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Abstract

Two mathematical models developed as tools for solid wdstaers in decisions concerning the
overall management of solid waste in a municipality are desed. The models have respectively
been formulated as integer and mixed integer linear progriagn problems. The choice between
the two models from the practical point of view depends onubker and the technology used.
One user may prefer to measure the transportation costsnrs tef costs per trip made from
the waste source, in which case the first model is more apgateprin this case we replace the
codficients of the decision variables in the objective functiathvihe total cost per trip from
the waste collection point. At the same time, instead of me&ag the amount of waste using
the number of trucks used multiplied by their capacitiesiticmous variables can be introduced
to measure directly the amount of waste that goes to thegptard landfills. The integer linear
problem is then transformed into a mixed integer problemdhas better total cost estimates and
more precise waste amount measurements, but measurisgdréation costs in terms of costs per
trip. For instance, at the moment the first model is more egleto the Ugandan situation, where
the technology to measure waste as it is carried away fronwHste sources is not available.
Another user may prefer to measure the transportation ao$e&sms of costs per unit mass of
waste picked from the waste source, in which case the secoaelns more appropriate. The
models allow to plan the optimal number of landfills and tleatment plants, and to determine
the optimal quantities and type of waste that has to be seémtatment plants, to landfills and to
recycling. Itis also possible to determine the number aedytpe of trucks, as well as the number
and the type of replacement trucks and their depots. Inrattbelel there is one linear objective and
linear constraints that cover waste flows among the soyrleeds-landfills, capacity, site selection,
environmental, and facility availability. The objectiveniction in either model describes tipping
fees, total investment and maintenance costs, costs fondphying trucks, transportation costs
as well as operational costs from the use of replacemerkdrdte benefits from refused derived
fuel, energy generation, compost, and recycling are alsorporated in the objective function.
Validity and robustness tests conducted on the models, pplied on a hypothetical case study
are promising; the models can be used in important tools lEorn@rs in municipal solid waste
management in an urban environment. The models may as watldqged for use in other areas
of application like industrial warehouse location and pcicddistributions among industry agents.
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1 Introduction

1.1 Background to the study

The protection of the environment and natural resourcaxigasingly becoming very impor-
tant through environmentally sustainable waste managepregrams. It is necessary to follow,
on the part of waste managers, a sustainable approach t® masagement and to integrate strate-
gies that will produce the best practicable option. Thisvery challenging task since it involves
taking into account economic, technical, regulatory (rative), and environmental issues (Costi
et al [18]). Waste management can become more complex Hlsaai political considerations are
also taken into account.

Municipal solid waste (MSW) management involves the coitecodf waste from its sources and
the transportation of waste to processing plants whereniteter be converted into fuel (refuse
derived fuel), electrical energy, compost (stabilisedaoig material) or recycled for reuse. The
unrecoverable waste can either be transported directhy the waste sources to landfills or from
treatment plants to landfills. A careful planning is reqdire order to execute these activities in an
optimal way. Municipal solid waste has several sources agehsidential areas, commercial areas,
institutional environments, construction and demolitoeas, municipal services, etc. (Badran and
El-Haggar [3]).

1.2 Statement of the Problem

Kampala, the capital city of Uganda, has a population of nimsa one million people, and it is
estimated that more than one thousand tons of MSW is gedgrateday. About half of the waste
generated is collected and disposed of at the only landfi{iteezi. Limited treatment is done at
the landfill where some organic material is converted intojgost; this is done in order to save the
water streams near the landfill. A limited amount of wasteidggx by individuals that sell it to
some industries for reuse as raw material; this coversiplasttles, tins and other metallic objects.
A limited amount of organic material is also picked by indwals as animal feeds to cattle, pigs
and dogs. Since less than half of the waste is collected and/dste is in the open, much of it
litters the city whenever the wind blows and whenever itsaifihis explains the incidence of the
annual cholera outbreaks during the rainy seasons andrtii@destench from the city areas where
the waste accumulated has decayed.

Until recently, the City Council of Kampala has been the soldybdealing with waste man-
agement in the entire city. Privatization has now takengkaod Kampala City Council plays the
overall supervisory role of making sure that the private pames follow the agreements made
with it. The city is currently composed of six divisions aieéite may be more than one company
in a single division. These companies are still in their mfstage and they currently collect and
transport MSW to the single landfill at Kiteezi. Optimizatiof solid waste management based
on operations research techniques has not yet been appli@aylof the private companies. At
the moment none of the companies treats waste and the decaie basically based on intuition
and experience. There is an urgent need to utilize scietgificniques as decision support tools
in order to provide a healthy environment to all city dwedleand to optimally use the available
resources in the day to day management of waste.



1.3 Objectives of the Study

The aim of this work is to present a detailed description efrttathematical models that can be
used as tools for decision makers of a municipality in thetdajay planning and management of
integrated programs of solid waste collection, incineratrecycling, treatment, and disposal. The
models can as well be used as design tools for the plantdjllanand truck depots, in addition to
the day to day planning of municipal solid waste. The maiugoaf the models, whose structures
are described in this thesis, is to plan the MSW managemgndebning the refuse flows that
have to be sent to recycling or tofidirent treatment plants or landfills, suggesting the number,
the types, and the selection of plants or landfills that havernain active at minimum total cost.
Several treatment plants and facilities will be includedhw the desired MSW mathematical
model: trucks for the transportation of waste, plants faycéing, production of refuse derived
fuel (RDF), and treatment of organic material; incineratoith energy recovery; sanitary landfills;
standby trucks and their depots.

The application of the models may take some time as it maylveviesting the models, and
the companies managing waste may need some time to implaéheeptoposals in the models
like setting up plants. The proposed models may as well godgwme modifications since almost
all companies managing waste in the city have small finameidgets. What is likely to emerge
with time are companies that only collect and transport &asbmpanies that only treat waste,
and companies that only manage landfills. The models willdwvaw be a good starting point
towards a sustainable municipal solid waste managemenamaehderstanding of integral waste
management as a way of shaping the direction of municipal s@ste management in Ugandan
cities or towns.

Figure 1 shows a compact representation of the key compepétite models where the nodes
stand for waste source locations (collection points),taaniandfills, processing plants, and re-
placement trucks depot locations. The arrows from the tdegots node to the other three nodes
indicate the flow of replacement trucks to those nodes. Tilmsvaramong waste sources, landfills,
and processing plants nodes indicate the flow of waste anh&sg ihodes.

processing

waste sources plants

landfills truck depots

Figure 1: A compact representation of key components in sidecsupport mathematical model.



1.4 Justification

Waste management is very important for every country sindiedctly afects the health of her
people and their environment. For example in Uganda cholaifzreaks are common in congested
areas, especially during the rainy season. It is imperdha¢ dficient municipal solid waste
management methods are put in place. Municipal solid wdstesarves as an ambit for disease
vectors like rodents. Eutrophication, the increased m@sef nutrients and its consequence has
been one of the most serious lake water quality problems tbeelast decades. By allowing the
rotting municipal waste to enter water channels to our s\ard lakes, we risk losing our water
sources and fish because a fertile ground for water hyacindiother water plants is generated.
This too impairs the health and the economic power of the statetlands that are so important
for a healthy environment are als@ected by such waste. Noxious gases from rotting garbage
also end up in the atmosphere and can be deadly to human,|aandalant life. With population
growth the land for waste disposal and agricultural prodadbecomes scarce, and since it takes
long to reclaim land that has once been used for waste diptdsacomes crucial to put in place
mechanisms for reducing waste to landfills.

A brief survey of the main approaches proposed in the liseeator solid waste management
(SWM) models, during the last two decades, is made in Secti@e2tion 3 discusses the math-
ematical modelling of the municipal solid waste managenpeoblem. The model formulations
are described in Sections 3.1 and 3.3 while the analyseseaithdels are outlined in Sections
3.2 and Section 3.4. The case study through which the wakaht robustness of the models are
tested is described in Section 4. The examples used tadtedtow the models can be solved are
given in Section 3.5. The data used in the case study is gessanSection 4.1 while the results
from the validity and robustness tests of the models areudssad in Sections 4.2 and 4.3. The
programming language and the solver used are briefly destnibSection 5. The conclusions and
future developments are presented in Section 6.

2 Annotated Bibliography

The dfective application of SWM mathematical models as tools faigien making by munic-
ipal solid waste planners, in developing countries, i$ atilig challenge. A considerable amount
of research has been done in the last two decades on varpetssf SWM, and a number of eco-
nomically based optimization models for waste stream<ation and collection vehicle routes,
have been developed. Owing to an increasing awareness wbemental protection and con-
servation of natural resources, rising prices of raw mal&riand energy conservation concerns,
the current research in SWM is now guided by the aim of desggnomprehensive models that
take into account multi-disciplinary aspects involvingpeomic, technical, regulatory, and envi-
ronmental sustainability issues.

The solid waste models that have been developed in the lasiéasades have varied in goals
and methodologies. Solid waste generation predictionljtiasite selection, facility capacity ex-
pansion, facility operation, vehicle routing, system stkhimg, waste flow and overall system
operation, have been some of these goals (Badran and El-H&gjga

Some of the techniques that have been used include linegirgonming, integer programming,
mixed integer programming, non-linear programming, dyicggnogramming, goal programming,
grey programming, fuzzy programming, quadratic prograngnstochastic programming, two-
stage programming, and interval-parameter programmaggphic information systems (Ghose
et al [24] and Hasit Warner [27]).



The main objective of most of the models developed has beemrioize cost. Some models
are dynamic, while others are static (Badran and EL-Hagdar [Qorrissey and Browne [49]
have classified municipal waste management models inte ttakegories on the basis of decision
making criteria: cost benefit analysis, life cycle analyarsd multi-criteria decision making.

A detailed description of the mathematical models that mwst inspired the development of
the models presented in Section 3 is made below, while ther otfhevant and interesting models
are mentioned at the end of this section.

Costi et al [18] have proposed a mixed integer nonlinear piogning decision support model
to help decision makers of a municipality in the developnadnihcineration, disposal, treatment,
and recycling integrated programs. In that model sevegattnent plants and facilities have been
considered: separators, plants for producing refuse etffivel (RDF), incinerators with energy
recovery, plants for treatment of organic material, andtagnlandfills. The main objective of that
model is to plan the municipal solid waste (MSW) managemegfind the refuse flow that has
to be sent to recycling or to fierent treatment or disposal landfills, and to determine gienal
number, the kinds, and the localization of the plants thattarbe active. Some of the decision
variables in the model are binary while others are contisudine objective consists of all possible
economic costs and subjected to technical, regulatoryr(ative), and environmental constraints.
In particular, pollution and impacts induced by the ovesallid waste management system, are
considered through the formalization of constraints onn@@tion, emissions and on negative
effects produced by disposal or other forms of treatments liké Bfizemical composition. A case
study, relevant to the municipality of Genova, Italy, hasibpresented.

Fiorucci et al [22] have presented a mixed integer nonliragramming decision support
model for assisting planners in decisions regarding theadlvenanagement of solid waste at a
municipal level. By using that model, an optimal number otiflis and treatment plants, optimal
quantities and the characteristics of refuse that have sebeto treatment plants, to landfills and
to recycling can be determined. Various classes of comssrare considered in the problem for-
mulation, considering the regulations about the minimuquiements for recycling, incineration
process requirements, sanitary landfill conservation,maass balance. The objective function is
composed of recycling, transportation and maintenances.cdfie model has been tested on the
municipality of Genova, Italy. Unlike Costi et al [18], Fiarci et al [22], have not considered con-
straints associated with the environmental impact duedin@nation, production of refuse derived
fuel (RDF), or stabilized organic material (SOM).

Badran and El-Haggar [3] have proposed a mixed integer lipgagramming model for the
optimal management of municipal solid waste at Port SaigpEgThe idea is to choose a com-
bination of collection stations from the possible locatiam such a way as to minimize the daily
transportation costs from the districts to the collectitatisns, from the collection stations to
composting plants and landfills, and from the collectioticte to landfills. The constraints of the
single objective (i.e. total cost) are the capacity comstsefor the collection stations, compost-
ing plants, and landfills. The model tests show positiveltedhat can result in profit from the
collection fees and the sales of sorted recyclable material

Daskalopoulos et al [19] have presented a mixed integeailipggramming model for the man-
agement of MSW streams, taking into account their rates amgbositions, as well as their adverse
environmental impacts. Using this model, they identify tpgimal combination of technologies
for handling, treatment and disposal of MSW in a better endnal and more environmentally
sustainable way. The single objective is composed of castsopne of waste treated at the recy-
cling, composting, incinerating plants, and landfills. Toastraints of the objective are capacity
constraints for the plants and landfills. The model has beetietl to the management of MSW
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in the UK. The findings have revealed that the current costauiathe landfill option of managing
the MSW. It is however noted that the impact of a potentiay lem waste land filled, can reduce
the gap between the costs of land filling and the other altem@aste-treatment technologies.

Chang and Chang [6] have presented a non-linear programmidglrioo municipal solid waste
management based on the minimization of an overall cosid®rsg energy and material recovery
requirements. A set of continuous decision variables thptess material flows to the various
facilities are defined. Presorting facilities (separgtars part of the model. The objective function
includes transportation, treatment, and fixed and operalticosts, and takes into account possible
benefits from the sale of electric energy and recyclable raterrals. The problem constraints
cover mass balance, incinerator and landfill capacitia$ painimum energy recovery constraints.
The proposed model has been tested in the Taipei metrapabgion, Taiwan. The tests are
encouraging.

Similarities and differences between the current work and the foregoing lit-
erature survey

Costi et al [18] have presented a comprehensive mixed integ@mear programming problem,
whose planning horizon is a year. They give a detailed dasoni of environmental constraints
that cover RDF constraints, incineration constraints, adi$onstraints.

The nonlinearity of their model consists in the nature of dieeision variables used. These
decision variables are percentages (fractions) of wastehths to be sent to various plants and
landfills in their model. The interaction between these getages generates their products that
appear in the objective function, in the regulatory (nom@gtconstraints, in the technical and
environmental constraints. Probably the choice of thealdes is due to the desired goal, and
consequently nonlinearity is inevitable. Transformatiora linear model may require change of
variables.

In contrast to the work of Costi et al [18], we present two mep#ie first model is an integer
linear programming problem. Some of the variables in thisiehoneasure the number of trucks
(including replacement trucks) used per day. The amountastevtransported is then determined
by multiplying the number of trucks of a given type used betwany two nodes by the capacity
of a single truck, and by the expected number of trips a sitrgiek of that type makes per day
between those nodes. The binary variables used in the medeledthe existence of a plant of a
given type, and a landfill of a given type or size.

The second model is a mixed integer linear programming pralwhere the continuous vari-
ables measure the amount of waste that flows between the wiileghe integer variables mea-
sure the number of trucks used per day. The binary varialkesin the first model, decide the
existence of a plant or a landfill.

We have two models because of the realization that some msgra/ant to measure transporta-
tion costs in terms of costs per trip from a waste collectiomp in which case the first model is
more appropriate. Others may prefer to measure the tra@asioor costs in terms of costs per unit
waste carried away from a waste collection point, in whickecthe second model is more appro-
priate. For instance, the first model is more desirable fertdlgandan situation since it is not yet
possible to measure waste as it is transported from the wabégtion points.

The planning horizon in both models is a day; decisions ateettaken on a day to day ba-
sis. This means a continuous monitoring and collection ¢& dla order to make the required
adjustments. This flexibility may be lost in a long periodikon model. In addition to the daily
operational utility of the models, they can as well be usedessign tools for the plants, landfills,
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and truck depots. Apart from the transportation costsallagion and operational costs for plants
and landfills, and benefits from recycling, RDF sales, SOMssard energy sales, the objective
function also includes truck purchase costs as well as chststo the presence of replacement
trucks depots.

Since our desire is not only that of locating plants and degitvaste flows to these plants and
landfills, special attention has been given to deciding tmalrer and the type of trucks that are
used to transport a given type of waste from the waste ca@legtoints to the plants or landfills.
Replacement trucks are also considered with the obsenattipossible breakdowns of the opera-
tional trucks. This is an aspect that is missing in the suedeyorks, and since transportation costs
play a big part in the daily operational costs, it is impottérat a waste management planner has
a tool as a basis for the trucks deployed.

Although regulatory, technical, and environmental canats are not comprehensively consid-
ered in our models as by Costi et al [18] and Fiorucci et al [R4§ our belief that they can be
handled in detail without féecting the linearity of the models. The regulatory constsagive
the minimum percentage of waste recycling; these percesatage proportions of the total waste
generated. The technical constraints not only deal witihtptapacities but also deal with the
minimum amount of waste that has to be sent to the plants setipdants are to be economically
beneficial. The environmental constraints are necessdiyitoemissions during the combustion
processes at incinerators, and to limit the presence obnexsubstances in the RDF and in the
SOM. Along the same line leachate and biogas productiomdfilis can be studied.

Unlike in the model of Costi et al [18], waste flows from RDF, relayg, and SOM plants to
incinerators are not considered in our models. These areuéin order to first develop the key
elements that deal with the determination of trucks uselardaily transportation exercise. These
missing elements can however be incorporated by definingseéof variables to cover the waste
flows from the RDF plants, from the recycling plants, and frbe$OM plants to the incinerators,
since the aim is to recover as much waste as possible.

One similarity between our models and that of Costi et al [ 8)at collection costs from waste
sources to collection points are not part of the models. Gtlmailarities are that our models are
all static and deterministic (Murty [51]), and single olijees that minimize total costs are used.
A major similarity is that the goal is to present integrateodels that are comprehensive.

The model of Fiorucci et al [22] can be derived from that of Cesal [18] by ignoring environ-
mental constraints. Like in the model of Costi et al [18], tlemlimearity of their model consists
in the nature of the decision variables used. These decisinables are percentages (fractions)
of waste that has to be sent to various plants and landfillsaim model. The interaction between
these percentages generates their products that appéar abjective function, in the regulatory
(normative) constraints, and in the technical constraints

The model of Chang and Chang [6] minimizes overall cost (takitmaccount energy and ma-
terial recovery) through the solution of a nonlinear progmaing problem. Unlike Costi et al [18],
their model does not cater for regulatory and environmeaaastraints while technical constraints
are not as extensively described as done by Costi et al [18]pré&ent linear models, and go at
length in dealing with the waste transportation by detemngjithe truck types and numbers as well
as considering replacement trucks in our models. We alse sheironmental constraints can be
included.

Badran and El-Haggar [3] present a mixed integer linear amogning model whose objective
covers collection costs from the districts to collecticatisins, transportation costs from collection
stations to either composting plants or to landfills. Bendfam the sale of compost and recy-
clable material are incorporated into the objective fumttiBinary variables are used to decide the



existence of collection stations. Incineration, recygliand RDF production are not part of the
model. Regulatory, technical, and environmental condsaire not covered in the model. Unlike
Badran and El-Haggar [3], waste collection from the souré¢g&neration is not considered in our
models, and collection points are assumed to be known. Regycéfused derived fuel, and en-
ergy generation are considered in our models. The detetimmaf trucks as well as replacement
trucks used everyday is not considered by Badran and El-H§8hgaOur models are linear like
their model.

The model of Daskalopoulos et al [19] does not cover colbecéind transportation costs. Reg-
ulatory and technical constraints are not consideredreiftie costs in the objective function cater
for the environmental considerations related to the emssf greenhouse gases. These costs are
evaluated by costing all possible environmental damaggsatie associated with the waste man-
agement options, like potential crop yield reduction, éddamage, sea level rise, and damage to
human health. Unlike our models where several aspects aéwamnagement planning are consid-
ered, the model of Daskalopoulos [19] is restricted to wasi@ment and environmental impact.
Such a model can be useful to companies that solely deal withiaipal solid waste treatment. It
can also be expanded to cater for the missing elements.

ReVelle [53] presents a survey on the applications of opmratresearch to a variety of envi-
ronmental problem areas like water resource managemetet;, guizality management, solid waste
operation and design, cost allocation for environmentllifees, and air quality management. He
notes that despite four decades of such activities, ctgilgroperational research problems still
remain in all of those areas. The open problems describ&gdti@the design of rationing strategies
in a system of parallel reservoirs, hydro power productiamping, simultaneous siting anétie
ciency determination of waste water treatment plants gesi the sequence of facilities in solid
waste collectiofdisposal system, the achievement of equity as well as ittgnn cost alloca-
tion, the planning of cost allocation when demands change tiwme, and the siting of air quality
monitoring stations.

The other relevant solid waste management models are edithelow under the following
seven distinct traits:

1) Linear models; 2) Nonlinear models; 3) Dynamic modelsS#)ic models; 5) Stochastic mod-
els; 6) Deterministic models; 7) Multi-objective model$;3ngle objective models.

The models under trait one include Badran and El-Haggar [8skRlopoulos et al [19], Alidi
[1], Amouzegar and Moshirvaziri [2], Bloemhof-Ruwaard et 4, [Caruso et al [5], Chang et al
[7], Chang and Davila [9], Chang et al [11], Chang et al [12], Chand Wang [13], Chang and
Wang [14], Chang and Wang [15], Chang and Wang [17], Davila anan@h20], Everett and
Modak [21], Gottinger ([25], [26]), Huang et al [28], Huanpa [29], Huang et al [30], Huang et
al [32], Huang et al [33], Huang et al [34], Huang et al [35],dtig et al [37], Huang et al [38],
Huang et al [39], Hsin-Neng and Kuo-hua [40]iiKner and Harrington [42], Kulcar [43], Li and
Huang [44], Li et al [45], Magsood and Huang [46], Marks andlman [47], Nie et al [52], and
Solano et al ([54], [55]).

Under trait two there is Costi et al [18], Fiorucci et al [22],&ly and Chang et al [6], Chang
et al [8], Chang and Wang [16], Huang et al [31], Huang et al,[BBhciardi et al [48], and Wu et
al [57].

In trait three there is Chang et al [11], Chang et al [12], Charb\dang [13], Chang and Wang
[15], Huang et al [32], Huang et al [34], andiKner and Harrington [42].

Trait four comprises Costi et al [18], Fiorucci et al [22], Rakpoulos et al [19], Alidi [1],



Amouzegar and Moshirvaziri [2], Badran and El-Haggar [3],@tdhof-Ruwaard et al [4], Caruso
et al [5], Chang and Chang et al [6], Chang et al [7], Chang et alB&ng and Davila [9], Chang
and Wang [14], Chang and Wang [16], Chang and Wang [17], DamtdieGhang [20], Everett and
Modak [21], Gottinger ([25], [26]), Huang et al [28], Huanpa# [29], Huang et al [30], Huang et
al [31], Huang et al [33], Huang et al [35], Huang et al [36],dtig et al [37], Huang et al [38],
Huang et al [39], Hsin-Neng and Kuo-hua [40]iiKner and Harrington [42], Kulcar [43], Li and
Huang [44], Li et al [45], Magsood and Huang [46], Marks andldman [47], Minciardi et al [48],
Nie et al [52], and Solano et al ([54], [55]), and Wu et al [57].

Trait five consists of Chang et al [7], Chang and Wang [16], Champ\Velang [17], Davila and
Chang [20], Huang et al [28], Huang et al [29], Huang et al [Blijang et al [31], Huang et al [32],
Huang et al [33], Huang et al [34], Huang et al [35], Huang €86], Huang et al [37], Huang et
al [38], Huang et al [39], Li and Huang [44], Li et al [45], Mam®d and Huang [46], Nie et al [52],
and Wu et al [57].

Under trait six there is Costi et al [18], Fiorucci et al [22]agkalopoulos et al [19], Alidi [1],
Amouzegar and Moshirvaziri [2], Badran and El-Haggar [3],@ithof-Ruwaard et al [4], Caruso
et al [5], Chang and Chang et al [6], Chang et al [8], Chang and ®§8j) Chang et al [11], Chang
et al [12], Chang and Wang [13], Chang and Wang [14], Chang and)\{&}, Everett and Modak
[21], Gottinger ([25], [26]), Hsin-Neng and Kuo-hua [40]iKner and Harrington [42], Kulcar
[43], Marks and Liebman [47], Minciardi et al [48], and Soteet al ([54], [55]).

Under trait seven there is Alidi [1], Caruso et al [5], Changld7§ Chang and Wang [14],
Chang and Wang [17], and Minciardi et al [48].

Under trait eight there is Costi et al [18], Fiorucci et al [2Rhskalopoulos et al [19], Amouze-
gar and Moshirvaziri [2], Badran and El-Haggar [3], Bloemkafwaard et al [4], Chang and
Chang et al [6], Chang et al [8], Chang and Davila [9], Chang etH| [Thang et al [12], Chang
and Wang [13], Chang and Wang [15], Chang and Wang [16], DamiiaGhang [20], Everett and
Modak [21], Gottinger ([25], [26]), Huang et al [28], Huanpa [29], Huang et al [30], Huang et
al [31], ,Huang et al [32], Huang et al [33], Huang et al [34]))athg et al [35], Huang et al [36],
Huang et al [37], Huang et al [38], Huang et al [39], Hsin-Nemgl Kuo-hua [40], Kihner and
Harrington [42], Kulcar [43], Li and Huang [44], Li et al [45Magsood and Huang [46], Marks
and Liebman [47], Nie et al [52], Solano et al ([54], [55])daWu et al [57].



3 Models of the Problem

Building an exhaustive SWM management model is a very complezgss as it is necessary
to simultaneously consider conflicting objectives; suabbpgms are usually characterized by an
intrinsic uncertainty in estimates of costs and environt@eimpacts. A wide knowledge and a
comprehensive analysis of all possible treatment prosesfsmaterials constituting the waste is
required. The waste which is not recycled should be treatetisposed of at sanitary landfills.
Since the aim is to minimize waste disposal and hence prdloatife span of landfills, an incre-
ment in recycling, refuse derived fuel (RDF) production, andrgy generation may conflict. This
is because these processes compete for waste with low hyraid high heating value like paper
and plastic. Thus an optimal flow of waste to the plants isirequto achieve this it is necessary
to express the humidity and heat values of each type of wadteeimodel (see Costi et al [18]
and Fiorucci et al [22]). A detailed analysis will be consetkin the future modifications of the
model; processing plants are not yet part of waste managgmegrams in Ugandan towns.

Furthermore, the benefits from waste recovery are measutedms of income per unit (ton) of
waste used in recycling, production of RDF, compost prodactand energy. The environmental
impact is dealt with by restricting the gaseous emissioomfthe plants as well the chemical
composition of RDF and stabilized organic material (SOM)gtaded chemical characterization
of these noxious materials (as done by Costi et al [18]) wikhlp@int in the future modifications of
the model. In general, municipal solid waste treatment kopaper, plastic, glass, metals, organic
material, wood, inert material, scraps, and textile.

Figure 2 illustrates some of the key components in the datisupport mathematical model.
The variablesx andy along the arcs give the waste flow amounts in terms of numbdraaks,
while then variables give the numbers of replacement trucks. Thessideovariables have to
be determined in the optimization process. Each of thesablas is explained below in Section
3.1. The total daily waste production enters the sourcesemhés separated and then sent to the
plants. ldeally, waste is separated at separators whichlangés distinct from waste sources. In
the proposed model, these sources can as well be assumeddpdrators from where metals are
taken to recycling, and organic material is taken for com@®®M) production. Part of the waste
with low humidity and high heating value is sent to incineratfor energy generation, or sent for
RDF production, or disposed of in a sanitary landfill.

Recycling is considered for paper, glass, plastic, woodammymaterial, and textiles. The
fuel from RDF producing plants is sold while the scraps are¢ &ean incinerator or landfill. The
generated energy is sold while the scraps are sent to a laiti@ SOM joins the market while the
scraps are taken to an incinerator or landfill. Waste flomsafs) from recycling, RDF producing
plants, and SOM producing plants to incinerators will notrim®rporated in the model.

With increased environmental concerns and shortage of fianthndfills, waste disposal at
landfills should be done for only unrecoverable waste; tlis be achieved by restricting the
maximum daily amount of waste flow to a landfill considering #mount of waste that saturates
a landfill (in tons) and the minimum allowed time (in days) &uwsate a landfill (Costi et al [18]).
From this, landfill saturation constraints can be deterchine

3.1 First Model Formulation

The model has been formulated as an integer linear prograghproblem (see Wolsey [56]).
It has been presented as a decision making tool in the plg@amd management of integrated pro-
grams of solid waste collection, transportation, incitierg recycling, composting, and disposal.
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The waste collection component has not been considere@wertad treatment plants and facilities
have been included within the proposed model: trucks fotrénesportation of waste; replacement
trucks and their depots; incinerators with energy recaveayitary landfills; plants for recycling,
production of RDF, and treatment of organic material.

The objective function consists of total cost owing to irwesnt and management costs, trans-
portation costs, operational costs from the use of replac¢itnucks, benefits from energy genera-
tion, RDF production, compost, and recycling. The constsaimclude waste flow constraints due
to the movement of waste among sources and plants and laraffillvell as capacity, site selec-
tion, facility availability, environmental, and landfilaturation constraints. Constraints owing to
the utilization of replacement trucks have also been iregdiud

It is assumed that a waste manager in a municipality has aaksaof all the parameters on the
computer well written in AMPL language as well as the modeéwehall this data is supposed to
be fed for a solution whenever required. There should alsarbAMPL compatible solver like
CPLEX on the computer. The advantage of having a database PLABIthat it is easy to modify
according to the changes in the parameters, and becauséaaimoin of data does not require an
expert in programming but one who can eftbange data in a proper way. The first use of the
model determines all costs including investment costsstitsequent uses, depending on whether
significant changes have been observed in some of the keynpters, determine transport and
operational costs, etc. The location of facilities will Balveen done in the first application of
the model. Decisions are taken whenever required by camsgdthe results. In the day to day
application of the models, it may be more orderly and cheapahire replacement trucks instead
of buying them.

The model has been built upon the following assumptions:

1. “Waste source” are located at the centres of waste gemgiaeas.

2. Waste separation is done at the waste source locatiolsctoan points). In other words,
we can identify these sources with separators in this cag@aktice sources and separators
are distinct.

3. Waste handling operations proposed in the model are tedmited daily.

The ambiguity of the first assumption is that “radii” of wagtnerating areas are not specified;
the point is that if the areas are almost “circular” and thadif’ are “small”, then the waste
collection points at the centres are uniformly accessitmenfwithin the areas. The drawback is
that the shapes and sizes of the waste areas can be very sorttat the accessibility of the waste
collection points at the centres may not be uniform from withe entire area; some of the waste
may then not reach these collection points.

The advantage of the second assumption is that no moneynissgant on establishing sepa-
rators; it is however largely dependent on the cooperatiovagte generators, the voluyaeight
and nature of waste generated. The most realistic optionbedg have separators in the model,
to which some of the waste is channelled for separation bdfansportation to recycling, SOM
and RDF producing, and incinerating plants.

The third assumption is advantageous for daily heavy wast#uging waste sources; the draw-
back is that waste sources that require weekly or monthlgcidns are not directly catered for
in the model. Probably in the daily utilization of the modame of the parameters (like costs) of
such waste sources can be considered as “zeroes” until yisendeen they require collections.
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Indices

i =1, 2,...,1: location of waste sources (collection points).

] =1, 2,...,J: location of incinerators.

k = 1, 2,...,K: location of sanitary landfills.

r = 1, 2,...,R location of replacement trucks depots.

m = 1, 2,..., M: location of refuse derived fuel (RDF) plants.

h = 1, 2,...,H: location of composting (stabilized organic material, SQiants.
s =1, 2,...,S: location of recycling plants.

| =1, 2,...,L: truck type.

g=1 2...,G: waste type.

Variables

Xl Xige Xiogr Xl X, respectively total number of trips made by trucks of typeed every-
day to carry waste of typgfrom waste sourceto an incinerator aj, an RDF plant aim, an SOM

plant ath, a recycling plant as, and a landfill ak.

Rig Kimg Xing X Xig' r€spectively number of trucks of typeised everyday to carry waste of
typeg from waste sourceto an incinerator af, an RDF plant am, an SOM plant ah, a recycling
plant ats, and a landfill ak.

Yig Vg Yhg Yao' respectively total number of trips made by trucks of typesed everyday
to carry waste of typg from an incinerator aj, an RDF plant atn, an SOM plant ah, and a

recycling plant asto a landfill atk.

Vg T Yhg Vg ESPECtiVEly nUMber of trucks of typeised everyday to carry waste of type
g from an incinerator af, an RDF plant atn, an SOM plant ah, and a recycling plant atto a
landfill atk.

A, Al By s My, N respectively number of trucks of typeised everyday from a replace-
ment trucks depot atto an incinerator af, an RDF plant am, an SOM plant ah, a recycling
plant ats, a landfill atk, and a waste source iat

Zj, Zm, 4n, Zs, Z, Z: 0-1 variables indicating respectively, the presence ahaimerator atj, an
RDF plant atm, an SOM plant ah, a recycling plant as, a landfill atk, and a replacement trucks
depot atr.

Wi, Wm, Wh, Ws, t: amount of waste transported everyday respectively, tmenérator afj, an
RDF plant atm, an SOM plant ah, a recycling plant as, and a sanitary landfill &

T, : The number of trucks of typleused everyday.
T : The total number of trucks (excluding replacement trucksgd everyday.

(RT), : The number of replacement trucks of tyjpequired everyday.
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Input Data/Parameters

a, &, &, &, a, expected number of trips a truck of typean make respectively, per day
between waste sourceiand an incinerator gt an RDF plant atn, an SOM plant al, a recycling
plant ats, and a landfill ak.

B'jk, bl .. bl bl,: expected number of trips a truck of typean make respectively, per day between
an incinerator af, an RDF plant aim, an SOM plant ah, a recycling plant as, and a landfill ak.

). capacity (in tonnes) of a truck of type
pi: probability that a truck of typébreaks down in a day.
Qc: upper limit for noxious substanege = 1, 2,...,E.

€. &, &, &, &, & respectively the cost of moving a truck of typérom a replacement
trucks depot at to a landfill atk, an incinerator aj, an RDF plant atn, an SOM plant ah, a

recycling plant at, and a waste source iat

& G G o Gy respectively transportation cost per unit of waste cerbig a truck of typd
from a waste source ato an incinerator aj, an RDF plant atn, an SOM plant ah, a recycling
plant ats, and a landfill ak.

&'jk, d_, .d'hk., d,: respectively transportation cost per unit of waste celrbig a truck of typel
from an incinerator af, an RDF plant atm, an SOM plant ah, and a recycling plant & to a

landfill atk.

Cj. Cm, Ch, Cs: revenue respectively, per unit of waste at an incinerétgy an RDF plant am, an
SOM plant ath, and a recycling plant &

fi: the cost of buying a new truck of typel = 1...,L.
di: amount of waste at source

Pj» Pm» P, Ps: fraction (%) of unrecovered waste respectively, at amietor atj, an RDF plant
atm, an SOM plant ah, and a recycling plant atthat requires disposal to a landfill.

Qi Qm Gn. Qs, Qu Qi capacity per day respectively, for an incineratof,an RDF plant am,
an SOM plant ah, a recycling plant as, a landfill atk, and a replacement trucks depot at

5, 6m» On» 0s, Ok, 0,: respectively fixed cost incurred in opening an incineratdt an RDF plant
atm, an SOM plant ah, a recycling plant as, a landfill atk, and a replacement trucks depot at

Yis ¥ms ¥hs Vs k. respectively variable cost incurred in handling a unit este at an incinerator
at j, an RDF plant aim, an SOM plant ah, a recycling plant as, and a landfill ak.

fi°, g, fig. fi2, [f: respectively amount of noxious materegienerated (per unit of waste) at an
incinerator atj, an RDF plant ain, an SOM plant ah, a recycling plant as, and a sanitary landfill
atk;e =1, 2,...,E.

Objective Function

The objective function represents the overall daily wastagement costs; the first compo-
nent gives the investment and waste handling expenses basatehnsportation costs, the second
component gives expenses owing to the use of replacemeisirand the third component the
income from waste products like refuse derived fuel andgner

The first componeniE, refers to the overall costs; the first part deals with thestwent and
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management expenses while the second is concerned witlattgportation costs. The two parts
are separated by two sets of square brackets in (1). In thigibin we have the fixed cost pa-
rametersy, and the variable cost parametets The variablesX andY have been defined at the
beginning of Section 3.1.

FizwWXY) =[Gz + 7)) + ) (GrnZm + Fmibir)
j m

+ Z(Shfh + YnVih) + Z(gsés + YsWs) + Z(é_kzk + ]
h s k

&l v Al ! Xl v{ =l !

olij glim glih glis
+ > X+ d.aV¥,  + d. oY, + d. Y
ik Nikg ik Tikg k@ kg hk &I Yhig
glik gljk glmk glhk
+ Zd'Ska'skg] 1)
glsk

Component, concerns the total costs owing to the presence of repladdnoeis (or standby
trucks). Componenit; gives the total cost for buying all trucks required in thelylmianagement
of waste. Componer gives the benefits at the plants owing to the production aiteteenergy,
compost, refuse derived fuel, and recycled material.

Fa(n, 2)

F3(X,y, n)

B(w)

rki

Zékﬁrk + Zélrjﬁlrj + Zé'rmﬁlrm + Zélrhhlrh
rml

rjl rhl

+ Y Edg+ > dn + >z 2)
rs r

ril

DT+ (RT)) (3)

DG = AW+ )l — P + D &L~ )
j m h

+ Z(‘:S(l AN (4)

So the objective functiof, to be minimized, is

F:F1+F2+F3—B (5)
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Constraints

In general, the constraints include those linking waste #awong sources and plants and land-
fills, as well as capacity, site selection, facility availdf environmental, and landfill saturation
constraints. The desire in constraint (6) is to clear alMiaste generated at the source (collection
point)i. So the total waste moved from each waste collection pahould at least be equal to the
amount of waste found at that point.

me(i'jg + me(i'mg + Zalkilhg + Zal)"(ilsg + mei'kg > di,i =1,...,1 (6)

olj glm gh gh ok

In constraints (7)-(10), it is meant that the waste gendriayea processing plant is disposed of
in a landfill (or tip). Thus the amount of waste carried awaynirevery plant to a landfill, should
at least be equal to the amount of waste found at that plarstirtiportant to note that the weight
of waste carried by a truck in a single trip (from a given seliis at most equal to its capacity,
depending on the waste type and its amount; so the ineasailiti(6) and (7)-(10) make sense.

iy < Y aV,  i=1...3 7)
gkl

P < Za.\?;kg, m=1,...,M (8)
okl

P < Za.\?:]kg, h=1..H (9)
okl

pls < Y aYy, s=1...S (10)
okl

Constraint (11) means that the amount of noxious materiat matsexceed National Environ-
mental Management Authority or international levels,

DU - p o+ DA = peWen + Y S — pr)iin
j m h
+ Y B - P + ) fit < Qe e =1,...,E (11)
s k

In constraints (12)-(15) the maximum capacities for thecpssing plants are accounted for.
These constraints mean that the amount of waste taken t® piheasts should not exceed the plant
capacities. In constraint (16) the same thing is done foitagrandfills.

Wi < Qz, j=1,...,3 (12)
Wm < OnZn, m=1,...,M (13)
W < Qv h =1 H (14)
Ws < Qs s=1...,S (15)
tc < Q. k=12...K (16)
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Constraint (17), means that the total number of replacemecits of typel cannot be less than
the expected number of daily truck breakdowns of the typ#ith constraint (18), we ensure that
there is at least one depot for the replacement trucks. Istaint (19) we codify that the number
of trucks in a depot cannot exceed its capacity. Constrabit if®eans that the total number of
replacement trucks is not too big compared to the total numbieucks used per day.

At | al x| =l |
ank + Zn”— + anm + anh + ans + ani > pTy,
rk rj rm rh rs ri

| =1,...,L 17)
R
Z’z, > 1 (18)
r=1
— | al X = | A <
ank + A + Ny + Ny + N + n; < Qz,
Ik lj Im Ih Is Iri
r=1,...,R (19)
2. Q% < T (20)
r

Constraints (21)-(29) mean that once the flow to either plasaaitary landfill is positive, that
plant or landfill must actually exist. The variabl¥sandY have been defined at the beginning
of Section 3.1 and under definitions (51)-(59). We note hasean example, that the expression

i,(j)) =1,...,1,(J) means that ranges from 1 up tb andj ranges from 1 up td.
aXly, < Qz, I=1...Li@(G=1..1,0.9=1....G (21)
@iy < Oz, I =1L....Li,(mM=121...,1,(M,g=1..0G (22)
aXly < Oz, l=1..Li(=21..,1,(H,g=1....6 (23)
aXlg < Qi 1=1..Li()=1....1,(8.,9=1...G (24)
aXly < Q& l=L...LiiK=1.,1,(K,g=1...,G (25)
oV < Qa 1=21....Li®=1..,3(K).,g=1..0 (26)
oV < Q@ I=1...Lm®=1...,M((K),g=1..,G 27)
aVyg < Q& =1..,Lh®=1...,H (K,g=1...,G (28)
oV < Q&  l=L..Ls®=1....,.5S(K.g=1....G (29)

Variable Conditions

The variables in constraints (30)-(38) are defined as ngathe integers. These give the num-
ber of trucks used between two nodes in the model per daydixg replacement trucks.

X integer > 0, L()=1....1,J, 1 =1...,LLg=1...,G (30)
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iy integer > 0, Lbm=21...,1,(M,I=1..Lg=1...G (31)
Xing integer > 0, i,h=12...,1,H,l=1...,.LLg=1,...,G (32)
Xqo integer > 0, (s =1....1,08,l=1....L,g=1,...,G (33)
Xig» integer > 0, bk =1....,1, (K, =1...,L,g=1,..., G (34)
¥ integer > 0, b =1...,3K,l=1....LLg=1...,G (35)
Y integer > 0, m& =1....M (K, =1....LLg=1...,G (36)
Vi integer > 0, h(kf =1...,H, (K, =1....LLg=1,....,G (37)
Vg integer > 0, sk =1....SS(K),l=1....LLg=1...,G (38)

The variables in constraints (39)-(44) are defined as ngathe integers. These give the num-
ber of replacement trucks required everyday in the wasteagement program. We note that the
breakdown of a truck can occur anywhere in the road netwdldwfed by the trucks. For purposes
of locating the truck depots, it is assumed that these bmaksl occur at either a waste collection
point or at a plant or at a landfill.

. integer > 0, rrk=1....,R (K, =1,...,L (39)
i, integer > O, n{=21....R@W), 1 =1..,L (40)
AL, integer > O, rnrm=1...,R M), I =1,...,L (41)
A, integer > O, r,(h=1..RH),l =1...,L (42)
Al integer > O, rr(s)=1....,.R(S),! =1...,L (43)
n., integer > 0, nM=1....,R U, =1..,L (44)

The variables in (45)-(50) are defined as boolean. Thesesakto determine the existence of
either a plant or a landfill.

7 € (0,1, j=41,...3 (45)
2m € {0,1), m=1...M (46)
% € {001, h=1..H (47)
7 € (0,1, s=1..,5S (48)
z € (0,1, k=1,...,K (49)
z € {0,1, r=1,..,R (50)

Definitions

In equations (51)-(59) the expected number of trips madealggiby the trucks of typefrom
waste sources to plants, waste sources to landfills, antsgaiandfills are given.

)le]g = é:l)’z:]g’ l = 1""’L’ i’ (J) = 1"'-’ I’ (‘J)a g = 1,..., G (51)

A~

Xig = &nRimgs l=1,...,LLi,m=1....,1,M),g=1,...,G (52)
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Xig = &Xing: l=1,...,Li,(h)=21...,1,(H,g=1...,G (53)
Xy = &Xg l=1...,LLi,(9=121....,1,8,9g=1,....G (54)
Xg = QX l=1,....,Li,K=21....,1,K,g=1...,G (55)
Vi = B3 1=L...LiK=1...3(K.g=1....G (56)
Vg = Dby 1=1...Lm K =1...,M (K).,g=1..06 (57)
Yig = Bhdhe 1=L...Lh®=1....,H (K.g=1....G (58)
Vg = By 1=L....Ls®=1....S(K,g=1....G (59)

Definitions (60)-(63), also mentioned at the beginning oft®a 3.1, indicate the amount of
waste transported to processing plants while definitior) (fdes the amount of waste from all
waste sources to a landfikl Similarly, definition (65) indicates the amount of wastsptised of
in a sanitary landfilk everyday. Equation (66) gives the total amount of wastesctéld from all
waste sources per day; this excludes waste generated biatits.pin equation (67) we give the
total number of trucks of typeused per day in the model and, in definition (68) the total neimb
of trucks required per day for the transportation, treatmesmd disposal of waste is determined. In
definition (69) the number of replacement trucks of tye each depot is given, and in equation
(70) the total number of replacement trucks in all depotseitegnined. It is assumed that the
trucks are fully loaded as they leave the waste collectiontpo

W, = me(i'jg, i=1..,3 (60)
gli

Wy = > Xy  mM=1...,M (61)
gli

Wh o= > Xy, h=1..H (62)
gli

W = Y aXy s=1...S (63)
gli

W = mei'kg, k=1,..,K (64)

e = we + Zal?}kg + Zm?rlrkg + Zm?fllkg + Zalvlskg’ k = 1,...,K (65)
olj glm gh gls

W= >0+ ) Wi+ > W+ ) W+ W (66)
j m h S k

T = Z)?!jg'f' Z)?:mg"' Z)\Zilhg"' Zy(!sg'i' szkg'i' Zyljkg
gij gim gih gis gk gjk

S e+ S = bk e
g

gmk ghk
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T = Zﬂ (68)

RT) = i+ DR+ DA+ Y+ DR+ > =119
rk rj rm rh rs ri
RT = > (RT), (70)
|

3.2 Analysis of the First Model

As mentioned at the beginning of Section 3.1, the model has figmulated as an integer linear
programming problem (Wolsey [56]). The constraints inelwgaste flow constraints for sources
and plants and landfills, capacity, site selection, facewailability, environmental, and landfill
saturation constraints. Truck flow constraints for rephaest trucks from depots to landfills, waste
sources, and processing plants have also been included.

We have a single objective function that covers the ovecalhemic cost in the model. Accord-
ing to Costi et al [18], the definition of a decision model camieg the design of an urban solid
waste management system would require the use of multctgedecision concepts and tech-
niques. Our model, like that of Costi et al [18], is particlyarriented to real-world applications;
the multi-objective nature is taken into account by consigea single optimization objective com-
prising the overall economic cost, and transforming aleothbjectives (on pollution containment,
impact minimization, etc) into constraints. Through thesastraints it becomes easier to deal
with regulations that specify bounds on the release of poilis and other negativéfects on the
environment.

It is a deterministic model with integral decision variahléhis was motivated by the desire of
not only measuring waste quantities handled but also cdwenhtimber of trucks of every type
being used in the model. For instance in equation (67) we fiachumber of trucks of each type
while in equation (68) we find the total number of trucks thag@ate daily in the model. Through
equation (69) we determine the number of replacement trofciach type that we may need daily
while through equation (70) the total number of replacenrercks needed in the model per day is
computed.

Since it is linear, it can be solved to optimality by severaldalling'solver packages on the
market like AMPL/CPLEX, LINGOLINDO, GAMS/CPLEX, and MPI/CPLEX. The package,
AMPL/CPLEX, we intend to use is briefly described in Section 5. Thmetdation of this model
lies within the field of operations research that has beefullgeapplied to a wide variety of
environmental problem areas (see ReVelle [53]).

The benefits from waste in the third compon@&nbf the objective function are measured in
terms of economic gain per unit of waste. In actual termsouthbe measured in terms of sales
per litre of RDF produced, unit of SOM produced, unit of enepggduced, unit item produced
from recycling. To simplify the mathematics in the modelstprecision was indirectly looked at
in terms of economic gain per unit of waste. Another poinhet e do not yet have processing
plants in Uganda although it is under consideration. Thgars why we do not have regulatory
and technical constraints (see Costi et al [18] and Fiorutail §22]) in the model. We also
have only one landfill. We have included economic gains freaycling in the benefits function;
according to Costi et al [18] and Fiorucci et al [22], recygliim reality produces net cost. It is
however encouraged because of environmental concerngéinthbuse of limited resources.
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The fractionso of unrecovered waste at the plants, and the amaumtsnoxious substances
generated at the plants and landfills are assumed to be imdiepieof the type of waste in both
models. It is more realistic to consider dependence on fiedywaste in order to formulate more
precise environmental constraints, etc.

It is worth mentioning here that the current waste managétnend in Uganda indicates that
we are likely to have private companies that only collectteasompanies that only treat waste,
and possibly companies that only manage sanitary landfilis.future waste models are likely to
have these three scenarios of waste management wheretoegalad technical constraints will be
of major interest to companies running processing plarddamdfills. Probably these companies
will later merge to form integrated waste management prograrhe proposed model is a good
starting point upon which future variations can be built.

We shall also not go into a detailed description of environtakimpacts as done by Costi
et al [18], with specific attention paid to incineration esiss and RDF chemical composition.
They consider pollutant content in the RDF, in the SOM, antheration emissions. We measure
pollutant content through unit waste handled at the plathis; may not be precise but a good
illustration of how environmental impact can be consider€de consideration of the regulatory,
technical, and a detailed description of environmentaktramts may be done withouffacting
the linearity of the models. The biggest problem so far in rufgawith regard to waste pollution
springs from the fact that much of the waste generated in tgyatowns is not actually collected.

We have mentioned landfill saturation constraints (16) anniodel in Section 3.1; the daily
capacityQy imposed on the landfik will be determined according to our desire of keeping that
landfill active for a determined minimum number of years. Guality of the technology in place
is very crucial here. That is to say, we shall determine tked omount of waste that saturates that
landfill and divide it with the number of days that constitthe determined minimum number of
years we want the landfill to remain active.

The environmental constraints (11) have been presentedenyaelementary form in order to
keep the mathematics simple; a detailed and precise desarigas been done by Costi et al [18].
A detailed description also requires a deep knowledge aatysis of all the processes involved.
These constraints regulate the pollutant emissions atiéimtspas well as the toxic composition of
the RDF and the SOM produced.

With constraint (18) we can, in theory, ensure that (it isspreed that these probabilities are
known by the waste managers) there is at least one depotgt@cement trucks. This may be
ridiculous in practice in case of no breakdowns (especitihe trucks are new)! An alternative to
buying replacement trucks may be hiring them in case of lweaks. This may be more practical
and can also keep the daily operational costs down. Howthisrconstraint is not unreasonable
since specialized trucks may be used in the managementamsgiand consequently not easily
obtainable through hiring.

3.3 The Second Model of the Problem

In this section, a variant of the integer linear model déxatiin Section 3.1 is presented with the
hope of getting better total cost estimates and waste ammeasurements. Continuous variables
u's andv’s have been introduced; they respectively measure the mimbwaste collected everyday
from waste sources to plants and from plants to landfills. Aeahiinteger linear program is thus
obtained (see Wolsey [56]); the description of the new \eisu andv now follows.

1. 0 O Uiy Ui Ui respectively amount of waste (in tons) of typeollected everyday
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by trucks of typd from a waste sourcieto an incinerator aj, an RDF plant ain, an SOM
plant ath, a recycling plant as, and a landfill ak.

2. ¥ Nue Vhg Vg rESPECtively amount of waste (in tons) of tygesollected everyday
by trucks of typel from an incinerator af, an RDF plant atn, an SOM plant ah, and a

recycling plant asto a landfill atk.

The description of the rest of the variables and parameteteimodel, remains the same as in
Section 3.1.

Let it be noted that the emergence of the mixed integer lingzadtel nowhere undermines the
importance of the integer linear model; the choice betwé&entivo models from the practical
point of view depends on the user and the technology used.u€eremay prefer to measure the
transportation costs in terms of costs per trip made fromwihgte source, in which case the first
model is more appropriate. In this case we replace theicmnts of the variableX andY in
the objective function with the total cost per trip from thaste collection point. At the same
time, instead of measuring the amount of waste using the eumibtrucks used multiplied by
their capacities, continuous variables can be introduceddasure directly the amount of waste
that goes to the plants and landfills. The integer linear lprabs then transformed into a mixed
integer problem that gives better total cost estimates aore precise waste amount measurements.
For instance, at the moment the first model is more relevatiteédJgandan situation, where the
technology to measure waste as it is carried away from theavgasirces is not available. Another
user may prefer to measure the transportation costs in t@rowsts per unit mass of waste picked
from the waste source, in which case the second model is nppreriate.

Objective Function

The objective function, like in Section 3.1, representsaverall daily waste management costs;
the first component gives the investment and waste handkpgrses as well as transportation
costs, the second component gives expenses owing to theé teggacement trucks, and the third
component the income from waste products like refuse defivel and energy.

The first componenk; refers to the overall costs; the first part deals with the shwent and
management expenses while the second is concerned wittatigportation costs. The two parts
are separated by two sets of square brackets in (71). Inuhetibn we have the fixed cost parame-
tersg, and the variable cost parameterslhe variablesi andv have been defined at the beginning
of this section.

Fizwuy) = [D G + 7i%) + > (Gnm + Jmite)
j m
+ ) Gntn + ) + D (OZs + T + D (0 + Kt
h S k

(.
+ [Z CI] |Jg + chm img + chhulhg + chs isg + Zcikuikg

glij glim glih glis glik
9.
+ Zdjk jkg T dek mg T Zdhk hkg T stkvlskg] (71)
gljk glmk glhk glsk
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Component, concerns the total costs owing to the presence of repladanueks (or standby
trucks). Componeni; gives the total cost for buying all trucks required in thelylmanagement
of waste. Componerg gives the benefits at the plants owing to the production ateteenergy,
compost, refuse derived fuel, and recycled material.

Fo(n.2) = Zékﬁrk + Zélrjﬁlrj + Zml:é'rmﬁlrm + Zélrhﬁlrh
r

rkl rjl rhi
+ Zélrsﬁlrs + Zélrinlri + Zél’lzf (72)
rsl ril r
Fay,n) = > fi(Ti + (RT)) (73)
|
BW) = > & - )Wy + D &l — pudim + D &(1 — pr)
j m h

+ Zés(l AN (74)

So we then obtain the objective functiénto be minimized, defined as

F=F,+F,+F;-B (75)

Constraints

In general, the constraints are the capacity, site selectaxility availability, environmental,
and landfill saturation constraints. In constraint (76) wakensure that the total waste moved from
each waste collection points at least be equal to the amount of waste found at that point.

Dllg + Dol DU+ U+ DU 2 dii =1, (76)

gl glm glh glh glk

In constraints (77)-(80), we guarantee that the amount stevearried away from every plant
to a landfill, is at least be equal to the amount of waste fourtlled plant.

i < Y W i=1...3 (77)
gkl

P < > Wy M=1...M (78)
okl

P < Zv/hkg, h=1..H (79)
okl

plls < DV  S=1....S (80)
gkl
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In constraint (81) the amount of noxious material must nateexl National Environmental
Management Authority or international leve(,.

DU - BN+ Y A = prm + ) fiR(L — pr)h
j m h
+ Z/fti(l — pPs)Ws + leﬁtk < Q,e=1...E (81)
S k

In constraints (82)-(85) the maximum capacities for thepssing plants are determined. These
constraints mean that the amount of waste taken to thestsglaould not exceed the plant capac-
ities. In constraint (86) the same is done for sanitary |dsdfi

Wi < Qz, j=1,...,3 (82)
W < OnZme m=1....M (83)
W < Qi h=1...H (84)
Ws < Qs s=1...,S (85)
tc < Q. k=12..K (86)

In constraint (87), the total number of replacement trucksype | cannot be less than the
expected number of daily truck breakdowns of the typ&\Vith constraint (88), we ensure that
there is at least one depot for the replacement trucks. Istcint (89) we codify that the number
of trucks in a depot cannot exceed its capacity. Constra)tg@arantees that the total number of
replacement trucks is not too big compared to the total numbteucks used per day.

At =~ al | =l |
ank + anj + anm + anh + ans + ani > pT,
rj rm rh rs ri

| =1,...,L (87)
R
Z’zr > 1 (88)
r=1
=t ~| Al >l = | A £
Ny + A + Ny + Ny + Ne + n;, < Qz,
Ik lj Im lh Is Iri
r=1...,R (89)
>z < T (90)

Constraints (91)-(99) mean that once the flow to either plasanitary landfill is positive, that
plant or landfill must actually exist.

i, < @z I=1...Li(G=1...1,0.9=1...,G (91)
Opg < O I =1...Li,(mM=121..,1,(M,g=1...G (92)
U < Qo 1=1...Li,()=1....1,(H,g=1...,G (93)
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Uy < Oz I=1....Li,(®=21....,1,(S,9=1....,G (94)
Ug < Q2o I=1...Li,®=21....,1,(K,g=1...,G (95)
g < Q@ 1=1....LjiK=121.,3(K).,g=1...,G (96)
g < Uz 1=L...Lm®=121...MK,g=1..6 (97)
Vg € Qe 1=1...Lh®=1....,H (K,g=1....G (98)
VW < Q@ 1=1...Ls®=1...,S(K.,g=1...,G (99)

The constraints in (100)-(108) relate the amount of waslieded from any waste source per
day with the number of trucks used to collect that waste. Thegn that the waste carried by these
trucks from the waste collection points cannot exceed theustof waste they can carry when
fully loaded.

iy, < @8d®y, 1=1...Lii(=1.,1,0.,9=1...,G (100)
Oy < @8 ®r 1=1...Li,(mM=21....1,(M,g=1...,G (101)
U < @@ X =L, Li,(h=1...,1,(H,g=1....G (102)
Uy < adXg l=1,...,LLi,(s =1,....1,(8,9g=1,.... G (103)
Ug < @@ X =L LibK®=1...,1,(K.,g=1....,G (104)
Ve < abydy 1=2...LiK=21....,3(K,g=1...,G (105)
Vg < @bl e 1=L...Lm® =1....,M (K.,g=1...,G (106
Vg < @byt =L...Lh®=1...H (K,g=1....G (107)
Vg < aby¥hye, 1=1....LLs(K=1....S(K,g=1....G (108)

Constraints (109)-(117) can be referred to as waste flow figorgstraints. The reason is that
when there are benefits at some node there is a tendency toasowech waste as possible to
that node as long as there is space on the truck. In such avdaaeis “carried” on the truck, that
includes false waste, may go beyond the amount at a wasteesahis is undesirable because the
interest is in the precise amount of waste picked from thecsou

i, < d, l=1,...,LLi,()=1....,1,),g=1,...,G (109)
Oy < o l=1,...,LLi,m=21....,1,M),g=1....G (110)
U, < d. l=1,...,LLi,(h)=1...,1,(H,g=1...,G (111)
Uy < d, l=1,...,LLi,( =1...,1,(8,9=1....,G (112)
U < d l=1,...,LLi,K =1,....,1,K),g=1...,G (113)
‘N’Ijkg < pjwj, l=12...,L,j,K=1..., (K),g=1...,G (114)
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Vig < PmWin, l=1...,Lm®& =1,.... M, (K),g=1,...,G (115)
Vhg < PnWh, l =1,...,LLh (K =1,....,H (K),g=1...,G (116)
Vgg < psWs, l=1,...,LLs K =1....,S (K,g=1,...,G (117)

Variable Conditions

The variables in constraints (118)-(126) are defined asnegative; these give the amount of
waste that flows between various nodes.

i, > 0O L()=21...,,,1=1...,LLg=1,...,G (118)
g = O, Lbm=1...,I,(M,I=1..Lg=1...,G (119)
Uy = O, i,h)=2...,1,H,l=1...,LLg=1,...,G (120)
Uy > O, i,b(9 =1..,1,(8,1=1..,LL,g=1,...,G (121)
U = O, LK =1..,1,K,l=1..Lg=1...,G (122)
Vg = 0, bKk=1..,3K),l =1....LLg=1...,G (123)
Vg = 0, m®& =1,....M, (K),l =1,....L,g=1,...,G (124)
Ve = 0, hy(K =1,...,H, (K),l =1,....,L,g=1...,G (125)
Vgg = 0, sk =1...SK,l=1..Lg=1..G (126)

The variables in constraints (127)-(135) are defined asnagative integers; these give the
number of trucks used between any two nodes per day in thelp@atiding replacement trucks.

X integer > 0, L()=1....1,J, 1 =1...,LLg=1...,G (127)
iy integer > 0, Lbm=21...,1, (M, I=1..Lg=1...G (128)
Xing iNteger > 0, i,h=12...,1,H,l=1...,.LLg=1,...,G (129)
g integer > 0, b9 =1...,,,1=1...,LLg=1,...,G (130)
Xig» integer > 0, bk =21....,I, (K, =1...,L,g=1,..., G (131)
¥ integer > 0, b =1...,3K,l=1....LLg=1...,G (132)
Yiig integer > 0, m& =1....M (K, =1....LLg=1...,G (133)

Vi integer > 0, h (K =1,....,H, (K),l =1,...,L,g=1,..., G (134)

Vg integer > 0, sk =1....SS(K),l=1....LLg=1...,G (135)

The variables in constraints (136)-(141) are defined asmegyative integers. These give the
number of replacement trucks used in the daily waste managieptogram. We note that the
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breakdown of a truck can occur anywhere in the road netwdidwied by the trucks. For purposes
of locating the truck depots, it is assumed that these bmaksl occur at either a waste collection
point or at a plant or at a landfill.

n., integer > 0, rrk=1....R (K, =1,...,L (136)
A, integer > O, n{=1....R@W), !l =1..L (137)
Al . integer > O, r,m=1....,R (M), =1...,L (138)
A, integer > O, r,(h)=1..RH),l =1...,L (139)
Al integer > O, r,(s=1....,.R(S),l =1...,L (140)
n., integer > 0, rnM=1....,R {0, =1..,L (141)

The variables in (142)-(147) are defined as boolean; theysed to decide the existence of a
plant or a landfill.

z; € {0, 1}, j=121...,3 (142)

Zn € {0, 1}, m=1....M (143)

Zz, € {0, 1}, h=1...,H (144)

zs € {0, 1}, s=1,...,S (145)

z. € {0, 1}, k=1...,K (146)

z € {0, 1}, r=1...,R (147)
Definitions

Definitions (148)-(151), also mentioned at the beginningettion 3.1, give the amount of
waste transported to processing plants while definitio2)tves the amount of waste from all
waste sources to a landfkl Similarly, definition (153) indicates the amount of wastspdsed
of in a sanitary landfilk. Equation (154) gives the total amount of waste collectethfall waste
sources per day; this excludes waste generated by the plargguation (155) the total number
of trucks of typel used per day is determined and, in definition (156) the taiailrer of trucks
required per day for the transportation, treatment, angbdial of waste is determined. In definition
(157) the number of replacement trucks of type each depots is given, and in equation (158) the
total number of replacement trucks in all depots is giveris Bissumed that the trucks are fully
loaded as they leave the waste collection points.

W= YO i=1....3 (148)
gli

W = D O, m=1...M (149)
gli

Wh = D U, h=1..H (150)
gli

W = g  s=1...S (151)
gli

W = Zu:kg, k=1..K (152)
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o= Wt D Tpg+ D g+ D Vg + D Vg k=1..,K  (153)

alj gim glh gls

W= >0+ ) Wi+ > W+ ) W+ W (154)
j m h S k
T = Z%]g*‘ Z)?:mg"' Z)\Zilhg—" Zy(!sg'i' szkg'i' Zyljkg

gij gim gih gis gik gjk
F ) g D Vg + D Vg | =Ll (155)
gmk ghk gsk
T = ZT' (156)
|
(RT) = Zﬁ'rk + Zﬁlrj + Zﬁ:'m + Zﬁ:'h + Zﬁlrs+ anri’
rk rj rm rh rs ri
| = 1,...,L (157)
RT = )(RT) (158)
|

3.4 Analysis of the Second Model

The second model has been formulated as a mixed integer pnggramming problem that is
similar to the first model which is formulated as an integeedir problem; the major fierence
consists in the new variables introduced and which are ioatis unlike in the first model where
all variables are integral. In the second model the wasteegsired dferently using continuous
variables and trucks are countedfeiently using integer variables. More exact values in ttat,
waste amounts, and benefits are expected in the second ntloelédyo models are, in general,
expected to give the same number of active and replacenuehistrHowever, the performance of
the first model can be enhanced if the transportation costsiaasured by costing a trip made by
a truck, instead of using a waste mass unit.

3.5 Examples illustrating how the Model Problems can be solved

Two examples are presented in order to facilitate appiiagiand understanding the solution
techniques to the two models, which have respectively bemnuflated as integer linear and mixed
integer linear programming problems.

3.5.1 An Integer Linear Model Example
Let

1. denote a waste source (collection point).
2: denote an incinerator.

3: denote a replacement trucks depot.
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4: denote a landfill.

Figure 3 illustrates a simple model, where the waste sodiheeincinerator, the landfill, the
trucks depot are all known, and all trucks are of the sameaigpa

A

. @ 0.50 -(2)

0.80

0.60 0.40

O 0.90 b

Figure 3: A simple model representation.

The figures along the arcs denote the costs which can be fradtlpy 10 000 to get the actual
value in Ug Shs (SEK % Ug Shs 250).

Variables

Upp, U4 . respectively represent the amount of waste (in tons) ctelte everyday by trucks of
capacity /51 tons from a waste source at 1 to an incinerator at 2, ancdéillat 4.

Vo4 : represents the amount of waste (in tons) collected evgriggarucks of capacity b1 tons
from an incinerator at 2 to a landfill at 4.

X12, X14 . respectively represent the number of trucks of capac§ fons used everyday to carry
waste from a waste source at 1 to an incinerator at 2, and tudéillaat 4.

Y24 - Nnumber of trucks of capacity.51 tons used everyday to carry waste from an incinerator at 2
to a landfill at 4.

N31, N3, N34 @ respectively represent the number of trucks of capachil Tons used everyday
from a replacement trucks bank at 3 to a waste source at 1caerator at 2, and a landfill at 4.

W, (= Upp), ty @ respectively represent the amount of waste transportey@ay to an incinerator
at 2, and a landfill at 4.

Input data/Parameters

14, 6 : respectively are the expected number of trips (singbs ) truck of capacity.31 tons can
make everyday from a waste source at 1 to an incinerator aila éandfill at 4.

13 : is the expected number of trips a truck of capacifi tons can make everyday between and
incinerator at 2, and a landfill at 4.
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0.50, 0.80 : respectively are the transportation costs per ton oteMaansported from a waste
source at 1 to an incinerator at 2, and a landfill at 4.

0.60 : is the transportation per ton of waste moved from an eraitor at 2 to a landfill at 4.

0.30, 0.40, 0.90 : respectively are the costs of moving a replacement tfickapacity 751 tons
from a replacement trucks depot at 3 to a waste source at hicarerator at 2, and a landfill at 4.

3.78 : is the revenue per unit of waste from an incinerator at 2.
235 : is the amount of waste (in tons) at a waste source at 1.
0.30 : is the fraction (%) of unrecovered waste at an incinerait@.

100025, 3, 1850 : are the respective capacities for an incineratorat@placement trucks depot
at 3, and a landfill at 4.

1.73, 0.93 : are the respective costs of handling a ton of waste atcamerator at 2, and a landfill
at 4.

5000 : cost of buying a new truck.

0.13 : probability that a truck breaks down in a day.

The Model

The first model is an integer program and we seek to minimigédtal cost~; + F, — B,
where

Fi = (050 x 751 x 14 x X35 + 080 x 751 x 6 X X34 + 0.60 x 7.51 x

13 X Yoq) + (L73 x 751 X 14 X X3» + 0.93 X ty) (159)
F, = 5000x (T + RT) (160)
B = 2646 x 751 x 14 X X (161)
Constraints
751 x 14 X X;p + 751 X 6 X X34 > 235 (162)
0.3 x 751 x 14 X X3, < 751 x 13 X you (163)
N3g1 + N3o + N3y > 013 x T (164)
751 x 14 x X, < 100025 (165)
t, < 1850 (166)
N31 + N32 + N3g < 3<T (167)
Variable Conditions
X12, X14, Yo4integer > 0O (168)
N31, N32, N34 integer > 0 (169)
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Definitions

t4 = 751 X 6 X Xiu + 751 X 13 X Yoy (170)
T = X2 + Xia + You (171)
RT = n3; + N3z + Nag (172)
The Solution

We begin by generating a feasible solution by carrying alwaste from node 1 to node 2,
since there are benefits at node 2. From inequality (b62)+ [235/(7.51 x 14)] = 3. Also from
inequality (163)y24 = [(0.9x 14)/13] = 1. SoT = 3+ 1=4. NOWRT = ng; + Nz, + Nz4; from
inequalities (164) and (167), and definition (17R], = [0.52] = 1. The feasible solutior;, = 3,
X14 = 0, andy,,4 = 1 gives the total co$; + F, — Bas

(0.50x 7.51x14x3+0+0.60x 7.51x 13x 1)+ (L.73x 7.51x 14x 3+
0.93x7.51x13x 1)+ 5000x (4+ 1) - 2.646x 7.51x 14x 3=2501815918

Since there are benefits at node 2 it is possible that an dpsiahation has been obtained;
we check this claim by considering integral combinationgl ¢sinceT = 4). We note that the
maximum number of trucks that can be used to move waste frate fido node 2 is 3, and no
more than 1 truck can be used to carry the waste from node 2d® 40

(i) If two trucks are used to carry the waste from node 1 to iydand one truck is used to move
the waste from node 2 to node 4, some waste will remain at naaledlhas to be moved
to node 4. The waste moved to node 2 817 x 14 x 2 = 2108 tons leaving a balance
of 24.72 tons at node 1 that must be carried to node 4 using [24.72/(7.51 x 6)] =1
truck. T = 4 andRT = [0.52] = 1; thus the total codt; + F> — Bis

(0.50x 751x14%x2+0.80%x 7.51x6x1+0.60x13x 1)+ (1.73x7.51x 14x%x 2
+0.93%(7.51x6x1+7.51x13x1))+5000x (4+ 1) —2.646x 7.51x 14x 2= 25,08907322

(ii) If one truck is used to move the waste from node 1 to nod&n®, one truck is used to carry
the waste from node 2 to node 4, some waste remains at nodethamd be moved to node
4. With one truck from node 1 to node 2, the waste carried terod 751x 14x 1 = 10514
tons leaving a balance of 13® tons at node 1 which must be moved to node 4 uging
[12986/(7.51x 6)] = 3 trucks.T = 5 andRT = [0.65] = 1, thus the total codt; + F, — B
is

(050x 751 x 14x1+080x 751x6x3+060x 13x1)+(1.73x 751x 14x1

+093x (751 x 6 x 3+ 751 x 13 x 1))+5000x (5+1)— 2646 x 751 x 14 x 1=
30,33949706

(ii) If all the waste at node 1 is now transported to node éntfrom inequality (162)x14 =
[235/(7.51 x 6)] =6. SoT = 6 andRT = [0.78] = 1. In this case the total coBt + F, — B
IS
080 x 751 x 6 x 6 + 0.93 x 751 x 6 x 6+ 5000x (6+ 1) =35467.7228.
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Hence, the claimed optimal solution is indeed an optimaltsmh to the problem. Note thdt < 3

is not possible because in that case waste will remain at hodeich, is contrary to our desire.
Also, T > 7 is obviously undesirable because some trucks will theredandant. The optimal
solution has been validated using AMRIPLEX, and a Pentium IV 2.66 GHz computer in less
than two seconds.

Sensitivity Analysis

In order to demonstrate how sensitivity analysis can be gcted on the two models a parameter
0, which measures the quality of the incinerator at node 2bkas chosen. A relationship between
p and the total cosF; + F, — B is studied over the interval [0.0, 0.6]. The first three of tibil
cost wherp is respectively equal t0.000, 0.025 0.050 are computed by hand using a calculator
but the rest of the values over the interval are computedyubm AMPL/CPLEX. The process and
the findings are described below.

We begin by generating a feasible solution by carrying al waste from node 1 to node 2,
since there are benefits at node 2 (see Figure 4).

‘ @ 0.50 . @

A

0.80

0.60 0.40

Figure 4: Second representation of the model.

Forp = 0.00, equation (161) becomes
B =378x 751 x 14 X X (173)

and inequality (163) becomes

0 x 7.51 x 14 X Xi» < 7.51 x 13 X Vs (174)

andy,4 = 0. Thus, no waste will be moved from node 2 to node 4; algo= 0. From inequality
(162),x12 = [235/(7.51x 14)] = 3. SoT = 3. NOWRT = ngz; + hzy + hzy; from inequalities (164)
and (167)RT =10.39] = 1. The feasible solutior;, = 3, x;4 = 0, andy,, = 0 gives the total cost
Fl + Fz — Bas

0.50x7.51x14x3+1.73x7.51x 14x3+5000% (3+1)-3.78x7,51x14x 3 = 19511099

Since there benefits at node 2 it is likely that an optimal tsmhuhas been obtained; we check
this claim by considering integral combinations of 3 (sifice= 3). We note that the maximum
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number of trucks that can be used to move the waste from nooledde 2 is 3, angh, = 0 since
p=0.

(i) If two trucks are used to carry the waste from node 1 to nddeome waste will remain at
node 1 and has to be moved to node 4. The waste moved to node2Lig T4 x 2 =
2108 tons leaving a balance of Z2 tons that must be carried to node 4 usiyg =
[24.72/(7.51x 6)] = 1 truck. T = 3 andRT = [0.39] = 1; thus the total codt;, + F, — Bis

050x 751%x14x2+0.80x751x6x1+1.73x751x14x2+0.93x751x6x1+5000
X 83+ 1) - 378 x 751 x 14 x 2 = 19,7520198

(i) If one truck is used to move the waste from node 1 to noder@eswaste remains at node 1
and has to be moved to node 4. With one truck from node 1 to nptlee2vaste carried to
node 2 is A1x 14x 1 = 10514 tons leaving a balance of 188 tons at node 1 which must
be moved to node 4 usings = [12986/(7.51x 6)] = 3 trucks.T = 4 andRT =[0.52] = 1,
thus the total codt; + F> — Bis

050x751%x14x1+0.80x751x6x3+1.73x7.51%x14x1+0.93x751x6x3+5000
X (4+ 1) - 378x 751 x 14 x 1 = 250708944

(i) If all the waste at node 1 is now moved to node 4, then frovaquality (162),X14 =
[235/(7.51x 6)] = 6. SOT = 6 andRT = [0.78] = 1. In this case the totdl, + F, — Bis

080 x 751 x 6 x 6 + 093 x 751 x 6 x 6 + 5000 x (6 + 1) = 35467.7228

We note thel < 2 andT = 5 are not possible values since waste remains at node 1 arkaigru
redundant. Hence, the claimed optimal solution is indeeojimal solution to the problem.

We next try to find the optimal solution to the model if npw= 0.025. As in the previous case,
we begin by generating a feasible solution by carrying @lwaste from node 1 to node 2, since
there are benefits at node 2 (see Figure 5).

. @ 0.50 . @
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Figure 5: The third representation of the model.

Sincep = 0.025, equation (161) becomes
B = 378 x 0975 x 7.51 x 14 X X (175)
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and inequality (163) becomes

0.025 x 751 x 14 X Xi» < 7.51 x 13 X You (176)

From inequality (162)x,, = [235/(7.51 x 14)] = 3. Also from inequality (176)y,4 =

[(0.075%x 14)/13] = 1. SoT =3+ 1=4. NowRT = ng; + hzy + ngy; from inequalities (164) and
(167),RT = [0.52] = 1. The feasible solutiom;, = 3, x4 = 0, andy,4 = 1 gives the total cost
Fl + F2 — Bas

050x751x14x3+0+060x751x13x1+173x751x14x3x093x751x13x1+
5000x (4 + 1) — 3.78 x 0.975 x 7,51 x 14 x 3 = 24,69028009

Since there are benefits at node 2 it is possible that an dpsiohation has been obtained;
we check this claim by considering integral combinationg @¢sinceT = 4). We note that the
maximum number of trucks that can be used to move the wasterionle 1 to node 2 is 3, and no
more than one truck can be used to carry waste from node 2 ®od

(i) If two trucks are used to carry the waste from node 1 to nd@mnd one one truck is used
to move the waste from node 2 to node 4, some waste will remaiode 1 and has to be
moved to node 4. The waste moved to node 254 % 14x 2 = 2108 tons leaving a balance
of 24.72 tons that must be carried to node 4 using= [24.72/(7.51x 6)] = L truck. T = 4
andRT = [0.52] = 1; thus the total codt; + F» — Bis

050x 751x14x2+080x751x6x1+060x751x13x1+173x751x14x2+
0.93x (7.51x6x1+751x13x1)+5000x (4+1)-378x0.975x751x14x2 =
24,92126516

(i) If one truck is used to move the waste from node 1 to nod&n®, one truck is used to carry
the waste from node 2 to node 4, some waste remains at nodehbano be moved to node
4. With one truck from node 1 to node 2, the waste carried terdid 751x 14x 1 = 10514
tons leaving a balance of 188 tons at node 1 which must be moved to node 4 uging
[12986/(7.51x 6)] = 3 trucks.T = 5 andRT = [0.65] = 1; thus the total cogt; + F, — B
is
050x751x14x1+080x 751x6x3+060x751x13x1+1.73x751x14x%x 1+
093 % (7.51x6x 3+ 751x13x1)+5000%x (5+1)-3.78x0.975x 7.51x 14x 1 =
30,23020403

(i) If all the waste at node 1 is now moved to node 4, then frovaquality (162),X14 =
[235/(7.51x 6)] = 6. SOT = 6 andRT = [0.78] = 1. In this case the totdl, + F, — Bis

080 x 751 x 6 x 6 + 093 x 751 x 6 x 6 + 5000 x (6 + 1) = 35467.7228

SoT =4 or5or6. We note thalt < 3 andT > 7 are not possible values since waste remains at
node 1 or some trucks will be redundant. Hence, the claimé&thapsolution is indeed an optimal
solution to the problem.
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Figure 6: The fourth representation of the model.

We further try to find the optimal solution to the model if ngn= 0.05. As in the previous
cases, we begin by generating a feasible solution by carajirthe waste from node 1 to node 2,
since there are benefits at node 2 (see Figure 6).

Sincep = 0.05, equation (161) becomes

B = 3.78 x 0.95 x 7.51 X 14 X X2 (177)

and inequality (163) becomes

0.05 x 751 x 14 X X1 < 751 X 13 X You (178)

From inequality (162)x;, = [235/(7.51 x 14)] = 3. Also from inequality (178)y,4 =

[(0.15%x 14)/13] = 1. SoT = 3+ 1 =4. NowRT = nz; + nzy + Na4; from inequalities (164) and
(167),RT = [0.52] = 1. The feasible solutiom;, = 3, x4 = 0, andy,4 = 1 gives the total cost
Fl + F2 — Bas

050x751x14x3+0+060x751x13x1+173x751%x14x3%x093x751x13x1+
5000x (4 + 1) — 3.78 x 0.975 x 7,51 x 14 x 3 = 24,72008728

As there are benefits at node 2 it is possible that an optinhatieo has been attained; we check
this claim by considering integral combinations of 4 (sifice- 4). We once more note that the
maximum number of trucks that can be used to move the wasterfomle 1 to node 2 is 3, and no
more than one truck can be used to carry the waste from noda&i®4.

(i) If two trucks are used to carry the waste from node 1 to nd@amd one one truck is used
to move the waste from node 2 to node 4, some waste will rentaiode 1 and has to be
moved to node 4. The waste moved to node 234 % 14x 2 = 2108 tons leaving a balance
of 24.72 tons that must be carried to node 4 uskag= [24.72/(7.51x 6)] = 1 truck. T =4
andRT =[0.52] = 1; thus the total cogt, + F>, — Bis

050x751x14x2+080x 751x6x1+060x751x13x1+173x751x14x 2+
093x (751x6x1+751x13x1)+5000x (4+1)-378x095x751x14x2 =
24,94113662
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(ii) If one truck is used to move the waste from node 1 to nod&n®, one truck is used to carry
the waste from node 2 to node 4, some waste remains at nodethamd be moved to node
4. With one truck from node 1 to node 2, the waste carried t@rdod 751x 14x 1 = 10514
tons leaving a balance of 13® tons at node 1 which must be moved to node 4 uging
[12986/(7.51 % 6)] = 3 trucks.T = 5 andRT = [0.65] = 1; thus the total cost; + F, — B
is

050x751x14x1+080x751x6x3+060x751x13x1+173x751x14x 1+

093x (7.51x6x3+751x13x1)+5000x (5+1)-378x095x751x14x1 =
25,24013976

(i) If all the waste at node 1 is now moved to node 4, then froraquality (162),x;4 =
[235/(7.51x 6)] = 6. SOT = 6 andRT = [0.78] = 1. In this case the totd; + F, — Bis

080 x 751 x 6 x 6 + 093 x 751 x 6 x 6 + 5000 x (6 + 1) = 35467.7228

SoT =4 or5or6. We note that < 3andT > 7 are not possible values since waste remains at
node 1 or some trucks will be redundant. Hence, the claimé&thapsolution is indeed an optimal
solution to the problem. The remaining values of the optiswltion to the model ag varies
over the interval [0.0, 0.6] have been computed using the BMIPLEX, and they are displayed
in Table 1. The values found by hand and calculator also agitethose computed using the
programs. A graphical illustration of the behaviour of tb&at cost function ap varies over the
interval [0.0, 0.6] is given in Figure 7. It is observed tha total cost falls with lower values of
p; this is because the loweris the more #icient the plant is, and consequently the more benefits
will be obtained.

Table 1: Total costs and fractions of unrecovered wastentirtcinerator at node 2.

Jo obj(F) T(tot) RT(tot) B W(tot)
0.000 1951109900 3 1 11928760 3142
0.025 24698010 4 1 11628041 3142
0.050 2472m08730 4 1 11357322 3142
0.100 2477970170 4 1 10785884 3142
0.150 2483x1600 4 1 101314446 3142
0.200 248933040 4 1 9583008 31542
0.250 2495%4480 4 1 89421570 31542
0.300 2501815920 4 1 83460132 31542
0.400 252183710 4 1 4701504 25534
0.500 304099060 5 1 5964380 31542
0.600 3045872580 5 1 1587168 2402
0.700 3049&6870 5 1 1122876 2402
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Figure 7: Total costs plotted against the fractions of uoveoed waste

3.5.2 A Mixed Integer Linear Model Example

The Model

The second model is a mixed integer linear program and we seekinimize the total cost
Fi+F,-B,

where

Fi = (0.50u;; + 0.80ups + 0.60vp4) + (1.73u12 + 0.93t) (179)

F, = 5000x (T + RT) (180)

B = 2646u; (181)
Constraints

Upp + Uy > 235 (182)

03Uz < Voq (183)

Nzg1 + N3p + N3y > 0.13T (184)

up, < 100025 (185)

t, < 1850 (186)

N3y + Ngo + N3y < 3 < T (187)

U, < 10514X;5, Upg < 45.06X14, Vog < 97.63y24 (188)

U < 235 Uig < 235 vy < 705 (189)
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Variable Conditions

Ui, Us, Vou > 0 (190)
X12, X14, Y24 integer > 0 (191)
N31, N3p, Naginteger > 0O (192)
Definitions
ty = Uyg + Vou (193)
T = X2+ Xua + You (194)
RT = n3; + N3 + Ngy (195)
The Solution

Let us first suppose that all the waste of 235 tons is carr@a fiode 1 to node 2 (see Figure 8).
We determine the number of trucks required to carry this evetsim node 1 to node 2 and then
from node 2 to node 4, using inequalities (188).

@ 0.50 3

0.80

0.60 0.40

@- 0.90 ®

Figure 8: The fourth representation of the model.

We note thati;o = 235 Uy = 0, o4 = 0.3 x 235= 70.5. Thereforex;, = [235/10514] = 3 and
Voq = [70.5/97.63] = 1. So the the total number of trucks required to transportmaste of 235
from node 1 to node 2, and then the waste .80235 tons from node 2 to node 4, using equation
(194), isT = 4.

To obtain the required number of replacement trucks we usgualities (184) and (187), and
obtain

052 < g + Ngp + N3y < 4

Since, from equation (195RT = ns; + N3z + N3y, it IS reasonable to takeT = [0.52] = 1.

It is important to note that although an upper bodndn nz; + N3, + N34 is reasonable, it is not
the only one; the upper bound can be less or greaterfthan

Since the waste at node 1 is transported to the incineratowds 2, the transportation cost of
0.50 per ton and a handling fee of7B per ton are incurred. There are benefits.@B3er ton; so
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the cost is

050 x 235+ 1.73 x 235 - 235 x 0.7 x 3.78 = —-97.76.

A proportion, 03 of the waste taken to the incinerator has to be moved to titHilbat 4 at a cost
of 0.60 per ton in addition to the handling charges at 4.68(er ton. The cost is therefore

0.3 x 235 x 0.60 + 0.3 x 235 x 0.93 = 107.865
The cost for buying the trucks is 50604 + 1) = 25,000. Thus the total cost is
25,000-97.76 + 107865 = 25010105

Since there are benefits at node 2, the optimal cost is ppsz010105; we check this claim
by considering integral combinations of 4 (sinte= 4). We note that the maximum number of
trucks that can be used to move the waste from node 1 to nodg 2m&l no more than 1 truck can
be used to carry the waste from node 2 to node 4.

(i) Iftwo trucks are used to carry the waste from node 1 to iydnd one truck is used to move
the waste from node 2 to node 4, some waste will remain at naaledlhas to be moved
to node 4. The waste moved to node 2 817 x 14 x 2 = 2108 tons leaving a balance
of 24.72 tons at node 1 that must be carried to node 4 using [24.72/(7.51 x 6)] =1
truck. T = 4 andRT = [0.52] = 1; thus the total codt; + F> — Bis

0.50%x 2108 + 0.80%x 2472 + 1.73x 2108 -0.7x 2108 x 3.78 + (0.3x 2108 x 0.6
+ 5000x (4 + 1) = 250286172

(ii) If one truck is used to move the waste from node 1 to noden®, one truck is used to carry
the waste from node 2 to node 4, some waste remains at nodehhamd be moved to node
4. With one truck from node 1 to node 2, the waste carried t@rbes 751 x 14 x 1=
10514 tons leaving a balance of 188 tons at node 1 which must be moved to node 4 using
X14 = [12986/(7.51 x 6)] = 3 trucks. T = 5 andRT = [0.65] = 1, thus the total cost
Fi+F,-Bis

(0.50 x 10514+ 0.80 x 12986-0.7 x10514x 3.78) + 0.3 x 10514 x 0.60+ 0.3 x
10514 % 0.93+ 5000x (5+ 1) = 29,92651682
(i) If all the waste at node 1 is now transported to node éntfrom inequalities (188%.4 =

[235/(7.51 x 6)] =6. SoT = 6 andRT = [0.78] = 1. In this case the total coBt + F, — B
is

0.80x 235+ 0.93x 235+ 5000x (6 + 1) = 35,40655.

Hence, the claimed optimal solution is indeed an optimaltsmh to the problem. As noted at the
end of examplel] < 3 is not possible because in this case waste will remain a fiaghich, is
contrary to the desired goal. Als®, > 7 is obviously undesirable because some trucks will then
be redundant. The optimal solution has been validated USMBL/CPLEX, and a Pentium IV
2.66 GHz computer in less than two seconds.
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Sensitivity Analysis

The optimal solutions for the mixed integer modepasries over the interval [0.0, 0.6] can be
found in the same way as for the integer model. The reasosi@go similar to that used to find the
optimal solution for the mixed integer model just above; sly the optimal solutions are presented
for the mixed integer model. The hand computed optimal smistwhenp is respectively equal
to 0.0,0.025, and @5 are stated just below. The remaining values found usind®’AXaPLEX
are presented in Table 2. A graphical illustration of theawsbur of the total cost function gs
varies over the interval [0.0, 0.6] is given in Figure 9. Ibisserved that the total cost falls with
lower values op; this is because the loweris the more #icient the incinerator at node 2 is, and
consequently the more benefits will be obtained. The pedora of both models can as well be
compared from this figure. In general, the values of the aivgtunctions are close to each other
except whem = 0.5; the big diterence in values here is due to the fact that the integer nusdsl
one more truck that costs more money to buy (see Tables 1 and 2)

The extra truck is “used” in transporting extra “waste” frarode 2 to node 4 (see Table 1).
Whenp = 5, there is increased “waste” from node 1 to node 2 which tesulincreased benefits
from node 2; this should not happen since the quality of thaarator is getting worse. However
this strange behaviour consists in the fact that the wasteedas determined by the trucks used,
and since there may be some benefit (even if the incinerag@tisng worse) some pseudo waste
is likely to be transported on partially full trucks in order keep the total transportation costs
lower. Such strange isolated cases may not be many but tkdikaly to happen, and it is not
easy to put control constraints, because of the assumi@bthte trucks leave the waste collection
points when they are fully loaded. The best control may belaxrthese assumptions by having
continuous variables to measure the amount of waste caimigds case it may be easier to control
what is being transported as observed in the mixed integeatimodel.

(i) We note that whep = 0.000 the equation (181) changes to
B = 3.78 X up (196)
and inequality (183) becomes
0 X Uz < Vou (197)

The optimal solution is found to b®, = 235 U4 = 0,Vo4 = 0, X312 = 3, X314 = 0,y24 = 0, and
the total cost is 1363575 withT = 3 andRT = 1.

(i) If insteadp = 0.025, the equation (181) changes to
B = 3.78 x 0.975 X U, (198)
and inequality (183) becomes
0.025 X Uz < Vou (199)

The optimal solution is found to @, = 235 U4 = 0,Vo4 = 5.875 X1 = 3, X134 = 0,24 = 1,
and the total cost is 266694625 withT = 4 andRT = 1.
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(i) If now p = 0.05, the equation (181) changes to

B = 3.78 x 0.95 x u;»

and inequality (183) becomes

0.05 X U;p < Vou

(200)

(201)

The optimal solution is found to &, = 235 Uy = 0,Vo4 = 1175, X132 = 3, X34 = 0,24 = 1,
and the total cost is 24981425 withT = 4 andRT = 1.

Table 2: Total costs and fractions of unrecovered wastéhfoirtcinerator at node 2.

0 obj(F)  T(tot) RT(tot) B W(tot)
0.000 196357500 3 1 8880000 235
0.025 24660463 4 1 8689250 235
0.050 246981425 4 1 84388500 235
0.100 2476B350 4 1 79917000 235
0.150 248220275 4 1 7595500 235
0.200 248833200 4 1 71064000 235
0.250 249477125 4 1 66622500 235
0.300 250101050 4 1 62181000 235
0.400 251343900 4 1 53208000 235
0500 25284125 4 1 364140 235
0.600 30384600 5 1 3582000 235
0.700 304501713 5 1 11319588 235
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Figure 9: Total costs plotted against the fractions of uoveoed waste

4 Case Study

In order to illustrate how the models described in the ab@atien may be useful in practice
to waste managers, a (hypothetical) case study has beeanchod the data of the parameters is
subjective. A hypothetical case study has been used bedause been diicult to get the ac-
tual data in time. The data of the parameters is chosen aogathe situation in Kampala, the
capital city of Uganda. At the moment none of the waste mamage systems in the City has a
treatment plant; consequently the driving parameterstedransportation costs, waste amounts
at the sources, and possibly the waste handling fees atridélls. We have decided to include
incinerator parameters because of the growing awarenessizing the waste to generate energy.
We have not included waste handling fees at landfills becaeshink they are in the same cate-
gory as transportation costs. In this hypothetical casdystoere are five waste source locations,
three sanitary landfill locations, three replacement tsud&pots, and three incinerators all of the
same type. All trucks involved are all of the same type.

The names of landfills, waste source locations, replacemgk depots, and incinerators have
been taken from regions or subdivisions of Kampala City. ilhjgortant to note that care has been
taken to choose transport cost parameter data that is astoltize reality in Kampala as possible.
The most dificult data to imagine has been that pertaining to incinergdoameters for instance,
the fixed costs of opening incinerators, and the waste hamndharges. Landfill data has also been
hard to imagine because landfill charges do not directly geeste managing systems.

At the moment it is the World Bank that is paying (per ton of veastposited) the single landfill
managing company with an aim of helping this company to detex with time a reasonable fee
that can be paid by waste managing companies that transpstéwo that landfill. At the same
time, the other waste managing systems have also in timetéondi@e a reasonable fee that can
be paid by waste generators whose waste they handle. Marditieahundred tons of waste are

41



deposited everyday at the only landfill at Kiteezi; it is mstted that this is less than half of the
total amount of waste accumulated daily in the entire city.

4.1 Data used to test the Models

The data for the parameters is given in Tables 3-18, thatieee elow. This data has also been
used to study the validity and robustness of the models itbestm Section 3. Tables 19-22 and
Figures 10-13 give the findings from the sensitivity anayests conducted on total expenditure
against the amount of waste at the sources, transportaigig, the fractions of waste that remains
at the incinerators, and the benefits from the incineratargable 3 the locations for waste sources,
sanitary landfills, replacement trucks depots, and inaitoes are given. Table 4 gives waste source

Table 3: Node types and their locations

node type locations
waste sources)(| Kamwokya Kireka Ntinda  Nalya Kiwatule
landfill (K) Kiteezi Namugongo Najeera

truck depotf) | Kyambogo Nakasero Lugogo
incinerator () Kawempe Kiwatule Kasubi

locations as well as the waste amounts (in tons) at theséidasa Table 5 gives the incinerator

Table 4: Waste amounts at waste sources.

waste source locatiom)( waste amountd; (in tons)

Kamwokya 250
Kireka 3500
Ntinda 4000
Nalya 2457
Kiwatule 2685

locations| with their respective gapacitieé,- in tons, costs for treating a ton of wastg fixed
costs in opening these incineratorsand revenues per ton of waste at these incinerajoi&able

Table 5: Capacities, costs of opening and waste handlingntms from incinerators.

j Q o ¥ G
Kawempe 120@0 975 157 167
Kiwatule 150025 1079 173 678
Kasubi 130660 1354 196 189

6 gives the landfill locationk as well as landfill capacitie@_k, fixed costss incurred in opening
these landfills or tips, and cosjg in handling a ton of waste at these landfills. Table 7 gives the
replacement trucks depots locatiares well as fixed costs in opening them, and their capacities
Q. in terms of the number of trucks that can be kept in them. Fopktity we only have one type
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of trucks. In Table 8 truck capacity in tong, the probabilityp, of a truck breaking down in a day,
and the cosf; of buying a new truck are given. Table 9 gives the incinerktoationsj, and the
proportions of wastp; that cannot be recovered by these incinerators. The wastestimains has

to be disposed of at landfills. In Table 10 waste source lonatiand sanitary landfill locations

are given. Transportations costs per tjpmade by a truck from waste sources to landfills have
also been included. In Table 11 waste source locatiard landfill locations are given. The
expected number of tripe#k a truck can make per day between a waste souarel a landfillk

are also given. Table 12 gives waste source locati@msl incinerator locationg Transportation

Table 6: Landfill locations, landfill capacities, costs oeamg landfills, and unit waste handling
charges.

k Qo %

Kiteezi 1850 1500 ®3

Namugongo 2500 1470 .46
Najeera 3750 1575 .10

Table 7: Replacement trucks depot locations as well as thpmaities and fixed costs in opening
them.

: e

Kyambogo 54% 5

Nakasero 593 7
Lugogo 5865 9

Table 8: Truck capacity, breakdown probability, and truoktc

7 o] fi
751 013 5500

Table 9: Incinerator locations and waste proportions thiatain at these incinerators.

j Pj

Kawempe B
Kiwatule 03
Kasubi 03

Table 10: Transportation costs between waste sources adfilz

K\i Kamwokya Kireka Ntinda Nalya Kiwatule
Kiteezi 070 070 080 080 080
Namugongo 040) 050 060 040 050
Najeera 60 070 080 060 060
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costsc}j per ton of waste per day from a waste source to an incinereg¢ayieen as well. Table 13
gives waste source locationand incinerator locationg It also gives the expected number of trips
& a truck can make per day between a waste sauaice an incineratoj. Table 14 gives landfill
locationsk and incinerator locationg Transportation cost%k per ton of waste from incinerators
to landfills are also given. In Table 15 incineratoand landfillk locations are provided. The
expected number of tripﬁjk a truck can make everyday between incinergtand landfillk are
also given. Table 16 gives replacement trucks deppatsl landfillk locations. Transportation costs

Table 11: Expected number of trips a truck makes per day leztaevaste sources and a landfills.

K\i Kamwokya Kireka Ntinda Nalya Kiwatule
Kiteezi 8 9 6 5 5
Namugongo 9 14 12 15 14
Najeera 12 8 7 13 12

Table 12: Transportation costs between waste sources aineiators.

JA\I Kamwokya Kireka Ntinda Nalya Kiwatule
Kawempe (0510) 080 060 060 060
Kiwatule 050 070 050 050 040
Kasubi 070 090 070 Q70 070

Table 13: Expected number of trips a truck can make a day leet@evaste source and an incin-
erator.

JAi Kamwokya Kireka Ntinda Nalya Kiwatule
Kawempe 13 8 12 12 11
Kiwatule 14 10 14 14 17
Kasubi 10 4 4 8 8

Table 14: Transportation costs between incinerators arufilks.

J\k Kiteezi Namugongo Najeera
Kawempe (40 060 Q70
Kiwatule 060 Q70 060
Kasubi 060 080 070

Table 15: Expected number of trips a truck can make a day leetae incinerator and a landfill.

J\k Kiteezi Namugongo Najeera
Kawempe 17 12 10
Kiwatule 13 10 13
Kasubi 11 7 6
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c . from depots to landfills are also given. In Table 17 replacartrecks depots and incinerator

Table 16: Transportation costs between replacement tdests and landfills.

r\k Kiteezi Namugongo Najeera
Kyambogo 090 Q70 Q70
Nakasero B0 Q70 080
Lugogo 090 Q70 090

j locations are provided. Transportation ca$}s‘r6m a depor to an incineratoij are also given.
Table 18 provides transportation costs of moving replaceriracks between their depotsand

Table 17: Transportation costs between replacement tdegsts and incinerators.

r\j Kawempe Kiwatule Kasubi
Kyambogo 070 040 080
Nakasero ®O0 060 070
Lugogo Q070 050 080

waste sources

Table 18: Transportation costs between replacement tdmsts and waste sources.

r\i Kamwokya Kireka Ntinda Nalya Kiwatule
Kyambogo 0310] 040 030 030 020
Nakasero %0 Q70 060 070 060
Lugogo 030 050 060 060 060

4.2 Solution, Validity and Robustness of the First Model

The solution to the model has been obtained using a Pentilr6l¥ GHz computer in less than
two seconds. All data from the previous section has beeningéeé validity test; only some of it
has been used in the robustness tests. The reason is thatabtistness tests the attention has been
more on the sensitivity to changes in some of the most impbparameters as far as the situation
of Kampala is concerned. Also, some of the data is in the sategory like the transportation
costs between waste sources and incinerators, and th@dréatson costs between incinerators
and landfills, etc. In particular the following parametens dunctions have been studied; revenue
from an incinerator at Kiwatuleev(kiw), total costsobj(F), total truck number used per day
T(tot), total replacement trucks number used per Baytot), waste amount a soureeste(an)
in Ntinda, total waste amount collected from all waste sesiwer dayV(tot), fractionsp of waste
that remains per day at incinerators, and transportatistssdoom a waste source at Kamwokya
and a landfill (tip) at Najeera.

The changes in the parametees(kiw), waste(amt), p, and the transportation cost between
Kamwokya and Najeera have been studied against the totable{§). The findings are given in
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Tables (19)-(22), and graphically depicted in Figures{1l3®). The graphs in these figures have
been plotted using matlab 6.5.

The validity of the model has been tested by doubling theeshf the parameters except for
the values of waste fractions that remain at incineratodstla@ daily truck breakdown probability.
This has not fiected the values of the decision variables; it has also abelitthat the model has
been well formulated.

The robustness of the model described in Section 3.1 hasstbedierd by looking at the changes
in some of the key parameters; revenues at an incineratoivedtile, waste source amounts
at Ntinda, transportation costs between a waste source raivdkya and a landfill at Najeera,
changes in the fractions of wastes that is unrecovered acarerator at Kiwatule. The changes in
these parameters have specifically been observed withataspetal costs; changes in other data
like total waste amount from all waste sources every\Wdot) have also been reflected as shown
in the tables below. The changes in these parameters hanesigggficant and they have greatly
affected the total cost; small changes have induced small esamlile big changes have caused
big changes in the total cost.

Part of the solution from the case study is shown in the fifth flom the top of Table 19.
Since our decision variables measure truck numbers, thprsdss of this solution can be studied
by looking at the total amount of waste collected per day faedhsources; the actual total waste
amount from all waste sources is 1514.2 tons. From Table 9given as 1659.71 tons when
rev(kiw) is 6.78, giving a deviation of 145.51 tons from the actual valuegéneral, the biggest
deviation has been observed to be 243.14 tons in Table 22 thieeiotal waste from all sources
is given as 1757.34 tons. This inflation in waste amountssis abserved in the total cogj(F)
and the benefitB.

The observed inflation consists in the assumption that tnek$r leave the waste collection
points when they are fully loaded. Some of these trucks maalyg be partially full; so there is an
overestimation if the truck number is simply multiplied linettruck capacity to obtain the amount
of waste collected. This problem has been overcome by ubmgniodified model described in
Section 3.3. The results from using that model are given bi€Ea23-26, and Figures 14-17.

Table 19 represents the relationship between the totaloigéf) and the income per ton of
wasterev(kis) from the incinerator at Kiwatule. As the revenue in the v [4.78, 9.98] in-
creases, the total cosebj(F) decreases. The change in the reventliects also the benefits;
there are no benefits if the value iav(kiw) is at most equal t0.88. The relationship between
obj(F) andrev(kiw) is shown in Figure 10; this figure shows that as the revercreases, the total
cost reduces. The total cost does not change when the bearefi$ most 28 per ton of waste;
in this case no waste is taken for incineration because dtieconomically profitable.

Table 20 shows a variation in the total cadtj(F) with the variation in the waste amount
waste(amt) at a source in Ntinda over the interval [300, 500]. The tett increases with an
increase in waste amount. The variatiomiaste(amt) also dfectsT(TOT) butRT(TOT) remains
stable. However, small changes in the valuegadte(amt) cause small changes in the value$-of
andT(TOT) over this interval. The relationship betweErandwaste(amt) is depicted in Figure
11; itis clear from the graph that the valueobi(F) are increasing with the valueswaste(amt).

Table 21 shows a variation in the valuesobfj(F) with respect to changes in the transportation
costc(soti) between a waste source at Kamwokya and a landfill at Najeeratloe interval [0.10,
21.00]. Itis clear from the table that the higher the tramsiimn costs the higher the total costs.
There are slight changes in the valuesT¢1 OT) andB. The values oRT(TOT) do not change
while the values ofV(tot) change slightly. The relationship betweEnand c(soti) is given in
Figure 12; it is evident from the graph that when eventudié/dost to Najeera landfill is very high
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obj(F)

Table 19: Total costs and benefits from Kiwatule.

1.219

1.218

1.217

1.216

1.215

1.214

1.213

1.212

1.211

1.21

1.209
4

rev(kiw) obj(F) T(tot) RT(tot) B W(tot)

478 121803010 18 3 000MO000 166722
528 121803010 18 3 000MO000 166722
578 121803010 18 3 000MO000 166722
6.28 121803010 18 3 000MO000 166722
6.78 121705704 18 3 14968332 16591
7.28 121593307 18 3 16088032 165971
7.78 121484010 18 3 17177732 165971
828 121374613 18 3 18287432 165971
878 121264116 18 3 193867132 165971
928 121153719 18 3 20486832 165971
998 120999163 18 3 22052412 16591
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Figure 10: Total cost plotted against benefits from incitiena
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1.1

Table 20: Total costs and waste amounts at Ntinda.

waste(amt) obj(F) T(tot) RT(tot) B W(tot)
300 11601854 17 3 1498332 154060
320 116153111 17 3 000MO000 1577100
340 116203127 17 3 000MO000 161450
360 116203127 17 3 000MO000 161450
380 12166853 18 3 1498332 1637180
400 12170504 18 3 1498332 1659710
420 121852726 18 3 000MO000 1704770
440 121852726 18 3 000MOO00 1704770
460 127136186 19 3 14908332 1697260
480 12731452 19 3 14998332 1727300
500 127455609 19 3 000MO000 175440
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Figure 11: Total cost plotted against waste amount at Ntinda
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no waste will deposited there and consequently any furth@ements in the cost will notfiect
the total cost.

Table 21: Total costs and transportation costs from Kiveatudiste source to Kiteezi landfill.

c(soti) obj(F) T(tot) RT(tot) B W(tot)
010 12157024 18 3 14968332 1659710
030 12162496 18 3 1498332 1659710
0.60 121705704 18 3 14998332 1659710
0.80 121759776 18 3 14908332 1659710
100 12181348 18 3 14968332 1659710
1000 124247088 18 3 14968332 1659710
1500 12559888 18 3 1498332 1659710
1700 12587&%97 19 3 29936664 162%70
1900 12587&%97 19 3 29936664 162%70
2100 125878%97 19 3 29936664 162%70
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Figure 12: Total cost plotted against transportation civeta Kiwatule to Kiteezi

Table 22 shows the variation in the valuesobf(F) with respect to changes in the valuespof
in the interval [0.0, 0.6]. It is clear from the table that tbever the value op, the lower the total
costs. There are slight changes in the values (bdt) but RT (tot) remains stable. There may be
no benefits if the value gf is at least equal to 0.4, this is shown in the table and in Eidw®. A
graphical relationship betweahj(T) andp is given in Figure 13; it is evident from the graph that
the lowerp is the lower the total cost. This means that the better thétgué the incinerators the
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Table 22: Total costs and fractions of unrecovered wastecaterators

0 obj(F) T(tot) RT(tot) B W(tot)
0.000 10680346 17 3 1003@0660 175734
0.025 11268%92 18 3 978M3643 175734
0.050 112936762 18 3 95226627 175734
0.100 11745%17 18 3 449M4996 174382
0.150 119587758 18 3 36353092 162%7
0.200 12076988 18 3 252%2288 164469
0.250 121291242 18 3 19859420 16743
0.300 12170%04 18 3 14998332 16591
0.400 12180310 18 3 000MO000 166722
0.500 12180310 18 3 000MO000 166722
0.600 12180310 18 3 000MO000 166722
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Figure 13: Total costs plotted against fractions of unreced waste
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lower the expenditure; eventually if the quality of the meiators is very bad then there will be no
gain at all.

These tests and the graphical observations have indidaethe model is satisfactorily robust.
The nature of the graphs in figures 10, 11, 12, and 13 is notisung since the objective function
of the model described in Section 3.1 is a linear combinatiboonvex functions defined over
convex sets. The variables in the model are integer; if thexewo be continuous then a piecewise
linear appearance would be depicted in the graphs. ThisdMogilso because of the piecewise
linearity of the functions involved (see Murty [50]) in thijective function. The graphs in Figures
(10)-(13) are composed of discrete points that have beaadddy lines in order to show the trend
of the plots.

4.3 Solution, Validity, and Robustness of the Second Model

In this section we present the solution to the second modelyedl as the findings from the
sensitivity analysis tests conducted on the first model ritesdt in Section 3.1 and the second
model described in Section 3.3.

The solution to the model has been obtained using a Pentiuth@¥ GHz computer in less
than five seconds. Sensitivity analysis tests have beenucteudl on the second model over the
same intervals of data like in the case of the first model. Tindirfgs are summarized in Tables
23-26; the number of trucks given in these tables is, in ggndre same as that given in Tables
19-22 for the first model. The graphical comparison of the tmaxlels is given in Figures 14-17.
The second model gives superior values of the total costradrhount of waste at the collection
points.

Table 23 gives the variation of the total cost with respe¢htochange in the revenue from the
incinerator at Kiwatule, over the interval [4.78, 9.78]. eTtotal cost falls with an increase in the
revenue; this is also the case for the first model. Figure pemes the dierences in the total
cost for the two models; the second model gives much beti@rdost values.

Table 23: Total costs and benefits from Kiwatule.

rev(kin)  obj(F)  T(tot) RT(tot) B W(tot)
478 121504482 18 0000000 15142
528 121504482 18 0000000 1514
578 12150482 18 000@0000 1514
628 12150482 18 000®0000 1514
678 121427152 18 14908332 1512
728 121316755 18 16088032 1512
7.78 121206358 18 171777732 1512
828 12109961 18 18387432 1512
878 12098%64 18 193%7132 1512
928 120875167 18 20496832 1512
978 120764770 18 21586532 1512

WWWWwwWwwwwwww

Table 24 gives the relationship between the total cost aadviiiste amount at Ntinda, as the
waste amount is varied over the interval [300, 500]. It iglent from the table and Figure 15 that
the total cost increases with the waste amount. It is clean the Figure that the two models have
very close total cost values.
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Figure 14: Total cost plotted against benefits from incitiena

Table 24: Total costs and waste amounts at Ntinda.

waste(amt) obj(F)  T(tot) RT(tot) B W(tot)
300 11572443 17 3 154460660 1412
320 115871682 17 3 000M0O000 1432
340 11590882 17 3 000M0O000 1452
360 11593882 17 3 000MO000 1472
380 121357118 18 3 154460660 1492
400 121427152 18 3 14968332 1512
420 12153682 18 3 000MO000 1532
440 12157882 18 3 000M0O000 1552
460 126898075 19 3 154460660 1572
480 12702243 19 3 154460660 1592
500 12717182 19 3 000MO000 1612
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Figure 15: Total cost plotted against waste amount at Ntinda

Table 25 gives the relationship between the total cost amdhianges in the transportation cost
between a waste source at Kamwokya and a landfill at Najeeea,tbe interval [0.10, 21.00].
The table and Figure 16 show that the total cost increasdsthaét transport cost. Again in this
case, the second model gives much better total cost valaaghie first model. The gap between
the total costs of the two models increases with the tramapon cost. This is because the waste
amounts are steadily inflated in the integer model (see $&deand 25) so that as the transporta-
tion cost increases the gap between the two objective fumeinevitably increases. The realistic
transportation cost values lie between 0 arig the values of the interval between 10 and 21 were
only considered to check whether the model does what is éxghet it as the cost grows.

Table 25: Total costs and transportation costs from Kiveatudiste source to Kiteezi landfill.

c(soti) obj(F) T(tot) RT(tot) B W(tot)
0.10 121302152 18 3 14968332 1518
030 121352152 18 14908332 151#
0.60 121427152 18 14908332 151#
0.80 121477152 18 14908332 151#
1.00 121527152 18 14968332 1512
1000 123777152 18 14968332 1512
1500 12467071 19 23766400 1512
1700 12467071 19 23766400 1512
1900 12467071 19 23766400 1512
2100 12467071 19 23766400 1512

WWWwwwwwww
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Figure 16: Total cost plotted against transportation ciweta Kiwatule to Kiteezi

Tables 26 relates the total cost and the fracpoof waste that remains at the incinerator at
Kiwatule over the interval [0.0, 0.6]. As the value @increases in this interval, the value of the
total cost grows; this means that the total cost is lowerdt high quality incinerators. This is
also the case for the first model. The two model solutions angpared in Figure 17; in general
they are seen to be close. The integer model appears to @o theth the mixed integer model for
the first three values gf. This is false; the reason is that when there are benefitsna¢ sode
there is a tendency to move as much waste as possible to tt@tsdong as there is space on the
truck. This is a weakness owing to the fact that all variablesinteger; this weakness is reduced
in the mixed integer model.

Table 26: Total costs and fractions of unrecovered wastecantinerators

0 obj(F)  T(tot) RT(tot) B W(tot)
0.000 10743®@58 17 3 89163200 1512
0.025 11321882 18 86884120 151&
0.050 11349507 18 84665040 151&
0.100 116976126 18 45860200 151&
0.150 11853617 18 28834200 1512
0.200 12037842 18 264772560 1512
0.250 12098330 18 19859420 1514&
0.300 121427152 18 14908332 1514
0.400 12150482 18 000M0O000 1512
0.500 12150482 18 000MO000 1512
0.600 12150482 18 000MO000 1512

WWWwWwwwwwww
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5 AMPL and CPLEX

The AMPL modelling system is a comprehensive, powerfulehtgic modelling language for
problems in linear, non-linear, and integer programmingithAMPL models with maximum
productivity can be created, and by using AMPL's naturaéblgic notation, very large, complex
models can be stated in a concise, understandable forme Bsnmodels are easy to understand,
debug, and modify, AMPL also makes model maintenance eagyHKsurer et al [23]). AMPL-
compatible solvers include CPLEX, FortMP, MINOS, MINLP antthers (see AMPL website:
httpy//www.ampl.com). CPLEX is designed to solve linear programgger programs, mixed
integer programs, and quadratic programs.

5.1 Linear Programming

CPLEX employs either a simplex or a barrier method to solvedirprogramming problems.
Four distinct methods of optimization are incorporatechem €CPLEX package:

¢ A primal simplex algorithm that first finds a solution feasiloh constraints (Phase 1), then
iterates towards optimality (Phase II).

¢ A dual simplex algorithm that finds a solution that satisflesaptimality conditions (Phase
), then iterates towards feasibility (Phase ).

¢ A network primal simplex algorithm that uses logic and ddtactures tailored to the class
of pure network linear programs.

¢ A primal-dual-barrier (or interior point) algorithm thatsultaneously iterates toward feasi-
bility and optimality, optionally followed by a primal or dlicrossover routine that produces
a basic optimal solution.

CPLEX normally chooses one of these algorithms, but its éosn be overridden by the
directives described in the ILOG AMPL CPLEX system [41], pp30 These directives (or spe-
cific options) apply to the solution of linear programs, urdihg network linear programs. There
are also directives for processing, controlling the simligorithm, controlling the barrier algo-
rithm, improving stability, starting and stopping, conlirgg output described in the ILOG AMPL
CPLEX system [41], pp 32-44.

CPLEX is highly robust and has been designed to avoid probserols as degenerate stalling
and numerical inaccuracy that occur in the simplex algorithlowever, some linear programs can
benefit from the adjustments to the stability directivedfficulties arise.

5.2 Integer Programming

For programs that contain integer variables, CPLEX uses rchrand bound approach. Be-
cause a single integer program generates many integeigonayb problems, even small instances
can be very computation-intensive and require significamdwnts of memory. In contrast to solv-
ing linear programming problems, where little user inteti@n is required to obtain optimal re-
sults, some of the directives for preprocessing (see th&lIAMPL CPLEX system, pp 47-50)
may have to be set to get satisfactory results on integeranegy Either the way that the branch
and bound algorithm works can be changed, or the conditmmggdtimality can be relaxed.

56



Other directives (see the ILOG AMPL CPLEX system [41], pp ®)-®iclude those for algo-
rithmic control, relaxing optimality, halting and resurgithe search, and controlling output. All
processing directives that apply to linear programminggaése applicable to problems that specify
integer-valued variables. The directives on pp 47-50 cbattditional preprocessing steps that are
applicable to certain mixed integer program only.

In dealing with a dificult integer program, it may be better to settle for a “goanliion rather
than a provably one. Directives for relaxing optimalitysdebed on pages 56-57ffer various
ways of weakening the optimality criterion for CPLEX’s braremd bound algorithm.

The most common problems faced in solving mixed integer narmog with CPLEX are due to
running out of memory, failure to reach optimalityfftBult mixed integer program sub problems.
The problems and the ways to overcome them are described ih@G AMPL CPLEX system
[41], pp 60-63.

6 Conclusions and future developments

An integer linear programming model and a mixed integerdingrogramming model have
been proposed, and confirmed to be valid and robust. Thdmrpeaince has been studied using a
hypothetical case study, and other smaller models using IARIPLEX. The mixed integer linear
model has been found to be more precise in measuring wastaffmunts among various nodes
in the model and total daily costs incurred in the managemienaste. However, the integer linear
model cannot be discarded because the choice between timeddels depends on the interest of
the user. One user prefers to measure transportation cossms of costs per trip from a waste
source while another user wants to measure the transportaists in terms of costs per unit mass
of waste moved from a waste source. The technology in placasavell influence the choice of
the model to apply. For example in the Ugandan situation revites not possible at the moment
to measure waste from waste sources, the integer linearlisadere appropriate. In this case we
replace the cdécients of the variableX andY in the objective function with the total costs per trip
from the waste collection point. At the same time, insteasheésuring the amount of waste using
the number of trucks used multiplied by their capacitiesiticmous variables can be introduced
to measure directly the amount of waste that goes to theptmd landfills. The integer linear
problem is then transformed into a mixed integer problermhghees better total cost estimates and
more precise waste amount measurements.

Through these models it is not only possible to obtain wasteumts transported to various
facilities, but also obtain the number of trucks as well ggdaeement trucks used in doing so. The
main pitfall of the integer linear model is due to the use @&f tlumber of trucks used to measure
the amount of waste transported; the values of the waste@sidbe total cost, and the values of
the benefits from the plants may be inflated, since the truekassumed to be fully loaded upon
leaving the waste collection points. Some of the trucks mmaxeality be partially full, and this
unexploited capacity leads to errors in computing the tmats, measuring waste amounts, and the
benefit values. The weakness common to both models is thastimeated values of the parameters
may not reflect the true behaviour of the parameters at theedgirastimation. The findings indicate
that both models can be useful decision support tools inldrenmg and management of municipal
solid waste collection, transportation, incineratiortyaing, composting, and disposal programs.
They can as well be used as design tools for setting up plantk depots, and landfills.

The models may be useful in other areas of application. Fiante, suppose an investor is
opening an industry to produce various products. He alsasmM@anopen warehouses and find
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agents for his products in some potential areas. He intemdsé trucks of various capacity to
transport the goods to the warehouses and to his agents.rdlbleqm may be that of opening and
running warehouses, and distributing the goods among #@sgt minimum transportation costs.
The first model can be adapted by considering collectiontpa@s the industry and its branches,
the plants can be taken for the warehouses, and the landiillbe the agents.

In the order of importance, the work is to be extended or medlifh the following ways;

1. Robustness issues are to be examined more globally byistuthe performance of the
models, under the changes in all key parameters. For irstaadave studied the changes
in the total costs with respect to the changes in the fraatiowaste that remains at the
incinerators, and these fractions have been assumed topemdlnt on the incinerators
only. We have not considered the dependence of these fnaatiothe type of waste.

2. Another consideration is that of extending the deterstimimodels to stochastic ones by
treating the data as a random variable because of randomdtigrs in some of the key
parameters, like the amounts of waste at the collectiomggdin many real world problems,
the yield or total expenditure, etc. is almost never knowthwertainty. It is a random
variable that is subject to many random fluctuations thatnateunder our control. For
example the daily total expenses depend on transportaigis per unit waste, the quality of
the plants, the amount of waste at the collection points,Tet@nalyse the problem treating
the yield as a random variable requires the use of stochasigramming models (Murty
[51]). The construction of stochastic models can be done ékimg assumptions about the
nature of the probability distributions of the random dd&reents, or by estimating these
distributions from the past data. The challenge is that kbgeness of the optimum solution
obtained from the model may depend on how close the seleobbalpility distributions are
to the true ones (Murty [51]).

3. The element of time (dynamic element) is to be introduced the general models; for
instance we can consider daily activities within time pdrio= 1,..., Ty, where some
parameters can change with timélanning involves time, and if an application is concerned
with a situation that lasts for days or months or years, tiheestgpes of decisions may have
to be made everyday, for example (Murty [51]).

When planning a multi-period horizon (s&y), and there is no change in the data at all from
one period to the next, then the optimum solution for the fisgiod found from the static
model for that period , will remain optimal for each periodf@ planning horizon.

In most multi-period problems, data changes from periothéortext are significant, and the
optimum decisions for the various periods may bi@edent, and the sequence of decisions
will be interrelated. Designing a dynamic model with the aimfinding a sequence of
decisions (one for every period) that is optimal for the plag horizon as a whole, requires
reasonably accurate estimates of data for every periodeopldnning horizon. This is a
challenge, but if such data is available, a dynamic modes o find the entire sequence of
interrelated decisions that is optimal for the model overehtire planning horizon (Murty
[51]).
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