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Abstract

Shortage of land for waste disposal is a serious and growing potential problem in most

large urban regions. However, no practical studies have been reported in the literature that
incorporate the process of consumption and depletion of landfill space in urban regions over
time and analyse its implications for the management of waste. An evaluation of existing

models of waste management indicates that they can provide significant insights into the
design of solid waste management activities. However, these models do not integrate spatial
and temporal aspects of waste disposal that are essential to understand and measure the
problem of shortage of land. The lack of adequate models is caused in part due to limitations

of the methodologies the existing models are based upon, such as limitations of geographic
information systems (GIS) in handling dynamic processes, and the limitations of systems
analysis in incorporating spatial physical properties. This indicates that new methods need to

be introduced in waste management modelling. Moreover, existing models generally do not
link waste management to the process of urban growth.

This paper presents a model to spatially and dynamically model the demand for and allo-

cation of facilities for urban solid waste disposal in growing urban regions. The model devel-
oped here consists of a loose-coupled system that integrates GIS (geographic information
systems) and cellular automata (CA) in order to give it spatial and dynamic capabilities. The
model combines three sub-systems: (1) a CA-based model to simulate spatial urban growth

over the future; (2) a spread-sheet calculation for designing waste disposal options and hence
evaluating demand for landfill space over time; and (3) a model developed within a GIS to
evaluate the availability and suitability of land for landfill over time and then simulate allo-

cation of landfills in the available land. The proposed model has been tested and set up with
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data from a real source (Porto Alegre City, Brazil), and has successfully assessed the demand

for landfills and their allocation over time under a range of scenarios of decision-making
regarding waste disposal systems, urban growth patterns and land evaluation criteria.
# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The twentieth century and particularly the period post World War II experienced
not only the biggest urban population boom of the history, but also unprecedented
global levels of economic activity. A new culture of production and consumption
was followed by a dramatic increase in the production of urban solid waste.

The management of waste disposal is closely linked to the dynamics of urban
development. Urban growth affects both the demand for land for landfill and the
supply of suitable land to attend the demand. Population growth generally leads to
increasing waste production. Disposing of this waste involves increasing demand for
land in most urban regions. On the other hand, the spreading of urban areas out-
wards progressively decreases the availability of land for waste disposal. In this
context, shortage of land becomes a potential problem.

Land is an important limited and scarce resource. Even countries with seemingly
unlimited open spaces cannot afford to waste land on landfills. In Canada, for
example, 43% of the value of agricultural production comes from farmland within
80 km of 22 major metropolitan centres (Tammemagi, 1999). Allocation of landfills,
generally close to the municipalities they serve, can therefore place a direct compe-
tition with prime agricultural land.

Another aspect of the problem of using land for waste disposal is that landfill areas
become unusable for most beneficial uses after they close. Even though some closed
landfills have been converted into recreational areas (Metroplan, 1999), landfills are
unsuitable for urban, commercial or industrial development, and agricultural use.
Landfills are effectively permanent facilities that offer risks to the environment and
public health and that need to be monitored and maintained for many decades after
the closure. Despite of this, the destination of urban solid wastes in the majority of
the countries in the world is dominated by landfilling (Williams, 1998).

Shortage of land for landfills is a problem frequently cited in the literature. It has
been approached as one physical constraint, among others, to which waste man-
agement systems are subject (Chang, Shoemaker, & Schuler, 1996). Few studies have
considered shortage of land for landfill as a major aspect of the waste management
issue with economic repercussions (BIE, 1993). It is also possible to find the opinion
that shortage of land for landfill is more a myth than a fact (Scarlett, 1991). The
reason for these disagreements is that consumption and depletion of land for waste
disposal has not been fully studied and, in particular, quantified in the long-term.

Progress in the practices of waste disposal has been followed by development of
operational tools to assist more efficient waste management. Several characteristics
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of the problem domain of urban solid waste management and planning make it
suitable for investigation through mathematical and computational techniques. The
planning and management of urban solid waste disposal is complex, involves
uncertainty, and requires judgment and diverse expertise. Moreover, implementing
sustainable waste management systems requires that planners and decision-makers
have a reasonable idea of how waste disposal systems would perform over time and
across space in response to different decisions.

Most of the existing models of waste management, however, do not deal with the
spatial and temporal dimensions of waste disposal in an integrated manner. Spatial
models for waste disposal allocation are intrinsically static; and dynamic models for
the design of waste disposal systems generally do not handle spatial allocation of
waste disposal facilities.

There are no models able to provide information about the process of consump-
tion and depletion of land for waste disposal over time in large urban regions. This
lack of adequate models is caused in part due to limitations of the methodologies the
existing models are based upon, such as limitations of geographic information sys-
tems (GIS) in handling dynamic processes, and the limitations of system analysis in
incorporating spatial physical properties. This indicates that new methods need to
be introduced in waste management modelling in order to fill this gap.

Research in the field of dynamic spatial modelling has demonstrated the ability to
model a wide range of dynamic geographical processes, such as urban growth,
hydrological and meteorological processes and bush fire dynamics. The recent and
very fertile work on cellular automata (CA) modelling of urban growth has gener-
ated a number of models that explore for drivers and components of the urban
growth dynamics. According to Engelen, White, Uljee, and Drazan (1995), CA
provides the key to a dynamic modelling and simulation framework that allows the
integration of socio-economic with environmental models, and that operates at a
geographical base. Furthermore, Itami (1994) says that CA models are conceptually
clear, accurate, simple and produce comprehensive results.

Clarke and Gaydos (1998), for example, developed a CA-based model able to
reproduce long-term urban growth process (100 years). The application and test of the
model in some important American urban regions have successfully demonstrated the
utility of integrating historical maps with remotely sensed data and related geographic
information to dynamically map urban land characteristics. The work developed by
Engelen et al. (1995; Engelen, White, & Uljee, 1997, chap. 8) is another example.
They designed an automaton to represent urban land use dynamics, and used it to
forecast effects of climate changes on a small island. It is a good example of the rich
possibilities of linking cellular-based models of urban growth to urban environ-
mental issues. Indeed, Clarke and Gaydos (1998) have suggested that a promising
subsequent step in such research field would be integration of the information pro-
vided on urban dynamics to socio-environmental models to analyse the impacts of
urban growth and land use change on urban and regional issues such as urban pol-
lution, traffic congestion, loss of natural resources, and waste disposal management.

The aim of this study is to devise and articulate a systematic and comprehensive
model to spatially and dynamically model the demand and allocation of facilities for
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urban solid waste disposal in urban regions under development. As such, the model
would have to portray the dynamics of urban growth and incorporate its impacts on
the management of waste disposal over time. For this, the applicability of novel
concepts and techniques of spatial-temporal modelling of urban growth dynamics to
the field of waste management will be investigated.

The capabilities and applicability of the model as a tool to help planning and
decision-making is analysed by applying the model to a realistic test environment.
2. Overview of the siting processes applied to solid waste facilities

The location of waste facilities is an important component of the waste manage-
ment process. Inappropriate allocation of waste facilities can lead to environmental
damages, social and political conflicts and economic inefficiency.

The process of selecting sites for waste facilities has been widely investigated.
Different methods have been created over the last few decades to assist in developing
more efficient waste disposal allocation.

Conventional location/allocation models for solid waste management in the late
1960s focused on financial optimisation. Esmali (1972) and Helms and Clark (1971)
are examples. They assessed the best location for waste facilities considering a lim-
ited and previously known number of location options. Different combinations of
facilities (usually landfill and incineration) and locations were then translated into
costs. The financial function depends on the operation costs of the facility, the rev-
enues generated by the facility (energy) and the costs to transport the waste to the
facility.

During the 1980s the awareness about the potential of pollution of waste disposal
led to more restrictive environmental regulations for the siting, implementing and
operating of waste facilities. Moreover, the emphasis on material recycling has
gradually changed the orientation in system analysis of solid waste management.

In the late 1980s and 1990s, the conventional waste models of the previous decade
started to include waste recovery facilities, and assumptions of waste reduction. The
optimising function was generally still based on economic analysis, with the differ-
ence that revenues from waste recovery, and/or environmental costs of pollution
were included. Jacobs and Everett (1992) and Lund (1990), for example, developed
models that schedule landfills and waste recovery activities by minimising the
present value cost over the landfills lifetime.

According to the state-of-art review on solid waste management models developed
by McDonald (1996), Chang was the first to explicitly incorporate environmental
costs. His model determines the capacity and location of waste disposal facilities
required to minimise the net present value of all costs minus benefits. The constraints
include mass balance considerations, capacity limitations, financial concerns, air
pollution control, and leachate impacts (Chang, Shoemaker, and Schuler, 1996).
With similar approach, the model developed by Daskalopoulos, Badr, and Probert
(1998) identifies the optimal combination of technologies for the handling, treatment
and disposal of municipal solid wastes according to economic and environmental
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criteria. These criteria are the rate of energy consumption, the rate of emission of
greenhouse gases to the atmosphere, and the net economic cost of the operations
involved (operation costs minus revenues). The environmental criteria are translated
into corresponding associated costs and the final comparison is made on a total cost
basis.

One common characteristic of the modelling approach described earlier is the way
they treat the spatial dimension while allocating activities. The space in these models
is represented by the relative distance between source and destination of waste. Site
properties are not considered, at least explicitly. Most of the costs are independent
of the location of the facility. The availability of land is limited only by the number
of proposed alternatives.

A geographical approach to waste facility location has been developed since early
1980s based on the use of land evaluation technique. The purpose of land evaluation
analysis is to delineate the relative suitability of each location in the planning area
for one or more type of urban activity, based on the environmental implications of
that activity in conjunction with the environmental characteristics existing in that
location.

This approach assess the adequacy of the land to allocate landfills based on char-
acteristics of the geographical regions, such as type of soil, distance to water bodies,
type of vegetation coverage, and topography. Multi-criteria and multi-objective
techniques are generally used to integrate different factors and constraints and also
the considerations of different and conflicting objectives.

Space in these studies is represented by its real geographic position and the
properties of the locations. Relative distances between a site and some activity or
characteristic, such as the nearest residential areas or water bodies, also describe
properties of the site that result in different suitability states to allocate a landfill.

Geographic information systems are widely used to perform the combination of
these criteria in order to generate the suitability maps. The capabilities of GIS of
storage, retrieval and manipulation of spatial data, as well as of visualisation of
outputs, highly improve the performance of such an approach.

The early studies, such as the one developed by Lane and McDonald (1983),
considered only environmental properties of the sites. During the 1990s, however,
social and economic criteria were integrated into the GIS analysis. Lober (1995), for
example, addressed the NIMBY (not in my backyard) phenomenon, which expres-
ses the increasing community opposition to facility siting. The innovation of this
model is the spatial representation of social criteria by transforming a range of dis-
tances between population centres and a waste facility into a map of attitudes of
opposition towards the facility. Siddiqui, Everett, and Vieux (1996) developed a
methodology to find the best locations for siting landfills by integrating GIS and
analytical hierarchical process (AHP). The assessment of the land suitability was
based on the environmental properties of the sites, and the proximity to the sources
of waste as an economic indicator (the closer the candidate area, the lower the
transportation cost and consequently the higher the suitability of the area).

Even though existing models can be very useful and help many aspects of planning
and managing the waste, they are not adequate for addressing the problem of
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depletion of land for waste disposal. Shortage of land is characterised by two
simultaneous and opposite processes: increasing demand for landfill space; and
decreasing availability of land for waste disposal over time. Investigating the prob-
lem of shortage of land, therefore, implies in measuring and then relating the
demand and the supply of landfill space in urban regions over time.

Most of the existing models, however, as briefly reviewed in this section, do not
deal with the spatial and temporal dimensions of waste disposal in an integrated
manner: the spatial approach is intrinsically static; and dynamic models generally do
not handle spatial allocation of waste disposal facilities. There are no models able to
perform dynamic landfill allocation and to provide information to the problem of
shortage of land for waste disposal over time in large urban regions.

In a previous work the authors presented a methodology to analyse the changing
relationship between the supply and demand of land for waste disposal in an urban
area under development (Leão, Bishop, & Evans, 2001). Based on projections of
population growth, urban sprawl and waste generation the method allows the user
to measure the dimension of the problem of shortage of land into the future. The
present study aims to go a step further. The model proposed here implements a
dynamic allocation of landfill. The model calculates the availability of land for
landfill and their suitability, and then allocates landfills over time, in such a way that
best areas are selected until the demand of land for each period of time is satisfied.
This is described in detail in Section 3.
3. Methodology

3.1. Integration of CA, GIS and urban modelling

Couclelis (1997) argues that one important reason for the difficulty on integrating
urban models and GIS is because they work with different approaches of space. GIS
is a straightforward embodiment of the absolute view of space. Absolute space is a
neutral container of things and events. The most characteristic expression of abso-
lute space is the Cartesian coordinate space, a frame of reference for locating points,
trajectories, and objects. Traditional urban and regional models (the gravity and
spatial interaction family, the location-allocation models, the regional econometric
models, the core-periphery models), on the other hand, are models based on relative
space. Relative space is space as constituted through the spatial relations arising
among things and events and has no meaning apart from these relations.

According to Couclelis (1997) a strong theoretical justification for integrating GIS
and urban modelling is a model of space which she termed proximal space. Proximal
space is the bridge between absolute and relative space. The key notion in absolute
space is the georeferenced item, and in relative space it is the spatial relation, but the
key notion in proximal space is the neighbourhood. A neighbourhood surrounds a
localised item or place but it also embodies the notion of proximity to that place,
which is a relation. There are two meanings of proximity that are relevant here:
basic spatial proximity (the property of being ‘next to’) and functional proximity, or
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influence. CA works with the notion of proximal space and, therefore, can serve as a
means for integrating GIS and urban models (CA-based urban models).

Indeed, there are many similarities between the raster data model used in CA and
GIS. These similarities, according to Wagner (1997), suggest the strong potential for
a successful integration of the two models. The most important likeness is the
organisation of space with discrete areal units (grid space), the organisation of
attributes or states by means of layers, and the manipulation of space and/or attri-
butes through operators. GIS and CA have complementary strengths and not only
would CA provide a way of overcoming current limitations of GIS on handling
dynamic processes but map algebra used in GIS (Tomlin, 1990) would provide a
way of improving CA (Stocks and Wise, 2000).

3.2. Factors influencing the consumption and availability of land for waste disposal

Fig. 1 presents the research problem as a simplified network of elements and
relationships. According to this figure, demand for land for waste disposal is a
function of the amount of waste generated and the proportion of this amount that is
not avoided or diverted, but disposed in landfills. The supply of land for waste dis-
posal, in turn, is a function of the physical characteristics of the region (such as
topography, hydro-geology, etc.), the local environmental regulations, the process
of spatial urban growth, and the intensity of the community opposition towards
Fig. 1. Influences of urban development and waste management practices on the consumption of land for

waste disposal.
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landfill siting. Finally, the problem of shortage of land for waste disposal is assessed
by relating the demand for and supply of suitable land for waste disposal over time.

3.3. Model design

In order to portray landfill demand and allocation over time in a region experi-
encing growth, the proposed model combines four operations: (2) simulation of
urban growth as a criteria for the land evaluation operation of item (3); (2) assess-
ment of demand for land for waste disposal according to waste disposal options; (3)
assessment of land supply and suitability over time; and (4) allocation of landfills
over time according to the suitability of available areas and the demand for land for
waste disposal. Fig. 2 shows the design of the proposed model.

The central component of the model is the sub-model to simulate the allocation of
landfill demand over time, which tightly integrates operations (3) and (4). This sub-
model is a land evaluation function (multi-criteria evaluation) built inside ArcView
GIS using an interactive algorithm written in Avenue macro-language. Data
describing the dynamic processes of urban growth and waste disposal are provided
by the sub-models for urban growth simulation and waste disposal design. These are
the data that describe dynamic changes of demand for land over time and also the
availability and suitability of land for waste disposal. These two sub-models are
loosely coupled to the core sub-model and their outputs are manually transferred to
the core sub-model. All the spatial digital data required for the model for landfill
demand and allocation are stored in the GIS. At each time period of the allocation
process, the GIS retrieve the appropriate data and run the calculations. Next
sections describe each component of the proposed model.
Fig. 2. Dynamic model for landfill demand and allocation.
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3.3.1. Simulation of urban growth
Theoretical and descriptive explanations of urban growth have been well devel-

oped and documented in the literature since the middle 1950s. A half century of
development in the field has involved great advances and significant changes in the
theory and methodology, particularly the evolution of computer graphic technolo-
gies, and the introduction of new paradigms.

During the 1950s and 1960s research on urban modelling attempted to build large
scale urban models (LSUMs), which Lee (1994) defined as models that seek to
describe, in a functional/structural form, an entire urban area, in spatial, land-use,
demographic and economic terms. They were elaborate mathematical models for
urban and regional planning applications that boomed in a period characterised by
the introduction of computers in planning and the emergence of new academic fields
such as operations research, urban economics and regional science (Wegener, 1994).

The LSUMs were essentially spatial-interaction models coupled with an economic
base mechanism (macro-economic theory, such as input–output and economic base
models) that favoured a top-down approach emphasising global patterns. They
followed the long tradition that land development was modelled in equilibrium,
macroscopic, and deterministic ways. Itami (1994) argued that even if such modelling
efforts have not altogether failed in their attempts to understand real-world systems,
there is still a large gap between the magnitude of social and environmental pro-
blems and the results of the use of traditional theories and methods for under-
standing these problems.

Since the late 1980s, applications of computers in urban planning have changed
dramatically. The traditional top-down approaches described earlier were replaced
by bottom-up approaches. This occurred largely as a consequence of the introduc-
tion of new paradigms based on such phenomena as complexity, self-organisation,
chaos and fractals, and on changes in computing technology (Batty and Densham,
1996). In this new breed of models small changes at the micro-level can result in
dramatic changes at the macro-level.

Cellular automata (CA) is one important example of these new concepts and
techniques in urban modelling. They are discrete dynamic systems based on transi-
tion rules that are simpler than complex mathematical equations, but produce
results which are more comprehensive.

In the present study, an existing CA-based model was used in order to produce
information of future urban configurations: SLEUTH model (Clarke et al., 1997;
Clarke & Gaydos, 1998). This choice was based on the following facts: (1) the model
portrays growth through four different integrated process of spatial growth (sponta-
neous, diffusive, edge and road-influenced) and, thus, it has the potential to describe
different growth patterns by emphasising some types of growth beyond others (from
a fragmented pattern for a North-American city to a spatially concentrated pattern
of a city in a developing country); (2) the model produces likely and reliable urban
growth patterns for a long-term time horizon (100 years) and it has been tested and
validated using real data sources of many cities; (3) the format of the data provided
by the model is appropriate to be used by the other sub-models of the proposed
model; (4) the model is easily accessed through the Web and easy to execute.
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The SLEUTH model, developed as part of the US Geological Survey’s Urban
Dynamics Research Program, was designed to simulate 100 year projections of
urban growth process. This model consists of a CA which simulates urban growth
through a calculation of the probability of vacant cells to convert into urbanised
cells over time based on transition rules and coefficients calibrated with historical
data of urban development and some physical characteristics of a region. SLEUTH
has been successfully tested in several North-American urban regions, such as San
Francisco Bay and Washington/Baltimore region.

Five parameters control the behaviour of the system. These are: Diffusion factor,
which determines the overall dispersiveness of the distribution both of single grid
cells and the movement of new settlements outward through the road system; a
Breed coefficient which determines how likely a newly generated detached settlement
is to begin its own growth cycle; a Spread coefficient, which controls how much
normal outward organic expansion takes place within the system; a Slope-resistance
factor which influences the likelihood of settlement extending up steeper slopes; and
a Road-gravity factor, which has the effect of attracting new settlements onto the
existing road system if they fall within a given distance of a road.

The values for these factors are obtained by the model calibration process. The
value of the factors can vary from 1 to 100, where 1 represents a weak influence of
the factor on the global process of urban growth, while 100 represents the maximum
influence. High values for factors indicate the predominance of the types of growth
described by them.

Input data for calibration and prediction of the model include many digital maps:
topography (slope); layer showing the initial seed configuration of urban areas, plus
as many additional historical layers as possible, to calibrate the model; as many
historical transportation layers as possible, which the model reads and uses sequen-
tially as their year of construction is reached; a layer of excluded areas unlikely or
impossible to urbanise, such as parks and rivers.

Based on historical data, the calibration process checks all possible combinations
of factors values, assessing the ones which are able to produce better simulations of
the present. This is done by comparing the simulated and the real present. There are
13 measures provided by the model to test statistically the degree of fit between the
model’s output and the historical data. Three important measures are: the r2 fit
between the actual and predicted number of urban pixels; the r2 fit between the
actual and the predicted number of edges in the images; and the r2 fit between the
actual and predicted number of separated clusters in the urban distribution. Due to
the CPU demands the calibration process has three phases: coarse, fine and final
calibration. From coarse to final calibration the cell resolution gets higher, and the
model parameters range gets narrower. The best derived parameters from calibra-
tion are run through the historical data many times and their finishing values are
averaged and used as input for the prediction process.

The prediction process (Monte Carlo simulation) takes the following inputs: the
best derived and averaged parameters from calibration; the most recent urban map;
the most recent map of transportation network; a slope map and a layer with areas
excluded from urbanisation. The outputs of the SLEUTH model consist of a map
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for each year of the simulation time horizon indicating the probability of each
vacant cell to become urbanised. This probability is divided into six discrete classes:
<50, 50–59, 60–69, 70–79, 80–89 and 90–100%. In this study, only the cells whose
probability is equal or higher than 70% are considered urbanised. The rest of the
cells remains vacant.

3.3.2. Assessment of demand for landfill space
The assessment of demand for land for waste disposal is performed by a simple

spreadsheet model (sub-model for waste disposal design and landfill demand eval-
uation). This spreadsheet consists in a mass balance calculation that distributes the
amount of waste generated in intervals of time (10 years) through the waste treat-
ment and disposal operations selected by the user, taking into account the propor-
tions of waste to each operation also defined by the user. The outputs of the
spreadsheet are the amount of land required for landfill for each period of time
under analysis. This allows the user to test the demand for land for landfills for
existing, planned or hypothetical strategies for the management of waste disposal,
such as the impact of increasing rates of recycling, composting and/or incineration
on the rate of waste landfilling over time.

The process starts by determining the combination of methods for treatment and
disposal of urban solid waste over time, such as landfill, recycling, composting and/
or incineration. A typical flow of urban solid waste through an integrated waste
disposal system is presented in Fig. 3. As a second step, the percentages of waste to
be sent to each waste disposal method over the time horizon of the study have to be
defined, and then divided into time periods of 10 years each.

Some waste operations produce residues that need to be sent to landfill in the final
stage, such as ashes from incineration, non-compostable products mixed with
Fig. 3. Components and productive outputs for an integrated municipal solid waste disposal system.
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organic waste present in composting units, or some materials mixed with recyclable
waste for which there are no recovery technology or market yet. Therefore, the
amount of waste that is actually handled by each type of waste operation needs to be
adjusted. The adjusted amount of landfilled waste, for example, includes the waste
that is directly sent to landfill after collection, plus the residues from waste recovery
operations.

Daskalopoulos et al. (1998) suggests that ashes produced by waste combustion
account for around 20% of the mass of waste originally sent to the facility, and that
around 30% by weight of the waste sent to composting operations need to be
diverted to landfill. Recovery losses can vary widely depending on the type of waste
material, as well as operational factors (separate collection, for example, leads to less
loss than mixed waste recycling processing). According to Haith (1998), the litera-
ture reports various estimates of losses in waste recovery processes ranging from 1 to
25%, with an average of 10%.

(xl)t, (xr)t, (xc)t, (xi)t are the percentages of waste to be sent to each individual
waste operation (l: landfill, r: recycling, c: composting, and/or i: incineration) at time
period t, and (x0l)t, (x0r)t, (x0c)t, (x0i)t are the adjusted proportions. Considering the
rates of residues from waste facilities reported above (10% for recycling, 30% for
composting, and 20% for incineration), the equation for the adjusted percentage of
waste landfilled can be described by Eq. (1). Different rates of waste refuse from
waste treatment operations can be used in the spreadsheet.
x0l
� �

t
¼ xlð Þtþ0:1 xrð Þtþ0:3 xcð Þtþ0:2 xið Þt ð1Þ
The tonnage of waste sent to each waste operation over time is obtained by multi-
plying the adjusted proportions of waste to each operation by projections of waste
generation over time, divided in the same time intervals. Eq. (2) is illustrative of
landfill operation.
wlð Þt¼ x0l
� �

t
:Wt ð2Þ

0
where, (wl)t=tonnage of waste for landfill at time period t; (x l)t=adjusted propor-
tion of waste for landfill at time period t; and Wt=total tonnage of waste generated
at time period t.

Finally, the demand for land for waste disposal is obtained by dividing the ton-
nage of waste for landfill by the typical density of waste material compacted in
landfills and by the average height of landfills in the study area [Eq. (3)].
dt ¼ wtð Þ= dens; hð Þ ð3Þ
where, dt=demand for land for landfill for period t; dens=density of waste material
compacted in landfill; and h=average height of landfill.

3.3.3. Assessment of suitability of land for landfill and site selection
Assessment of land suitability, generally refereed as land evaluation, is the process

of assessment of land performance based on its attributes when the land is used for
specified purposes. In the waste management area, studies for land evaluation and
site selection reported in the literature cover the allocation of urban solid waste
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landfills (Chang and Wang, 1993; Lane and McDonald, 1983; Michaels, 1989),
hazardous solid waste treatment centres (Koo, Shin, & Yoo, 1991), nuclear waste
disposal sites (Carver and Openshaw, 1992), recycling operation facilities (Lober,
1995; Hokkanen and Salminen, 1997), etc.

Multi-criteria evaluation (MCE) using linear weighted combination approach
(Hopkins, 1977) is normally used to perform land suitability evaluation [Eq. (4);
Eastman, Jin, Kyem, & Toledano, 1995]. The MCE method excludes unsuitable
areas and classifies the remaining areas according to their suitability for the specific
land use. Generally, the selection of a site is performed by ranking the alternative
sites according to their suitability for the activity, and then selecting the best area
available for a required demand.
Si ¼
X

fx:wx�ry

� �
i

ð4Þ
where, Si=land suitability of cell i for landfill; fx=attribute of factor x at cell i (all
the factors are standardised in a same scale, 1–100); wx=weight of the factor x
(where, wx=1); and ry=attribute of constraint y at cell i (take value 0 or 1).

Geographical information systems (GIS) have greatly improved the performance
of multi-criteria evaluation. A GIS provides the tools for preparing and storing
spatial data, and also the processing capability to assess and integrate spatial criteria
as part of a MCE procedure through a set of operations available for map algebra
(Carver, 1991; Jankowski, 1995).

The criteria for land suitability assessment for waste disposal are generally based
on the pollution potentials from waste disposal and the knowledge of the interaction
between land qualities and potential risks. Environmental regulations are also taken
into consideration, as well as urban planning policies that can affect the availability
or suitability of areas for waste disposal.

Based on the studies developed by Lane and McDonald (1983), Lober (1995), and
Siddiqui et al. (1996), the following list include some of the most common criteria
used in land evaluation for landfill: (1) topography; (2) type of soil; (3) accessibility;
(4) distance to water bodies and flooding areas; (5) distance to parks and areas of
environmental protection; (6) distance to urban areas (related to costs of transport
and community opposition); and (7) minimum area requirement.

A common characteristic of studies of site selection for waste disposal activities is
that they portray land suitability at the present, and do not describe a process over
time. One reason is the limitation of GIS in handling dynamic processes. Another
reason is because assessment of future allocation involves simulations and estimates
of some criteria into the future, for example, the expansion of urban regions. Spa-
tially explicit projections of urban growth was not available until recently. Just in
the late 1990s, with the development of cellular automata techniques applied to
urban development, simulation of the spatial distribution of future land uses became
reasonably easy to perform and with reliable results. One field of research that is
growing fast currently is the application of the outputs of urban growth models in
different areas in order to assess the environmental impacts of urban growth and
spread (Clarke & Gaydos, 1998; Engelen et al., 1995). Examples include the work of
S. Leão et al. / Comput., Environ. and Urban Systems 28 (2004) 353–385 365



Engelen et al. (1997, chap. 8) on the effects of CA-simulated urban growth on
climate change and tourism industry; impacts of urban expansion on the loss of
prime agricultural land (Li & Yeh, 2000); and the model developed by Soares-Filho,
Pennachin, and e Cerqueira (2002) which simulates the effects of the expansion of
agricultural frontier on the deforestation of the Amazon Region.

Most criteria used in the land evaluation process in this research do not change
over time. This is the case of physical characteristics such as type of soil, water
bodies and topography. Some other criteria, however, do change over time. One
example is the distance to urban areas, since cities spread. Another example is the
selected landfill areas. As the model allocates landfills, in each time period of the
allocation process there will be a new constraint in order to remove the selected
zones from the allocation process in the next time period.

Therefore, the land evaluation process is taken dynamically in this study. It inte-
grates static and dynamic criteria, and calculates land suitability over time by means
of an interactive program. This is described in Section 3.7. The result of this process
is a map of land supply and suitability for waste disposal for discrete time periods. It
is the information upon which the site selection and allocation processes will be
based.

3.3.4. Dynamic allocation of landfills
The model for dynamic allocation of landfills consists of an algorithm written in

Avenue macro language that runs inside the ArcView GIS Program. The algorithm
automatically allocates landfills over time. Fig. 4 presents a detailed diagram of the
sequence of operations performed by the sub-model for dynamic land evaluation
and landfill allocation and the flow of information through it.

The model starts by calculating the land suitability for landfill in the study area
cell by cell. This is called local land suitability (Li). Most of the criteria are static.
However, there is a dynamic criterion (future urban growth), which means the land
suitability needs to be updated at the beginning of each time period. The combi-
nation of all criteria, static and dynamic, is calculated by means of a MCE process.
This process has been described in Section 3.6 [Eq. (4)].

Allocation of landfill through the selection of the cells with highest land suitability
would result in a scattered spatial pattern. The process of landfill siting, however,
requires the conversion of a large number of adjacent cells into waste disposal use.
Therefore, the suitability analysis developed until now on a cell by cell basis (local
level) is subsequently extended to the zonal level (group of adjacent cells).

The product of all constraints (Ri,t) provides the whole availability of land for
landfill for each period of time. The model then groups adjacent cells into zones and
calculates their areas. Zones whose area is smaller than 20 ha are eliminated from
the allocation process. In the next step, the model characterises the land suitability
of a zone by calculating the average of the suitability of the cells belonging to a zone
[Eq. (5)].
Sz ¼

P
Lið Þz;t

nz
ð5Þ
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where, Sz=average land suitability of zone z, also called in this study as zonal land
suitability; (Li)z,t=local suitability of the cells i belonging to the zone z at time t;
and nz=number of cells of zone z.

At this point of the simulation process, there is information of all available zones
for landfill at a certain time period, as well as their average suitability. A map with
Fig. 4. Sequence of operations and flow of information of the dynamic model for landfill demand and

allocation.
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the position of the zones is accompanied by a table with the ID code of the zones,
and their respective areas and average suitability.

At this point the program asks for the demand for land for landfill (dt) for the
specific time period under analysis. At the beginning of each time period land will be
selected in order to receive the amount of waste to be landfilled in the next 10 years.
For example, for the period 2010–2020, an amount of landfill space will be selected
to satisfy the demand for land to dispose of the waste generated during the period
2010–2020. This amount will be allocated in the beginning of the period (2010).
However, in order to take into account the expansion of the urban area experienced
during this period, the availability of land considered is the one in the end of the
time period (2020).

The rule that drives the allocation process is that the zones with highest suitability
will be converted to landfill first, but only until the demand for land in a given time
is satisfied. The model ranks the zones in descending order by the value of their
zonal suitability. The best zone (highest zonal suitability) is selected. The model
checks if the zone area (az) satisfies the demand for land. If the zone area is smaller
than the area demanded, the model will select the second best zone. The area of the
two zones is summed and again checked against the area demanded. The model
continues to select zones until the total area selected satisfies the demand for land for
landfill for the period. Because the conversion is made zone by zone, the total area
supplied to landfill at a certain time t can be equal or higher than the demand of
land for the same period. In this case, the extra area (e) which is being supplied at
time t must be subtracted from the demand for land of the next time period. This is
done automatically by the model. Therefore, the real demand of land D is the
nominal demand for land d for the period (provided by the sub-model for waste
disposal) minus the extra area e supplied in the previous period [Eq. (6)].
Fig. 5. Model interface: example of model results displaying the zones selected for landfill with their

respective IDs, area, and zonal suitability; and document summarising parameters.
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D ¼ d� e ð6Þ
The area supplied A at time t is gained by summing the areas az of the zones z with
the highest zonal suitability values until the real demand for land D for the period is
satisfied [Eq. 7].
A ¼
X

az

� �
5D ð7Þ
Between time periods, selected zones have to be removed from the map of
available areas for landfill for the next time periods.

The model stops when the allocation of the last time period is done.
The interface of the model is provided by the ArcView GIS program (version

3.2). Fig. 5 illustrates the interface of the model and the outputs provided for a
simulation.
4. Test of the model

4.1. Study area

Porto Alegre City, located in the south of Brazil, has an area of 477 km2 and a
current population of 1.3 million (Fig. 6). During the twentieth century the popula-
tion of Porto Alegre grew almost 23 times. The increasing population has been
accompanied by a significant spread of the urban area. During the last century the
built urban area increased 13.5 times. A policy for waste management has been
applied in Porto Alegre since 1988. It involved recovering areas degraded by waste
dumping, siting and implementing new landfills, and opening recycling and com-
posting units, together with environmental education programs. The current sit-
uation in the city is that the waste diversion by recycling and composting is still very
Fig. 6. Study Area: Porto Alegre City, Brazil.
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low and that there is a shortage of suitable land available for landfill. Recently,
disposing of the waste in the surrounding cities of the metropolitan region has been
considered as a solution. However, there are some administrative and political diffi-
culties in that option, and also a high cost associated with the transport of waste to
distant disposal sites.

4.2. Model run

The dynamic allocation process performed by the model allows the user to inves-
tigate the effect of different decisions on the way a region manages its waste, the way
the site selection process is developed, and also the way the growth of a region
affects the pattern and performance of the landfill allocation process. Therefore,
different scenarios of urban growth, waste management and land evaluation are
considered in the test of the model. These scenarios are described in detail later.

4.2.1. Scenarios of urban growth
Two different spatial pattern of urban growth are considered: historical and

compact growth. They are obtained by running the sub-model for urban growth
simulation of the proposed model.

Historical urban growth scenario represents the likely spatial urban configuration of
the study area over the future. It was obtained using the cellular automata-based
model developed by Clarke and Gaydos (1998) (UGM). This model provided
50-year projections of urban growth process based on calibrated parameters from
historical data. Fig. 7 shows the simulated spatial configurations for the study area
for the period of 2000–2050.
Compact urban growth scenario represents a hypothetical pattern of growth resulting
from the application of urban planning policies with the goal of a spatially con-
centrated development. It is obtained by changing the value of some of the para-
meters calibrated for the historical growth pattern (the value of the parameters that
describe the likelihood of sprawling pattern are reduced by half).

The urban extent of the study area under the historical growth scenario expanded
almost 30% between 1994 and 2050. Under the compact growth scenario, the urban
extent increased approximately 17% during the same period. The area and form of
the compact city in 2050 is similar to the area and form of the historical city in 2030.

4.2.2. Scenarios of waste management
Three scenarios of waste disposal were developed to investigate the effects on the

demand for land for landfill. Table 1 describes these three scenarios. The first one is
the worst-case scenario, where all the waste is sent to landfill during the whole per-
iod 2000–2050. The second scenario tries to reproduce the existing waste disposal
regime of the city (realistic scenario). It includes progressively increasing rates of
recycling and composting that result in a reduction of 10% of the waste to be dis-
posed in landfills. The last scenario describes an optimistic system that includes
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higher rates of waste recovery and a decreasing per capita rate of waste generation.
In comparison with the worst-case, the optimistic scenario results in a reduction of
25% of the amount of waste to be disposed in landfills. These scenarios are obtained
by running the sub-model for waste management and land demand evaluation of the
proposed model.
Fig. 7. Simulated urban growth in Porto Alegre following historical trends according to UGModel, 2000–

2050.
Table 1

Waste disposal scenarios
Landfill
 Recycling
 Composting
 Reduction
Worst-case
 100%
Realistic
 90%
 2%
 8%
(Waste not recovered)
 (Increases progressively from

0.5%—current rate—to 3%

during 2000–2050)
(Increases progressively

from 5 to 10% during

2001–2050)
Optimistic
 75%
 4%
 11%
 10%
(Waste not reduced

or recovered)
(Increases progressively from

0.5%—current rate—to 10%

during 2000–2050)
(Increases progressively

from 5 to 20% during

2001–2050)
(reduction in the

per capita rate

of waste

production

during

20002050)
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Based on the current technology used in the study area, there is a need of 1.43 m3

of landfill space for each tonne of waste disposed. According to Metroplan (1995), a
standard height of landfill to be used in calculations of land demand for waste dis-
posal varies between 10 and 20 m for cities with a waste production up to 1000 t/
day. Considering the characteristics of most of the available areas for landfill, as well
as the height of some existing landfills in the study area (7 m at the Zona Norte
landfill, and 25 m at the Santa Tecla landfill) an average height of 10 m for landfills
was adopted. Therefore, the area demanded for waste landfilling is 0.143 m2/tonne
(or 1.43�10�5 ha/t). Table 2 presents the amount of waste to be sent to landfill and
the demand for land to dispose this waste for the three scenarios of waste manage-
ment during 2000–2050.

4.2.3. Scenarios of land evaluation
Two scenarios for land evaluation were tested. They both use environmental cri-

teria to assess the environmental adequacy of land for waste disposal. Table 3
describes the static environmental criteria used in this study.

The two land evaluation scenarios, however, differ in the way they approach the
distance from urban areas as a criterion. This criterion is dynamic since urban areas
are growing over time. One scenario (social–environmental) combines environ-
mental adequacy with the search for areas with low public opposition towards
landfill siting, where land distant from urban areas is favoured. It is based on the
concept that sites further from residential areas would lead to lower community
opposition toward the siting of an undesirable activity (NIMBY phenomena). The
other scenario (financial–environmental) combines environmental adequacy with the
search for areas that lead to low transportation cost to disposal sites. In this case
suitability to allocate landfill decreases when the areas are getting further from
urban areas, because it implies longer distances to transport the waste and, as a
consequence, higher costs. Based on public health concerns, both scenarios consider
the areas located within 1000 m from urban areas as unsuitable for landfill. Fig. 8
describe the dynamic criteria distance from urban areas for the social and financial
criteria.

Table 4 describes the weights of the factors used in the suitability evaluation
process. Both evaluation scenarios emphasise the environmental adequacy of the
areas, giving 60% of preference to the physical-environmental criteria (topography,
geology and hydrology characteristics of land).
Table 2

Amount of waste to be sent to landfill and the demand for land to dispose this waste for the three

scenarios of waste management
Scenario of waste

management
Amount of waste to

be sent to landfill (M t)
Demand for area

for landfill (ha)
Worst-case scenario
 30.9
 442
Realistic scenario
 28.3
 406
Optimistic scenario
 23.3
 334
372 S. Leão et al. / Comput., Environ. and Urban Systems 28 (2004) 353–385



Table 3
Static environmental criteria for land suitability evaluation for waste landfill

Criterion Rationale Level of Suitability

Constraint (Suitability s=0) Factor (Suitability s between 1 and 100)

Type of soil Appropriate type of soil is important

in order to protect underground water

from contamination by leachate leakage.

Soils with bad drainage within

areas vulnerable to flooding are

not suitable to allocate landfills.

According to the permeability of the soil

and the depth of the underground

watertable, a study area can be classified

in discrete classes: soils with low

suitability (s=33); medium suitability

(s=67); and high suitability (s=100).

Distance to water bodies

and wetlands

Minimum distance from water bodies is

important in order to protect surface

water from contamination by leachate.

Areas within 300 m from water

bodies and wetlands are not

suitable to allocate landfills.

Land suitability increases linearly from

1 to 100 while distance from water

bodies increases from 200 m to 1,000 m.

Suitability remains 100 for areas located

further than 1000 m.

Slope High slopes can favour leachate drainage

to flat areas and water bodies and cause

contamination.

Areas whose slope is greater

than 20% are not suitable to

allocate landfills.

Land suitability decreases linearly

from 100 to 1 while the slope increases

from 0 to 20%.

Parks Minimum distance from conservation or

recreational parks is important in order

to avoid environmental contamination

and also visual impacts.

Areas of environmental

conservation and recreation

(parks) plus 300 m around

them are not suitable to

allocate landfills.

Distance to road network Minimum distance from the road

network is important in order to avoid

visual impacts and other desamenities.

Roads plus 100 m around

them are not suitable to

allocate landfills.

Minimum area requirement Landfills have a high fixed cost (does not

change with capacity) of implementation.

Minimum area requirement is important

for landfill financial viability and efficiency.

Areas whose area are smaller

than 20 ha are not suitable

for landfills.
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4.2.4. Simulation of dynamic allocation of landfills
The model for landfill demand and allocation is run for seven different simulations

in order to test its applicability and sensitivity to different configurations of the input
data and parameters. Each simulation corresponds to a combination of different
scenarios regarding waste disposal, urban growth and landfill siting criteria in Porto
Alegre (Table 5). The first step of the model assesses the availability of land for
Table 4

Weights of the factors of the land suitability scenarios
Criteria (Factors)
 Weight
Social-environmental

scenario
Financial-environmmental

scenario
Environmental
Soil type
 0.25
 0.25
Distance from water bodies and wetlands
 0.20
 0.20
Slope
 0.15
 0.15
Social (public opposition)
Distance from urban areas
 0.40
 –
Financial (transportation cost)
Distance from urban areas
 –
 0.40
Fig. 8. Distance from urban areas as a dynamic criterion for land evaluation for landfill.
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waste disposal over time by combining all the constraints to landfill use, plus the
minimum area requirement constraint. The availability of land for waste disposal
decreases over time according to the process of urban expansion, and also depend-
ing on the urban growth scenario under consideration (historical or compact growth).

Table 6 describes the availability of land for waste disposal from 2000 to 2050
according to the urban growth scenario considered. In this section, Simulation 2 (see
Table 5) is described in detail in order to illustrate the process of landfill allocation
using the model. Simulation 2 was chosen because it portrays a situation close to the
actual context of landfill use in the study area. In simulation 2 the city grows fol-
lowing historical trends, the waste disposal system is similar to the actual system
applied in the city, and the land evaluation is based on the social-environmental criteria.

Table 7 summarises the parameters and results of the model for Simulation 2 for a
complete run over the period 2000–2050.

Fig. 9 presents the spatial pattern of landfill allocation in Porto Alegre for the
context of Simulation 2 over the period 2000–2050. For each time period, Fig. 9
shows all available zones for landfill and the zones that are converted into landfill
(best available zones at the period). The demand for land represents the amount of
land necessary to dispose of the waste produced during the time period (from 2000
to 2010, for example). The availability of land represents the amount of land avail-
Table 6

Available areas for landfill over time according to the urban growth scenarios
Year
 Area (ha)
Historical growth
 Compact growth
2000
 585
 598
2010
 539
 587
2020
 500
 573
2030
 438
 551
2040
 412
 495
2050
 386
 459
Table 5

Simulations: combination of different scenarios of waste disposal, urban growth and land evaluation
Waste disposal scenarios
 Urban growth scenarios
 Land suitability scenarios
Worst-case
 Realistic
 Optimistic
 Historical
 Compact
 Social-

environmental
Financial-

environmental
Simulation 1
 X
 X
 X
Simulation 2
 X
 X
 X
Simulation 3
 X
 X
 X
Simulation 4
 X
 X
 X
Simulation 5
 X
 X
 X
Simulation 6
 X
 X
 X
Simulation 7
 X
 X
 X
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able for landfill at the end of the time period (2010 for time period 1, for example).
This means that the availability of land considers the urban growth experienced
during the time period. It is possible to see in Fig. 9 that some areas disappear
without being selected for landfill. This results from the growth of urban area close
to areas previously available for landfill.

Table 8 summarises the main results of all the simulations.
5. Discussion of results

5.1. Relation of supply of and demand for landfill space

The effect of different waste disposal scenarios on the relation between supply and
demand for landfill space can be analysed by comparing Simulations 1, 2 and 3 (see
Table 7

Results of the Model Run for Simulation 2
Simulation 2
 Time periods
 Total
2000–2010
 2010–2020
 2020–2030
 2030–2040
 2040–2050
Demand and supply of landa
Demand for land for the time
period (d)
78
 80
 82
 83
 83
 406
Extra area available from
previous period (e)
0
 8
 13
 10
 35
Real demand for land
(D=d�e)
78
 72
 69
 73
 48
Total available area for
landfill before

landfill allocation at
time tb (Ta)c
539
 414
 267
 162
 28
Area converted into
landfill in the time
period (A)
86
 85
 79
 108
 28
 386
Area for future demand
for land (Ta�A)
453
 329
 188
 54
 0
 �20d
Number of zones selected
in the time period
3
 2
 1
 3
 1
 10
Suitability of selected zones

Minimum zonal suitability

(Sz min)

83.4
 72.3
 70.7
 63.8
 61.9
Maximum zonal suitability
(Sz max)
88.4
 76.1
 70.7
 69.0
 61.9
a Area in hectares.
b Time t represents the end of the time period.
c The total area available for landfill for each time period (provided in Table 8) minus the area

converted into landfill in the previous periods.
d There is a deficit of 20 ha of land to satisfy the demand for land for waste disposal during the period

2000—2050.
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Table 5). These simulations are characterised by the same urban growth scenario
(historical growth) and, therefore, they have the same availability of land for waste
disposal over time. However, they have different demands for landfill space because
of their different scenarios of waste disposal.

Fig. 10(a) shows that there is not enough suitable land to satisfy the demand for
land for disposal of urban solid waste in Porto Alegre City for the period 2000–2050
for two of these three simulations. When all the waste generated in the city is
Fig. 9. Selected landfills for Simulation 2, 2000–2050.
Table 8

Results for the seven Simulations
Simulations
1
 2
 3
 4
 5
 6
 7
Demand and supply of land, 2000–2050a
Total demand for land (d)
 442
 406
 334
 406
 442
 406
 334
Total area converted into landfill (A)b
 386
 386
 358
 476
 459
 412
 358
Area not converted into landfill in 2050
 0
 0
 28
 0
 0
 47
 101
Total area for future demand for landb
 �56
 �20
 +52
 +70
 +17
 +53
 +125
Number of zones selected
 10
 10
 9
 12
 13
 11
 9
Suitability of selected zones
Maximum zonal suitability in period 1 (best)
 88.4
 88.4
 88.4
 84.3
 88.4
 88.4
 88.4
Minimum zonal suitability in period 5 (worst)
 –
 61.9
 63.7
 59.2
 37.8
 43.7
 63.7
a Area in hectares.
b Includes the surplus available from the from the period 2040–2050.
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disposed of in landfills (worst-case scenario), the demand for land for landfill space
overcomes the supply of suitable land around 2045. By the year 2050, there is a
deficit of 56 ha. The realistic waste disposal scenario has a lower demand for land
for waste disposal than the previous simulation. However, the demand for landfill
space is still higher than the availability of land during the study horizon. By the
year 2050 there is a deficit of 20 ha. Only when the optimistic scenario is applied is
the supply of land sufficient to satisfy the demand for landfill space. In this case, at
the end of 2050 there is still 52 ha available for future use as waste disposal sites.

The effect of different urban growth scenarios on the relation between supply of
and demand for landfill space can be analysed by comparing Simulations 2 and 6.
These simulations present the same demand for land for waste disposal over time,
because they use the same waste disposal scenario (realistic scenario). However, they
present different availability of land for landfill, because of their different patterns of
urban growth. In Simulation 6, the city has a compact pattern of urban growth
compared with Simulation 2 (historical urban growth), and thus presents a higher
availability of land.
Fig. 10. Effect of waste disposal and urban growth scenarios on the demand and supply of landfill space

in Porto Alegre.
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Fig. 10(b) shows that there is not enough suitable land for landfill when historical
urban growth is combined with realistic waste disposal scenario (Simulation 2). The
reduced urban spreading in the compact urban growth scenario (Simulation 6),
however, increased the availability of land up to an amount sufficient to satisfy the
demand for landfill space for the period 2000–2050. At the end of 2050 there is 53 ha
for future landfill allocation.

Both situations—reduction of demand for landfill space through the use of a
waste disposal system which reduces waste production and recovers part of the
waste (optimistic waste disposal scenario of Simulation 3); and increased availability
of land for waste disposal as a consequence of less expansion of urban areas (com-
pact urban growth scenario of Simulation 6)—lead to an extra area of around 50 ha
for future landfill allocation at the end of 2050 in Porto Alegre. When both situa-
tions are compared with Simulation 2, the most likely future situation for the study
area (called realistic situation in the Fig. 11), it can be seen that the policy of redu-
cing demand for landfill is more effective than the policy to reduce urban growth,
Fig. 11. Effect of individual and integrated policies for waste disposal and urban growth on the problem

of depletion of landfill space in Porto Alegre.
S. Leão et al. / Comput., Environ. and Urban Systems 28 (2004) 353–385 379



according to the contexts defined by the simulations. This is because the optimistic
waste disposal scenario (Simulation 3) presents the lowest demand for landfill space
at 2050, and it would take longer to consume the land available for future demand.
Fig. 11(a) illustrates the time when the demand for land for landfill equals the supply
of land for Simulations 3 and 6, compared with Simulation 2.

Simulation 7 represents an ideal situation which result from the integration of
policies to reduce urban growth and landfill demand. In this situation at the end of
2050 there is still 125 ha for future landfill allocation. If these ideal conditions were
to remain unchanged after 2050, this area available could supply the demand for
landfill for another 24 years. Fig. 11(b) illustrates the relation between the demand
for and the supply of land for waste disposal over time for Simulation 7, and the
year when the demand equal the supply of land for waste disposal, in comparison to
the context of Simulation 2.

5.2. Level of suitability of land for landfill over time

The adoption of land for landfill is not a single one-step process. New landfill sites
would need to be opened on a semi-continuous basis, for example, every 10 years. In
order to model this on-going process, for every period of 10 years the most suitable
land available is allocated for landfill progressively according to the demand of the
period and the waste disposal scenario under analysis. Initially, in 2010 a landfill was
allocated in the best area according to the suitability assessment for this year. This
area is then eliminated from the map of available land for landfill in 2020. The area
requirement for landfill for the year 2020 is then allocated in the parcel with the best
suitability value for the period. And so on until the year 2050.

The analysis of the level of suitability of the zones being selected along the allocation
process shows that the land suitability significantly decreases over time. Fig. 12
illustrates the suitability of the best area selected to allocate landfill in period 1 (2000–
2010) and the worst selected area in period 5 (2040–2050) for all seven simulations.
Fig. 12. Suitability of the best selected landfill in 2000 and the worst selected landfill in 2050 for all the

model simulations.
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This decreasing suitability indicates that the areas to be used for landfill are going
to become progressively less appropriate. This has consequences on the costs of the
waste disposal system, as well as on the risks for the environment and the commu-
nity. Low suitability results, for example, from the use of areas whose soil presents
low suitability, or areas near to water bodies. It makes necessary the use of more
sophisticated operations and devices to assure environmental protection, which
leads in turn to higher costs. Also, low suitability can result from the use of land
close to residential areas, which might lead to strong public opposition.

5.3. Spatial patterns of landfill allocation

The model allocates landfills over time in the study area based on the suitability of
areas for this use. Therefore, it heavily depends on the criteria used for the eval-
uation of land suitability.

Simulations 2 and 4 are characterised by identical scenarios of urban growth and
waste disposal. This means that they have the same demand for land for landfill and
also the same availability of land for landfill over time. However, because they use
different scenarios for land evaluation, they have different profiles of land suitability,
and result in different spatial patterns of landfill allocation over time.

Both Simulations 2 and 4 emphasise the environmental adequacy of the sites,
giving 60% of the weight to the environmental factors. Simulation 2 also considers
social adequacy by favouring landfill allocation distant from urban areas in order to
avoid public opposition towards landfill siting. Unlike Simulation 2, Simulation 4
considers that land closer to urban areas are more suitable because they reduce
financial costs associated with transportation of waste.

The spatial pattern of landfill allocation, expressed through the sites selected to
allocate landfills at each time period, is significantly different in simulations 2 and 4.
It clearly shows the effect of the different criteria on pushing or pulling the location
of landfills in relation to the distance from urban areas. As an example, Fig. 13
Fig. 13. Location of areas with high land suitability (570) at 2010 for Simulation 2 and 4.
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illustrates the areas whose land suitability is equal to or higher than 70 (within a
scale of 1–100) at 2010 for Simulations 2 and 4.

The results from the model application in Porto Alegre indicate that the pattern of
landfill allocation can also affects the relation demand/supply of land for waste dis-
posal. Although Simulations 2 and 4 have the same availability of and demand for
landfill space, by the end of 2050 there is still 70 hectares available for future landfill
use in the case of Simulation 4, while there is a deficit of 20 ha in Simulation 2 by the
same time. This is because in Simulation 4 some zones close to urban areas are
selected in the first stages of the allocation process. In Simulation 2 some of these
zones are eliminated from the allocation process because of the urban expansion
before they could be selected to allocate landfills, since the pattern here favours
zones distant from urban areas.
6. Conclusions

The application of the model in the study area has successfully performed alloca-
tion of landfills over time. The model proposed in this research is an improvement
over existing models because it performs various operations that previous models
were not able to do. These improvements include: (1) explicit integration of spatial
and temporal dimensions of waste disposal; (2) introduction of novel developments
of spatial-temporal modelling of urban growth into the field of waste disposal
management; (3) evaluation of the impact of urban growth on the management of
waste disposal; (4) assessment of availability of land for waste disposal over time; (5)
dynamic allocation of landfills; (6) quantification of the problem of shortage of land
for waste disposal by relating future supply of and demand for landfill space; (7)
estimation of the demand for and supply of land for landfill under different scenar-
ios of waste disposal, urban growth and land evaluation.

The model presented here is the first attempt reported in the literature at the
moment to deal with solid waste disposal management through a spatial dynamic
simulation system. Being a prototype, there are some aspects that need to be
addressed in future research.

The process of landfill siting was portrayed in the model as a completely rational
process of allocating landfills in optimum sites over time. The allocation was ruled
mainly by environmental effectiveness. It is known, however, that the process of
siting undesirable facilities such as landfills are complex and highly influenced by
social and political factors difficult to forecast and model. Very often these influ-
ences result in non-optimal allocation. Analysis of past landfill allocation patterns
and comparison with model results could provide some insights into the goodness of
the current model.

Another improvement is related to the structure of the model. Better coupling of
models, for example, could avoid the need of tedious and time-consuming manual
conversion and transference of data between sub-models. This would facilitate the
use of the model and increase its performance in terms of time. Another recom-
mendation also related to the structure of the model is the improvement of the cap-
382 S. Leão et al. / Comput., Environ. and Urban Systems 28 (2004) 353–385



abilities of the urban growth sub-model in testing consequences of different policies
for urban growth. At the moment this can be done only by directly changing the value
of parameters without a clear relation between these values and policy decisions.

Further research can also add new capabilities to the model proposed here. The
model could be improved by including an assessment of the cost of alternative sce-
narios of waste disposal. This would combine analysis of environmental adequacy
(already developed by the model) with financial viability, and lead to more realistic
outputs. Because the model is dynamic, this would result in an assessment of the
financial costs of waste disposal systems over time. Higher costs at the present from
investments on waste reduction and recovery could lead to savings into the future.
For example, if less land would be consumed in the future, costs related to the use of
more expensive land and longer distances to transport the waste to disposal sites
could be reduced.

Another important capability to be added to the proposed model includes the
assessment of the environmental impacts of waste disposal over time. The model
provides information of possible patterns of landfill allocation over time under
scenarios of waste disposal, urban growth and land evaluation. Landfills offer risk to
the environment and to the community. Therefore, by describing potential alloca-
tion of landfills over time, the model can be used to characterise the spatial and
temporal distribution of potential risks to the environment and the community over
time.
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