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a b s t r a c t

Among the various approaches devised in managing municipal solid wastes, landfills remain the final
destination of waste irrespective of the technology used in treating it. Incorrect siting of landfill sites
could lead to environmental, social and economic cost; hence, appropriate techniques are required in the
identification of potential landfill sites. In densely populated areas in Sierra Leone, there is often tension
over the location of landfill sites, where ‘not in my backyard’ campaigns have sparked riots. This article
presents a methodological framework for identifying municipal landfill sites in urban areas in Sierra
Leone using Bo in Southern Sierra Leone as a case in point. This framework involves a multi-criteria GIS
approach that blends two aggregation techniques: Weighted Linear Combination and Ordered Weighted
Averaging. Key results show that 83.3% of the study area is unsuitable for municipal landfill.

� 2012 Elsevier Ltd. All rights reserved.
Introduction

Global population increase and urbanization are challenging
municipal authorities to manage solid waste. In developing coun-
tries, where 80% of the world’s 6.7 billion live (World Population
Data Sheet, 2008) rapid urbanization and population increase
have called for an improved waste management services (Ahmed &
Ali, 2006). This rapid growth of population and urbanization has
not only contributed to an increase in the use of non-renewable
resources but also the inappropriate dumping of toxic and efflu-
ents wastes are key environmental challenges faced by humanity
today (Rahman, Sultana, & Hoque, 2008). Indiscriminate waste
disposal methods have resulted in pollution of water bodies, soil
and air, which presents significant public health hazards
(Moghaddas & Namaghi, 2009). A prime reason for the substantial
increase in the quantity of urban waste stems from the desire of
nations to improve the living standards and well-being of their
increasing population through industrialization (Ojha, Goyal, &
Kumar, 2007). As these communities struggle to manage their
solid waste, attempts at developing more efficient and effective
management and treatment systems have been planned (Morgan,
@ADFA, Canberra ACT 2612

.au (S.P. Gbanie).
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2004), aimed at protecting the environment and to ensure
economic prosperity. These concerns have warranted the integra-
tion of environmental information in the planning process aimed at
providing a balance between the political, economic and social
forces that shaped such decisions (Lein, 1990).

Municipal solid waste (MSW) is a primary concern to city
authorities and planners. Financial, political and environmental
concern is a major consideration which complicates the decision
making process (Baban & Flannagan, 1998). MSW comprises
durable and nondurable goods, containers and packaging, yard
trimming, food waste and miscellaneous organic waste from
commercial, residential and industrial sources (Davis & Masten,
2008). Defined by the European Commission in the Waste Frame-
work Directives of 1975, waste is any substance that an individual
throws or intends to throw away. This definition is subjective since
what may be regarded as ‘waste’ as opposed to a ‘resource’ may
depend on the context. In this article, waste is regarded asmaterials
that streams from households, commercial outlets, institutions and
public places that are deemed useless.

One of the most important steps in the disposal of MSW is the
delineation of the disposal site. Modern waste management
approaches focus on reduction, reuse, recycling, and recovery of
energy (Kontos, Komilis, & Halvadakis, 2005). Regardless of the
method, it is impossible to eliminate all forms of waste; a better
way to handle waste is through adopting approaches that ensure its
impact on the environment is minimal (Khan & Faisal, 2008).
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Landfill, although found at the bottom of waste management
hierarchy (waste reduction, reuse, recycling, composting and land
filling), is an integral component of the waste management chain
and requires greater attention to reduce its environmental impact
(Mahini & Gholamalifard, 2006; Rahman et al., 2008). It is less
expensive than other forms of waste treatment but has, nonethe-
less, created and continues to create environmental problems.
Landfill as described by Sumathi, Natesan, and Sarkar (2008), is
a waste disposal method in which key engineering principles are
applied. This is achieved by spreading waste into thin cells, com-
pressing it into small volumes and, finally, covering it with a soil
layer.

Landfill literature (Chang, Parvathinathan, & Breeden, 2008;
Delgado, Mendoza, Granados, & Geneletti, 2008; Ekmekçio�glu,
Kaya, & Kahraman, 2010; Geneletti, 2010; Higgs & Langford,
2009; Kontos et al., 2005; Sharifi et al., 2009; Siddiqui, Everett, &
Vieux, 1996) is conceptually rich with methodologies for MSW
landfill site selection. The identification of suitable municipal
landfill as outlined in the literature is a complex and multidisci-
plinary process which requires environmental, ecological, social,
economic and technical or engineering considerations. The selec-
tion process is challenging since the handing and evaluation of such
huge data is guided by rules, regulations, factors and constraints
(Daneshvar, Fernandes, Warith, & Daneshfar, 2005; Siddiqui et al.,
1996). The consideration of such varying parameters makes land-
fill site selection a critical step in the waste management cycle and
thus take some time before such decisions are made. The non-
acceptance of landfill facilities by communities has been popular-
ized by “not in my backyard” (NIMBY) and “not in anyone’s back-
yard” (NIABY) campaigns, which have become an enormous
challenge to decision makers and planners with regards the
demarcation of landfill sites (Chang et al., 2008). A number of
authors (Al-Jarrah & Abu-Qdais, 2006; Sumathi et al., 2008) has
argued that landfill selection process should utilize relevant avail-
able data and planners should arrive at results accepted by all key
players in the selection process.

The processing of such disaggregated data by traditional means
requires considerable time and sometimes may not yield the
desired result. To overcome delays and inaccuracies, geographic
information systems (GIS) a handy decision making tool is used in
contemporary studies. GIS being a digital database management
systems has the advantage of storing, retrieving, and analyzing
a considerable amount of data from various sources and displaying
results with ease (Al-hanbali, Alsaaideh, & Kiondoh, 2011; Din,
Jaafar, Rev Obot, & Hussin, 2008; Siddiqui et al., 1996; Sumiani,
Onn, Din, & Wanjaafar, 2009). Spatial planning impasses that
demand diverse and complex data can be resolved through the
application of multi-criteria evaluation techniques (Nas, Cay, Iscan,
& Berktay, 2010). The strength of GIS-based methodologies for site
selection, as stressed by Geneletti (2010), is that whilst GIS can
manage and process large amounts of spatial data, Multi-criteria
Decision Analysis (MCDA) has the advantage of blending expert
opinion with factual information. This technique evaluates varied
criteria, all possible outcome and conflicting objectives that arises
from the analysis (Al-hanbali et al., 2011).

GIS-base MCDA is an intelligent system that utilizes and
converts spatial and non spatial data into valuable information
which in addition to the judgment of the decision maker can be
used to make critical decision (Chen, Yu, & Khan, 2010; Sumathi
et al., 2008). GIS-based MCDA requires a variety of geographically
referenced data and a set of alternatives with a series of evaluation
criteria. It aggregates the criteria maps in accordance with attribute
values and the preference of the decision maker (Malczewski,
2006). Approaches to MCDA, which include Analytic Hierarchical
Process (AHP), Analytic Network Process (ANP), Weighted Linear
Combination (WLC) or Simple Additive Method (SAM) and Fuzzy
Logic, have widely been used in the identification of potential
landfill sites (see Khan & Faisal, 2008; Kontos et al., 2005; Siddiqui
et al., 1996). Siddiqui et al. (1996) outlined two major steps in
delineating landfill sites. First, areas that are not deemed ideal are
excluded and second, nonexclusionary criteria are employed in
ranking the remaining sites. Whatever method is used, landfill site
selection demands large amounts of data.

Moeinaddini, Khorasani, Danehkar, Darvishsefat, and Zienalyan
(2010) proffered an approach that combined AHPwithWLC in a GIS
environment. Their model is useful for landfill site selection in arid
and semi arid areas. Geneletti (2010) proposed and implemented
an approach by combining stakeholders view with spatial multi-
criteria evaluation approach in the sitting and ranking of inert
landfill site in south-western Trentino, Italy. Their approach used
seven criteria (distance from settlement, elevation, slope, distance
from water bodies, soil permeability, major farmlands and ecolog-
ical values) to construct land suitability map. The involvement of
stakeholders and experts in his analysis creates room for the
handling of different inputs such as the views of the locals and
neighbors thus lending credence to the technical nature of landfill
site selection. In similar studies, GIS-based approach was adopted
in selectingmunicipal solid waste landfill sites by combining spatial
information techniques and AHP for Isparta Basin, Turkey; Beijing,
China; and Lemons Island, Greece respectively (Guiqin, Li, Guoxue,
& Lijun, 2009; Kontos et al., 2005; Sener, Sener, & Karagüze, 2011).
Although, the same approach was used, different criteria were
considered in their models. Whilst Guiqin et al. (2009) considered
two criteria (environmental and economic) and ten sub-criteria,
Kontos et al. (2005) took into consideration four criteria and
eleven sub-criteria for the demarcation of potential landfill sites. In
the optimization of siting problem of a municipal landfill site in the
district of Pondicherry, India, Sumathi et al. (2008) used a multi-
criteria evaluation decision and overlay analysis. Four criteria
(land use, hydro-geologic, air quality and constraint parameteri-
zation) were considered in their study.

Simsek, Kincal, and Gunduz (2006) presented an approach
taking into consideration the vulnerability of ground water to
contamination. This involved the use of a DUPIT Model, which is
a modified form of DRASTIC Model. Their approach took into
consideration five factors, namely depth of ground water, upper
layer lithology, permeability of unsaturated zone, impermeable
layer thickness and topographic slope. A new approach to landfill
sitting with the same objectivewith that of Simsek et al. (2006) was
presented by Soupios et al. (2007). The research by Soupios et al.
(2007), equally took in to consideration five factors different from
that of Simsek et al. (2006). They explore the possibility of
combining geophysical methods with chemical analysis.

Boolean logic, binary evidence and overlapping index of
multiple class map models were used by Delgado et al. (2008) for
the sitting of an inter-municipality landfill in Cuitzeo Lake Basin,
Mexico. The Boolean logic model, which is restrictive in nature,
estimated that 94% of the study area is unsuitable for a landfill.
Unlike the Boolean logic model, the binary evidence on the other
hand classed 54% of the basin as unsuitable and the rest being
classified as highly suitable, moderately suitable, or poorly suitable.

Whilst the model presented by Delgado et al. (2008) given
consideration primarily to three aspects; accessibility, level of
complexity and level of confidence in the result, Sharifi et al. (2009)
proposed a model in which they considered five main themes
namely, geology, hydrogeology, hydrology, climatology and eco-
sociology. The Boolean maps which Delgado et al. (2008)
prepared and used in their analysis were equally prepared by
Sharifi et al. (2009). Rather than using the Boolean maps for
separate analysis, Sharifi et al. (2009) used them for exclusionary
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Fig. 1. Map of Sierra Leone showing study area, Bo.

Table 1
Waste management methods.

Waste management method National statistics (%) Bo statistics (%)

Collected 3.50 1.60
Dumped openly 30.82 21.12
Incinerated 5.90 4.91
Buried 3.29 5.57
Deposited in bins 54.13 64.66
Other methods 2.36 1.94

Source (Koroma et al., 2006).
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purposes, thus masking out areas that should not be considered for
landfill location. For the overlapping index model, Delgado et al.
(2008) converted the Boolean value to multiple suitability scores.
Five scientific experts with specialties in geological risk, geo-
pedological survey, land cover analysis, waste management and
biological issues were consulted for the reclassification of the
Boolean value to suitability scores. The focus of Delgado et al.
(2008) was to compare the effect of different aggregation
approach of various criteria maps using multi-criteria evaluation
approach. A participatory approach through the administration of
questionnaire to private and public sector proved useful in the
identification of landfill site in the UK (Baban & Flannagan, 1998).
Their simplified model adopted criteria used in other nations,
international organizations, established European polices and
legislations.

Waste management in Sierra Leone is in the hand of city
councils. As in other developing countries, waste management is
a challenge to Sierra Leone, which has for some time occupied the
bottom of the Human Development Index (UNDP, 2009). This paper
aims at proposing a model that will aid the Bo City Council (BCC)
administration in the identification of a suitable location for landfill
in the Bo municipality. The proposed model used the weight
module in IDRISI, (Andes edition) software to calculate the AHP
weights and factormaps standardized to a 0e255 bytes using Fuzzy
set membership function (Eastman, 2006). The Weighted Linear
Combination and the OrderedWeighted Averaging (OWA)methods
were used to aggregate the various criteria and constraint maps. In
the following sections of this article, we present the study area,
followed by a description of the methodology of the model, its
result and final remarks.

Study area

The second largest city of Sierra Leone, Bo (Fig. 1) is located
about 249 km southeast of the capital, Freetown. It serves as the
administrative hub not only for the Southern Province but also for
Bo District and Kakua Chiefdom. Bo consists of 22,699 households
and 149,957 people (Statistics Sierra Leone, 2006). The projected
population for 2014 is 250,960 (Koroma, Turay, & Moigua, 2006).
Bo, which is administered by the BCC, is expanding at such an
alarming rate that the city now covers two chiefdoms; namely
Kakua and Tikonko chiefdoms.

Currently, waste management in Bo has been a primary concern
for city planners, as residents have few alternatives to burning
waste or burying it in their compounds or homes. Detailed in
Table 1 is statistics on waste management methods in Bo and at
national level. It is evident from the statistics that a good
percentage of waste is being injected into the environment without
precautionary measure for environmental protection. The use of
bins is managed at household levels and is either burned at home
or a combination of open dumping and burning.

Materials and methods

The proposed model for the identification of a potential landfill
site has been made possible through the integration of environ-
mental, socio-political and economic factors. The methodology
adopted an approach that would address environmental concerns
discussed in this paper. Various secondary data were found useful
in this study. A 50K topographic map was digitized and converted
to a digital elevation model using the ‘Topo to Raster’ tool in ArcGIS
10, from which slope and aspect maps were derived. The hydro-
logical network of the study area was also delineated from the 50K
topographic sheet. A land use map, prepared by Development
Assistance Coordinating Office (DACO) at a scale of 1:12,500, was
digitized to obtain the following map layers: residential/built-up
areas, road, airfield, woodland, scattered tree, shrub land, grass-
land, cropland, orchard or nursery and empty land parcels.

Geological and soil maps were also digitized and rasterized.
Constraint maps, which limit analysis to a particular geographic
space, were developed using a Boolean logic approach. Factor maps
that depict the variability of suitability were equally prepared and
standardized using fuzzy logic techniques. The three intermediate
factors’ criteria maps were further combined to obtain a suitability
index for the MSW landfill site using WLC and OWA techniques.
Each of these maps was rasterized to a 15�15 cell size. They were
further standardized into 0e255 bytes using the fuzzy module in
IDRISI. Fig. 2 illustrates the sequences of operation.

Site selection evaluation criteria

The application of MCDA, namely the AHP, WLC and OWA,
which is being employed in this article, involve series of stages.

In this research, three major criteria and fourteen sub-criteria
were identified as contributing factors in modeling landfill
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Fig. 2. Sequences of operations.
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location. The three major criteria were geo-environmental, socio-
political and economic factors. The criteria map layers used in the
analysis were of two types; constraint and factor maps. Constraint
maps were obtained using Boolean logic operations, (Eq. (1)) and it
limit the analysis to a particular geographical space (Delgado et al.,
2008).

S ¼
Yn
i¼1

Xi (1)

where S¼ suitability value (1, 0), Xi¼ suitability index value for each
constraining criteria, and n¼ the number of binary attribute map.

For a Boolean constraint, the suitability of one criteria will not
compensate for the lack of suitability in another, hence tradeoff is
impossible. To account for tradeoffs, a number of criteria maps, that
show the degree of suitability of places with respect to distances to
a particular factor was prepared and standardized.

This was done by blending Sigmoidal membership function (Eq.
(2aec)) with linear fuzzy membership functions. A linear distance
decay function was chosen in this research to cater for economic
factors such as distance from generation point. On the other hand,
the Sigmoidal linearly increasing function caters for the NIMBY,
NIABY and “Build Absolutely Nothing Anywhere Near Anything/
Anyone” (BANANA) campaigns, which have become very popular in
the siting of noxious facilities like landfills.

m ¼ cos2a (2a)

(Sigmoidal membership function)where

a ¼
� ðx� control point cÞ
ðcontrol point d� control point cÞ

�
�
�p
2

�
(2b)

when x< control point c and m¼ 1; in the case of a monotonically
decreasing function.

a ¼
�

1� ðx� control point aÞ
ðcontrol point b� control point aÞ

�
�
�p
2

�
(2c)

when x> control point b and m¼ 1 in the case of a monotonically
increasing function.

The factor and criteria maps were aggregated to give the
composite map, which shows a suitability index for landfill. Finally,
two aggregation techniques were employed, namely; the WLC and
the OWA (Eqs. (6) and (7)).

Ground water level criteria

Geo-environmental factors are those factors associated with the
impact landfills may have on ecology and the biophysical envi-
ronment. A number of sub-criteria has been considered under this
criterion. They include ground water level, surface water, geology,
soil, topography, slope, land cover and cropland.

A GPS survey of 105 water wells conducted from 15th to 25th
August 2010 was used to generate a raster grid using the Inverse
Distance Weighted (IDW) interpolation method in ArcGIS 10 with
a cell size of 15�15 m (Eq. 3).This period was particularly chosen
because the ground water level was at its highest peak.

The ground water level map was standardized using a linear
fuzzymembership functionwithmonotonically increasing distance
as the fuzzy shape type.

Z0 ¼

Pn
i¼1 Zi

1
dkiPn

i¼1
1
dki

(3)

where of point 0, Zi ¼ Z value at known point I, di ¼ distance
between I and point 0, n is the number of known points and k ¼
specified power.

Surface water criteria

Surface water contamination is a major concern in the siting of
municipal landfill facilities. It is always ideal to locate landfill far
away fromwater bodies (lakes, ponds, rivers etc.) as far as possible.
A constraint map of the stream area within 150 and 500 m which
divide the study area into suitable areas with a value of 1 and
unsuitable areas with a value of 0, and factor maps (Fig. 3a and b)
depicting the degree of suitability from the 200 and 150 m
constraints were prepared. The factormaps indicating the degree of
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Fig. 3. a. Factor criteria map for intermittent streams. b. Factor map for perennial
streams.
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suitability with respect to distance from water surface were
prepared using the constraint map as input and later standardized
using fuzzy membership functions. A linear fuzzy membership
function with monotonically increasing distance was used in the
standardization of distance from surface water. Control points “a”
and “b” used to standardize the map value to 0e255 bytes were 150
and 670 m respectively since it serves as a reasonable distance for
the protection of water bodies.
Fig. 4. Fuzzy standardized slope map.
Geology

Geological map obtained from Geological Surveys, Ministry of
Mines and Mineral Resources were digitized and assigned scores
from 1 to 5. Areas that have poor geological conditions were given
lower scores, an indication of its poor suitability whilst those that
are deem ideal were given higher scores. This map was rasterized
using 15�15 cell sizes. Themapwas standardized to a 0e255 bytes
using monotonically increasing sigmoidal function.

Most of the area surrounding Bo is underlain by clayey soils.
Places that are covered with clayey soils were given higher grades
(5), since they will help to prevent the percolation of leachates
further down to the ground water. Sandy soils, with a higher
percolation potential, were given lower scores (1), which is an
indicator of its low suitability. The rasterized map was then stan-
dardized into 0e255 bytes using the fuzzy module in IDRISI.

Topography

Hilly landscapes not only increase construction costs, but also
become a burden to vehicles transporting waste to landfill loca-
tions, since a number of highlands will be difficult to negotiate if
proper leveling is not done. Places above 450 mwere deemed to be
unfit and as such were assigned a lower score (1), and those below
450 assigned a higher value of suitability (5).

Slope

Slope derived from the digital elevation model of the study area
shows a graduation from 0 to 55 degrees (Fig. 4). In terms of
economic considerations, slope factor plays a critical role, since
higher slope require high cost of leveling (Guiqin et al., 2009). Lin &
Kao (1998, 2005), not only underscored the large cost associated
with the construction and maintenance of landfills on steep slopes,
but also further noted the risk of hindering drainage runoff if they
are located on a very flat slope. In other words, landfills constructed
on very low slopes have a risk, runoff and subsequent contamina-
tion of nearby water bodies nearby water bodies and ground water.
They suggested 8e12% slope as a requirement for landfill siting.
Areas with slope percent less than 10% and those higher than 30%
are considered unsuitable for landfill location.
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Land cover/land use (LUCC)

The principal LUCCs of the study area include woodland, scat-
tered trees, shrubs, grassland, cropland and orchard or nursery.
Cropland area, which is principally located in inland valleys
swamps were excluded from the suitability considerations and as
such were assigned a value of 0. Forested or woodland areas were
considered to be less suitable on the grounds that forest cover is not
widespread and if such places are chosen they will further exac-
erbate the deforestation problem the country is currently faced
with. Places deemed suitable for the location were scattered tree
and shrub areas. These areas were given higher scores, indicating
high suitability.
Fig. 5. Fuzzy standardized built-up area map.
Aspect

Air pollution, especially from methane generated by decom-
posing degradable materials from a landfill, is a serious concern and
as such, much attention has been paid to the wind direction in this
research. An aspect map of the study area was derived using digital
elevation model data. Wind direction records from the Bo Meteo-
rological Office indicate that southeast (SW) and northeast (NE) are
the dominant wind directions. These undesired aspects were
assigned lower values whilst those that do not fall in this category
were given higher values.
Built-up area

Landfills are usually appropriately located outside built-up
areas. A number of countries has promulgated laws that specify
the distances at which noxious facilities should be distant from
built-up areas and urban environments. China’s Solid Waste
Management Law stipulates a distance of 500 m from built-up
areas (Guiqin et al., 2009). Sharifi et al. (2009) used 5 km buffer
distance around major cities, and less for minor cities, based on
their population. Sierra Leone unfortunately lacks guideline for the
siting of a MSW landfill. Unlike in the studies mentioned above,
a 300 m buffer was used for this research. The reason for this
decision is because the area under study is small in spatial extent
and secondly, using much larger buffers implies that waste will
have to be carried to a much longer distance and this in itself will
have some economic ramification on the BCC (Fig. 5).
Helipad

Landfills usually attract scavenging birds, such as vultures.
Gliding vultures may obstruct air traffic if landfills are situated
within walking distance of an airfield. The city of Bo, however, has
no standard airfield; rather, a buffer distance of 500 mwas applied
around the runway of the helipad.
Acceptance by community

The city of Bo is situated between two chiefdoms, Kakua and
Tikonko. The administration of the city is in the hands of the BCC
whilst the general development of the area that falls outside the
city is in the hands of the Bo District Council together with the
various chiefdom councils. One new criterion that was included in
this research is willingness of the community to accept the landfill
sites. For this, the study area was divided into two. Areas that fall in
the Kakua chiefdom were given a score of 5 and those that falls in
the Tikonko Chiefdom a score of 1.
Distance from generation point

Economic consideration is one major criterion that has always
played a pivotal role in the identification of potential landfill sites.
Among themany sub-criteria, distance fromwaste generation point
is considered to be a determinant factor in landfill location because
of the cost in transporting the waste to the site. Suitability of sites,
with respect to distance from generation point, decreases with
distance. The decrease in suitability, as distance from waste
generation points increase, is in direct contrast to the sub-criteria of
distance from built-up areas, where suitability increases as distance
from residential areas increase (Javaheri, Nasrabadi, Jafarian,
Rowshan, & Khoshnam, 2006).

Road criteria

Distance from existing roads is always viewed as a very
important economic factor to be considered in the location of
a landfill site. Landfills located very close to principal roads are
regarded as a hindrance to economic development since the site
will serves as a repellant to tourists. A buffer distance of 75 m
considered by Chang et al. (2008) in their search for a landfill site
for a fast-growing city is viewed by the researchers to be too close.
In this study, in ensuring that the landfill is not so close to the roads
and a search for a new landfill is not required in a very short time,
200 and 150 m buffer were used in this research for primary and
secondary roads respectively. Sigmoidal fuzzy symmetric function
with control points a, b, c, and d, having values of 150, 300, 800, and
2500 respectively were used to standardize the distance from road
to 0e255 bytes (Fig. 6a and b). These roads, were chosen because
they are in good condition, and are wide enough to cope with the
expected increase in traffic; a recommendation made by Tadros
(2009).

Land price

Land price always limits the area to be acquired for a landfill. An
enquiry of land price from the Ministry of Land, Country Planning
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Fig. 6. a. Fuzzy standardized primary road map. b. Fuzzy standardized secondary road.
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and Environment, Bo was made and it was realized that price
depends on the population concentration and the distance of the
parcel to a main road. The price of land is thus divided into four
classes. Land parcels, though difficult to find around the central
business district, range from 1000 to 2000 USD for 6000 square feet
whilst the cheapest land parcels can be found in the northwest and
east of Bo ranging from 150 to 500 USD for 6000 square feet. Areas
that are deemed expensive, especially the central business districts,
were given a lower value depicting low suitability and places where
prices are low, particularly the fringes of the city were assigned
high suitability values.
Aggregation methodology e Analytic Hierarchy Process (AHP),
Weighted Linear Combination (WLC) and Ordered Weighted
Averaging (OWA)

MCDA demands the assigning of weights to the various criteria
considered in the analysis. Weights determine the level of impor-
tance of each criterion relative to the others, and accounts for the
degree of compensation for each factor in the factor group (Gemitzi,
Tsihrintzis, Voudrias, Petalas, & Stravodimos, 2006). Various
approaches exist for the assigning of weights, the simplest being
the division of 1 among the various criteria. This approach is
difficult to implement especially when the criteria to be considered
are diverse (Eastman, 2006). Weights for the various criteria and
sub-criteria were obtained by employing the Analytic Hierarchy
Processes (AHP) describe by Saaty (2008). AHP demands that each
criterion should be paired against each other. This was done using
a pair wise comparison matrix with the recommended funda-
mental scale of absolute values in AHP (Saaty, 2008). The
construction of a comparison matrix and the derivation of weights
were done using the weight module in IDRISSI 15.0 (the Andes
Edition) (Eastman, 2006). A single numerical value, the consistency
ratio (CR), which measures the level of inconsistency of the pair
wise comparison matrix (i.e. the likelihood whether factor weights
were randomly assigned), was calculated using the mathematical
relation

CR ¼ CI
RI

(4)

where CR¼Consistency ratio; CI¼ Consistency Index; RI¼Mean/
Average consistency Index.

CI ¼ lmax� n
n� 1

(5)

and CI¼ consistency index, max¼ greatest eigenvalue of prefer-
ence matrix; n¼ order of matrix.

Saaty (2008) recommended that a revision of the preference
matrix should bemade if and only if CR> 0.1. The consistency ratios
(CR) in this research were 0.07, 0.04 and 0.04 for geo-
environmental, socio-political and economic factors respectively,
which are below the maximum consistency ration recommended
by Saaty.

The computed weights and the various factors and constraint
maps were aggregated using WLC and OWA approaches. The WLC
aggregation technique is the sum of the product of each stan-
dardized factor map and the factor weights (Eq. (6)) (Eastman,
2006).

Si ¼
Xn
i¼1

WiVj �
Yn
i¼1

Xi (6)

where Si¼ Suitability Index, Wi¼ Criteria weights and Vj¼ criteria
factor, Xi¼ criteria score of weight and k¼ the number of criteria.
OWA was obtained using the function

OWAi ¼
Xn
j¼0

0
BBB@

UjVjPn
j¼0 UjVj

1
CCCAZji (7)

The WLC was used for aggregation of the economic and socio-
political factors, whilst the OWA was used for geo-environmental
factors. OWA was chosen for the aggregation of environmental
factors since it can account for tradeoff and this unique feature is
absent in WLC. Unlike the WLC, the OWA require another set of
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Table 2
Landfill suitability index.

Class Index Freq %

0e25.5 Not suitable 247,137 83.3
25.5e51 Very, very low 171 0.1
51e76.5 Very low 751 0.3
76.5e102 Moderately low 3353 1.1
102e127.5 Low 3951 1.3
127.5e153 High 5104 1.7
153e178.5 Moderately high 9877 3.3
178.5e204 Moderately very high 9441 3.2
204.5e229.5 Very high 7728 2.6
229.5e255 Very, very high 6267 2.1
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weights known as order weights, which determine the manner in
which factor weights should be combined (Eastman & Jiang, 1996).
This approach was adopted to account for the environmental
factors tradeoff. Gemitzi et al. (2006) observed that tradeoffs of
various economic factors are easily determined since they are easily
converted into economic terms, unlike environmental factors. For
instance, it is very difficult to translate level of pollution into
monetary terms. In contrast to the factor weights, ordered weights
are not factor specific. Instead, they are applied to the different
factors on a pixel by pixel basis, which is determined by the various
rank order position across factors for each location. The factor with
the lowest suitability score is given an order weight of 1, the next
lower suitability score is assigned an order weight of 2 and so on
(Eastman, 2006).

The various intermediate maps namely the geo-environmental,
socio-political and economic factors were aggregated using a third
MCE operation, WLC & OWA analysis, to yield the final suitability
map for a MSW landfill. The consistency ratio for the combination
of the intermediate resultant map is 0.0 far below the recom-
mended value of 0.1 (Table 6).
Result and discussions

A landfill suitability index map depicting the logical location of
a municipal landfill in Bo, Southern Sierra Leone is represented in
Fig. 7. The final index model was grouped into ten categories
ranging from “not suitable” to “very, very high suitability” (Table 2)

The map demarcates areas that are highly suitable for landfill
location and those that are less suitable. It shows that the most
ideal places for landfill location are patches of land found in the
northeast and northwest of the study area. The study reveals that
83.3% of the study area is not ideal for landfill location whilst only
2.1% is very, very suitable for landfill siting.

One important factor, which seems to be absent in the available
literature on the location of a municipal landfill sites using geo-
spatial technologies, is community acceptance of a landfill in their
surroundings.
Fig. 7. Landfill suitability index map.
Tikonko Chiefdom, toward which Bo is currently expanding and
which happens to offer inexpensive land price was less ideal. This
reason for the low suitability of this region of the study area is
because of the high ground water level that characterized the area.
Coupled with the high ground water level, the area is inundated
with numerous inland valley swamps which do not only serve as
cultivable areas for residents of that community but also relied on
the streams as drinkingwater. In themodel, community acceptance
was considered because communities chosen for landfill location
usually protests over such decisions because they are not producers
of the wastes. The non inclusion of this criterion has often led to
rejection of identified landfill sites in communities. This has
promoted NIMBY, NIABYand BANANA campaigns. This has for some
reasons led to confrontation between local people and municipal
planners.

In northern areas, suitable plotswere foundhaving groundwater
levels between 40 and 50 m. It should be remembered that these
identified sites naturally have lower water levels during the peak of
the dry season. With regards to the soil characteristics of these
areas, theyare underlain byclayey soils. Such soil characteristicswill
help to reduce the contamination of ground water from leachates
that will result from the fermenting biodegradable materials.

This, however, does not disqualify the need to use a polymer
layer for strengthening the retention capacity of the clayey layer to
prevent the percolation. The slope of suitable areas, which is
between 300 and 450 m, is within construction requirement. Areas
with elevations under 300 and those above 550 m are not included
in the selected areas to be the most ideal place for a landfill. Places
that have such characteristics were given a lower suitability score
were having a fuzzy standardized sigmoidal function of 50e100 on
the 255 bytes scale. Places with an elevation below 200 m would
have a lower construction cost. However, it has the risk of facili-
tating the contamination of ground water since the ground water
levels at these places were high. On the other hand, places with an
elevation of 550 m and above have the highest ground water level
according to the field survey. Although these places have the lowest
risk of ground water contamination, the monetary cost of
Table 3
Comparison matrix for geo-environmental factors.

GW PS IS CL GE SO SL TO LU FW OW

GW 1 0.1956 0.130
PS 1 1 0.2344 0.140
IS 1/3 1 1 0.1106 0.120
CL 1/3 1/3 1 1 0.0865 0.120
GE 1 1/3 1/2 1 1 0.0868 0.120
SO 1/3 1/5 1 1/3 1 1 0.0701 0.110
SL 1 1/3 1 1 1 1 1 0.0856 0.110
TO 1/5 1/3 1/3 1 1/2 1/2 1 1 0.0671 0.100
LU 1/3 1/7 1 1 1 1 1 1/3 1 0.0633 0.050

GW¼Ground Waters, PS¼ Perennial Stream, IS¼ Intermittent Stream, CL¼ Crop-
Land, GE¼Geology, SO¼ Soil, SL¼ Slope, TO¼ Topography, OLU¼Other Land Uses,
FW¼ Factor Weights, OW¼Other Weights, CR¼ 0.07< 0.1.
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Table 4
Comparison matrix for socio-political factor.

BU HE AS AC FW OW

BU 1 0.4564 0.5
HE 1/2 1 0.2143 0.2
AS 1/3 1 1 0.2219 0.2
AC 1/3 1/2 1/3 1 0.1074 0.1

BU¼ Built-Up, HE¼Helipad, AS¼Aspect, AC¼Acceptance, FW¼ Factor Weight,
OW¼Ordered Weight, CR¼ 0.04< 0.1.

Table 6
Comparison matrix for intermediate factors.

GE SP SE FW OW

GE 1 0.5000 0.6
SP 1/2 1 0.2500 0.2
SE 1/2 1 1 0.2500 0.2

GE¼Geo-environmental Factors, SP¼ Socio-political Factors, SE¼ Socio-economic
Factors, FW¼ Factor Weights, OW¼Other Weights, CR¼ 0.0< 0.1
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constructing a landfill in such places is high. The resultant output
map makes it possible for such places to be avoided in a bid to
reduce construction cost and to reduce ground water contamina-
tion risk.

This study made use of five constraints map and 14 factor maps.
The constraint maps (Built-up, Cropland, Streams, Roads, and
Slopes) exclude certain portions of the study area from consider-
ation given a value of 0, and made available some areas for consid-
erationwith a value of 1. Factor maps, which show a varying degree
of suitability with distance, were assigned factor weights depicting
the degree of importance attached to each factor. This was done in
three phases. A Comparisonmatrixwas done among factors that are
related to the Geo-environmental factors, socio-political and socio-
economic factors in turn. The computed factorweights (Tables 3e6),
which were multiplied by each of the factors outputted three
intermediate results, namely, geo-environmental factor map, socio-
political factor map and socio-economic factor map.

The three intermediate maps were aggregated to give a single
composite index map, depicting varying degree of suitability. The
geo-environmental, socio-economic and socio-political factor
outputted a factor weight of 0.5, 0.25 and 0.25 respectively when
a comparison matrix was done using the weight module in IDRISI.
In the computation, another weight, “other weights” was drawn
upon, in addition to the factor weights. The essence of the inclusion
of “other weights” is to reduce the risk associated with environ-
mental factors and to account for tradeoff (Eastman & Jiang, 1996).
An ‘order weights’ of 0.6, 0.2 and 0.2 were assigned to geo-
environmental, socio-political and socio-economic factors respec-
tively. This indicates that higher preference was given geo-
environmental factors since the cost to clean contaminated
ground and surface water outweighs other cost. Unfortunately,
a developing country like Sierra Leone lacks the technology for
ground water remediation. This in no way means that political
factors were not also considered important.

Unlike the work of Guiqin et al. (2009) where landfill siting was
centered on the analysis of two criteria (environmental and
economic) and eleven sub-criteria, this study brought onboard
a third factor, the social factor. The role of this factor in the siting of
noxious facility like landfill cannot be overemphasized. It should be
noted that nomatter how environmentally and economically viable
a location of a landfill might be, the exclusion of the social factors
which tries to translate how readily the locals accept such facilities
will render such decision valueless. Considering this factor in this
study and in cooperating it into the model, resulted in an increase
in the number of sub-criteria to fourteen. In contrast to the
Table 5
Comparison matrix for socio-economic factor.

PR SR LP GP FW OW

PR 1 0.3289 0.5
SR 1 1 0.3165 0.2
LP 1/2 1 1 0.2029 0.2
GP 1/2 1/3 1 1 0.1517 0.1

PR¼ Primary Road, SR¼ Secondary Road, LP¼ Land Price, GP¼Generation Point,
FW¼ Factor Weight, OW¼Ordered Weight. CR = 0.04 < 0.1.
approach used in this study, Sumathi et al. (2008) introduced the
air quality index and constraint parameterization in addition to the
land use criteria and the hydrology as used in other studies. What
this study found interesting was the in cooperation of the factors
that noted the perception of people with regards the siting of the
facility. This factor which is conspicuously absent in the literature
has in a number of instances warranted the locals to pose a though
resistant in the siting of such facility.

Whilst this study did not take in to consideration the approach
of Simsek et al. (2006) in which they employed a modified form of
DRASTIC (Depth to water, net Recharge, Aquifer media, Soil media,
Topography, Impact of vadose zone, and hydraulic Conductivity)
model, DUPIT ((1) Depth to ground water table, (2) Upper layer
lithology, (3) Permeability of unsaturated zone, (4) Impermeable
layer thickness and (5) Topographic slope), principally for the
protection of the ground water, the use of WLC and OWA was
pivotal. It was on this backdrop that a factorweight of 0.1956 and an
ordered weight of 0.130 were assigned to the ground water criteria.
Unlike the DUPIT model where factor weights were assigned
arbitrarily, the use of WLC and OWA through consistency matrix
was indeed ideal. Instead of assigning factor weight to the various
criteria arbitrarily, a mathematical approach, a matrix, help in
reducing the human error in such a situation.
Conclusion

The alarming increase in the generation of MSW and the
manner in which wastes are being managed in Bo is one of the
greatest challenges faced by the BCC. The proposed GIS model
discussed in this paper was designed to assist planners, civil engi-
neers and developers to help protect ground and surface waters
from contamination, communities from air pollution and noxious
smells of fermenting degradable waste materials, smoke from
burning waste, public health and to reduce financial burden.

Potential areas for the location of a municipal landfill site were
delineated using two aggregation techniques; WLC and OWA.
Unlike mathematical models, GIS have the capability of storing,
analyzing and displaying spatially reference data with integrated
aspatial data. In this research, a multi-criteria evaluation technique
was drawn upon by blending WLC and OWA for the siting of
a potential landfill site. OWA offered the opportunity for controlling
the level of risk in a multi-criteria analysis and the degree of
influence which the factor weights will have on the final suitability
map. The approach was employed to account for the risk which
environmental factors pose in the siting of municipal landfill. Geo-
environmental factors were viewed as the principal factors that
govern landfill siting since the cost of cleaning ground and surface
water when they are contaminated far outweighs other costs. This
model offers an opportunity for the inclusion of parameters whose
effects (pollution and contamination) are not quantifiable if due
regard is not paid to them.

This methodological framework outlines procedures for siting
municipal landfill site in developing countries by taking scientific,
engineering principles, social and economic factors onboard. For
future research, it is thus recommended that a participatory GIS
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approach is necessary as it is an essential component in solving
a siting problem like landfills. Participatory GIS will provide
a platform for the public to put their concerns which in a way
means that the people participate in the decision making process.

This research has demonstrated the importance of GIS-based
tool in the siting of facilities such as municipal landfill sites. It
expedites the analysis of a huge spatial and aspatial data and turn
out result with degree of accuracy within the shortest possible time
which otherwise will be impossible with in-situ techniques. Simi-
larly, results are pictorially presentedwhichmake understanding of
spatial phenomena easy, most especially for people with less
knowledge on spatial analysis. Sierra Leone as a nation which has
a bulk of the population with high illiteracy but which for the most
part need the input of the citizenry in decision making most
especially those that hinges on the environment including the
social, health and economic status, but absolutely crucial for
authorities to employ GIS in the execution of such task.
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