Cl)

CI = (Amax —n) / (n-1) (14)
where n is the number of criteria.
Thus, Cl=(13.86 -11)/(11-1)=0.286
5. Then the Consistency Ratio (CR) is then calculated by dividing CI by a Random Index (RI) obtained from Table
(12).
CR=CI/RI (15)

the Random Index (RI) from Table (12) is equal to 1.51 for a matrix size of 11. Thus,
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CR=0.286/1.51=0.189
Table (12) Random index (RI) (Saaty, 1990)
N RI

3 0.58
4 0.90
5 1.12
6 1.24
7

8

9

1.32
1.41
1.45
10 1.49
11 1.51

Based on the above results as shown in Table (11), CR is greater than 0.10 which is not acceptable and the matrix is
considered as inconsistent. Therefore, the analysis needs to be redone.

Second round of analysis: The second suggestion for developing the weights for the criteria is based on the range of
variations in the distances between alternative sites and criteria. The ranges are obtained by applying the following
equation to the distances of Table (2):
A distance (C;) = maximum distance — minimum distance (16)
Thus, for criterion 1 and 2, the ranges are given by:
A distance (Cy) = 30.80 — 26.94 = 3.86
A distance (C,) =1.46 —0.43=1.03
Based on the calculated ranges of distances for each criterion, a pair wise comparison matrix of criteria weights can be
created by calculating the ratios between criteria using:

Xij = A distance (Ci) / A distance (Cj) a7
For example, the ratio between criteria (1) and (2) is given by:

X, =3.86/1.03=3.75
After that, the ratios are converted into Saaty's measures and the same steps done in the first round of analysis are
repeated, and the results are shown in Table (13). Based on these results, CR is less than 0.10 (CR = 0.01) which is
highly consistent as it is small. Therefore, the analysis is acceptable and the weights of criterion can be used in the third
stage of AHP.

Table (13) AHP round 2 analysis - Weights of Criteria (X§)

Criteria | Ci | G, | Co | Co| G| Co | Cr| Co | Co| Cu | Cu | | pv
C, 1.00| 4.00| 3.00|21.00|100| 100 |1.00| 3.00|1.00| 2.00| 2.00| 157 |0.13

C, 025| 100| 1.00|025|025| 0.33|020| 1.00|0.33| 050| 0.50| 0.43 | 0.03

Cs 0.33| 1.00| 100|0.33|0.33| 050|033| 1.00|050| 1.00| 1.00| 0.59 | 0.05

Cy 1.00| 4.00| 3.00|1.00|100| 100|1.00| 3.00|1.00| 2.00| 2.00| 157 |0.13

Cs 1.00| 4.00| 300|1.00|100| 200|100| 3.00|1.00| 200| 2.00| 167 | 0.14

Cs 1.00| 3.00| 2.00|1.00|050| 1.00|050| 200|1.00| 1.00| 1.00| 1.11 | 0.09

C, 1.00| 5.00| 3.00|1.00|100| 2.00|100| 400 |1.00| 200| 2.00| 175 | 0.14

Cg 0.33| 100| 1.00|0.33|033| 050|025| 1.00|050| 050 | 1.00| 0.54 | 0.04

Cy 1.00| 3.00| 200|1.00|100| 1.00|1.00| 200|1.00| 1.00| 2.00| 1.33 |0.11
Cyo 050 | 2.00| 1.00|050|050| 1.00|050| 200|100 | 1.00| 1.00| 0.88 | 0.07
Cu 050 | 2.00| 1.00|050|050| 1.00|050| 1.00|050| 1.00| 1.00| 0.78 | 0.06
Sum 7.91 | 30.00 | 21.00 | 7.91 | 7.41 | 11.33 | 7.28 | 23.00 | 8.83 | 14.00 | 15.50 | 12.22 | 1.00
Sum*PV | 1.02 | 1.05| 1.01]1.02|101| 102 |1.04| 101|096 | 1.01| 0.99

Amax 11.15
Cl 0.015
CR 0.010

Second stage: Development ratings for landfill alternative sites: In this stage of AHP procedure ratings are
developed for each decision alternative for each criterion. At this step a pair wise comparison matrix for each criterion
is created with each matrix containing the performance of decision alternatives on that criterion. Here, basically the
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ratings of the alternatives are based on the distances from the criteria to the proposed landfill sites. Thus, the rating of
decision alternative (i) relative to alternative (j) (Xij) for each criterion is given by:

Xij = Distance to landfill (i) / Distance to landfill (j) (18)

For example, the rating of landfill (1) relative to landfill (2) based on criterion (1) is:

X2 (Cz)=0.51/1.46=0.35

All the relative ratings (Ratios Matrix) for the different alternatives based on criterion (2) and (3) are included in Table
(14). Similarly, relative ratings for other criteria are prepared.

Table (14) AHP — Relative ratings (Ratios) for each decision alternatives

C2: Distance from residential areas
Sites L1 L2 L3 L4 L5
L1 1.00 0.35 0.57 0.73 1.19
L2 2.86 1.00 1.64 2.09 3.40
L3 1.75 0.61 1.00 1.27 2.07
L4 1.37 0.48 0.79 1.00 1.63
L5 0.84 0.29 0.48 0.61 1.00

C3: Distance from agricultural land
Sites L1 L2 L3 L4 LS
L1 1.00 0.99 0.83 0.93 0.95
L2 1.01 1.00 0.84 0.94 0.96
L3 1.20 1.19 1.00 1.12 1.14
L4 1.08 1.07 0.90 1.00 1.03
L5 1.05 1.04 0.87 0.98 1.00

The same procedure used to find the ratings in the first stage is applied here for each decision alternative under each
criterion. The CRs for alternatives' ratings are very consistent for all criteria, and they are ranging from 0 to a maximum
of 0.06. Therefore, no corrective action is necessary since all values are less than 0.10. That gives a good indication of
consistency on the alternative matrices and later on decision making. Table (15) shows, as an example, the results
obtained for criterion (2).

Table (15) AHP - Judgment Matrix for Each Decision Alternative

C2: Distance from residential areas
Sites L1 L2 L3 L4 L5 rsotgt PV
L1 1.00 | 0.33 0.50 1.00 1.00 0.70 0.13
L2 3.00 | 1.00 2.00 2.00 3.00 2.05 0.37
L3 2.00 | 0.50 1.00 1.00 2.00 1.15 0.21
L4 1.00 | 0.50 1.00 1.00 2.00 1.00 0.18
L5 1.00 | 0.33 0.50 0.50 1.00 0.61 0.11
Sum 8.00 | 2.66 5.00 5.50 9.00 5.50 1.00
Sum*PV | 1.01 | 0.99 1.04 1.00 0.99
Amax 5.04
Cl 0.01
CR 0.01

Third stage: Weighted average ratings: The weighted average rating is calculated for each decision alternative by
combining the PV of all matrices created in stages one and two using the following equation:

AW, = YL, Wi X Py (19)
Where, AW is the average weight of landfill (k), W; and P,; are the weights (i.e. PV) of the criteria (i) and landfill (k).
The following example shows the calculation of the average weight for Landfill (1):

AW, = (0.13 x 0.20) + (0.03 x 0.13) + (0.05 x 0.20) + (0.13 x 0.03) + (0.14 x 0.23) + (0.09 x 0.03) + (0.14 x 0.038) +
(0.04 x 0.20) + (0.11 x 0.17) + (0.07 x 0.20) + (0.06 x 0.17) = 0.184
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The average weights are summarized in Table (16). They are used to rank the alternative sites, and select the best one
with the highest score.
Table (16) — AHP weighted average rating for each decision alternative

Criteria | C1 | C2 | C3 | C4 | C5 | C6 | C7r | C8 | C9 |Cl0|cC11 Ave!’age Ranking
Weight | 0.13 | 0.03 | 0.05 | 0.13 | 0.14 | 0.09 | 0.14 | 0.04 | 0.11 | 0.07 | 0.06 | Weight
L1]0.20|0.13|0.20 | 0.03 | 0.23 | 0.03 | 0.38 | 0.20 | 0.17 | 0.20 | 0.17 | 0.184 5
% L2020 037|020 016|023 |0.05|035|0.20 | 0.20 | 0.20 | 0.15| 0.208 2
§ L3]020(021|020 027|020 |024]| 020|020 |0.20 023|020 | 0.214 1
% L4020 018|020 | 0.27|0.20 | 0.26 | 0.04 | 0.20 | 0.20 | 0.23 | 0.23 | 0.195 4
L5]0.20 011|020 | 0.27 | 0.15| 0.43 | 0.03 | 0.20 | 0.23 | 0.15 | 0.26 | 0.199 3

The final results of applying AHP approach are shown in Table (16). The highest score is for landfill (3), followed by
landfills (2), (5), (4) and (1), respectively. The ranking weights for the five alternatives are close to each other, where
the highest weight is 0.214 and the lowest is 0.184, with a difference of 0.030 between them.

Table (17) shows the average weights and ranking results for all alternatives by both approaches. Landfill (3) has the
highest weight by both approaches, followed by landfill (2). The third and fourth ranks are exchanged between landfills
(4) and (5) alternatively by the two approaches as shown in the table. The last preference site is landfill (1).

Table (17) Comparison of results

Alternative FMHP AHP

Site AWV:{SP?S Ranking vag{;r?f Ranking
Landfill (1) | 0.11791 5 0.184 5
Landfill 2) | 0.12542 2 0.208 2
Landfill (3) 0.13137 1 0.214 1
Landfill 4) | 0.12541 3 0.195 4
Landfill (5) 0.12264 4 0.199 3

VI. CONCLUSION

It is preferred to select a landfill near the existing one from economical, operational, and environmental dimensions.
Selection of the new landfill location away from the existing one will require extra cost for site preparation, extra
operational cost, and extra environmental hazards. As though, landfill (2) and (3) are the most preferable alternatives
with higher preference to landfill (3) as it is the first ranked by both approaches.

Back to Figure (2), landfill (3) is in the middle of the blue zone (Proposed area) and just below the existing landfill.
Landfill (2)is adjacent to the existing landfill and has a nonhomogeneous shape due to some buildings belonging to
Bramco staff just next to this landfill proposed area. Adding to that, the proposed area for landfill (3) is bigger than
landfill (2), their areas are 1.95 km2 and 1.82 km?, respectively, as shown in Table (2). Furthermore, landfill (3) is
away from the most sensitive locations (i.e. Bahrain International Circuit, and the Proposed Bahrain-Qatar Causeway).
Therefore, landfill (3) is the best alternative.
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